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MOUND LABORATORY FOREWORD

Shortly after the iniception of the atomic energy program it became
apparent that more chemistry was involved in the program than had
originally been anticipated. Members of the Manhattan Engineer Dis-
trict discussed their problems with Dr. Charles Allen Thomas, then
Director of the Central Research Department, Monsanto Chemical Co.,
who was. serving on the National Defense Research Committee as.co-
ordinator of chemical research with the Manhattan Engmeer District.
The Monsanto Chemical Co. then undertook the task of solving, at its
Dayton facility, some of the,zchemi"cal problems. .

Dr. Thomas was ‘the first Project Director with Dr. Carroll A.
Hochwalt as Assistant Project Director. When Dr. Thomas was ap-
pointed Director of Clinton Laboratories, Dr. Hochwalt became Project-
Director. Dr. James H. Lum and Dr. N. N. T. Samaras were the first
Monsanto scientists cleared for the project. Although Dr. Samaras was
soon assigned to other duties in the Company, he returned as Project
Director in 1951 and still continues in this position. Dr. Lum was the
first Laboratory Director and was succeeded by Dr. W. C. Fernelius.
After Dr. Fernelius left the Dayton Project, Dr. Malcolm M. Haring
was named Laboratory Director and served in that position until his
death in January 1352. Dr. Joseph J. Burbage, one of the first persons
recruited by Monsanto for work on the atomic energy project; suc-
ceeded Dr. Haring as Director of Mound Laboratory and ‘served in that
capacity until he was appointed to another position in the company in
March 1955. The present administrative head of Mound Laboratory is
Edward C. McCarthy. -

-Monsanto began prehmmary organization and personnel recruxtmg at
the Company’s Central Research Department, a permanent installation
on Nicholas Road in Dayton, Ohio. When Central Research activities
began to expand to other temporary sites in- Dayton -during World-War
H, the original Nicholas Road location was designated as ‘Unit I.; Spec-
trographic and X-ray work for the project remained at this location
until Mound Laboratory was completed in 1949.

As a result of their expanding activities, Monsanto leased a property
at.1601 West First Street in Dayton from the Dayton Board of Education.
The original building on the site had been constructed in 1879 to house
Bonebrake Theological Seminary; it was later used-as a' normal school
and then as a warehouse by the Dayton Board of Education. Monsanto
had to undertake considerable repair and renovation. to fit the building
for service as a laboratory, and other laboratory and servicé facilities
were added until the site finally contained 20 buildings. It was referred
to as Unit III of Monsanto’s Central Research Department (Unit II was
another government project, not related to atomic energy), and it was
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‘ . C
used in- part for research mto the extractlon and purlfrcatlon ‘of polo—

: 'mum for the preparation of ‘neutron :sources and alpha sources and the
" treatment of residues from these processes. The- temporary structures
-were eventually dismantled, and the original building was returned to- '
the Board of Education: in 1950 aiter. 1ntens1ve decontammauon opera—

‘tions had been completed.

:Meanwhile the Corps of Engineers had rented Runnymede Playhouse '
for use. by the project, and Monsanto .took possession of this site as.

Unit IV, of its .Dayton .operations. - This building was located on Runny-

‘mede Road-in Oakwood; a fine residential suburb of Dayton, and. had
'or1gma11y been constructed by a wealthy family for recreatlonal uses. .

1t included such unique features as a corrugated glass roof several

' \greenhouses ‘an - inside’ tennis court a stage, and squash’ courts; and
‘had several lounges a boiler room, and an outside swimming pool.

This site was utilized by Monsanto for part of its atomic energy re-
search and development program until Mound Laboratory was completed
in 1949. By that time the basic structure had become so contaminated
with radloact1v1ty that decontamination 'was. impossible; therefore the
building was completely demolished, and the. foundations were covered

_w1th dirt and sod. Demolition began in February 1950 and was com-

pleted in the early summer, after which the site was returned to the
Corps of Engineers for d1spos1t10n !

- . By late 1945 the Manhattan Engmeer District’ reached the conclusion -
‘ ‘that the . research - orgamzatlon operated by Monsanto at Dayton should

be made a permanent facility.’ Early in 1946 a search was made for a
suitable location. The site selected was a 178-acre. plot about 12 miles
south of Dayton on the edge of the town of Miamisburg, Ohio. The land
was adjacent to a state park contauung an aboriginal Indian mound from

"which Mound Laboratory eventually took its name. In July 1946 Mon-

santo was authorized to proceed with the des1gn of the plant, then ‘re-

ferred to as Unit V. Monsanto engaged the firm of Gxﬁels and Vallet ,

of Detroit to perform de51gn services, and the plant was built by the
Maxon Construction Co ‘Dayton, Ohio, under a prlme contract with the
Manhattan Engineer- DlStrlCt Buildings were occupied as they were

_ completed, the first in May 1948. Processing of polonium for the pro-

duction of. neutron sources and alpha sources began in February 1949.
‘At the same’ tlme that Monsanto was authorized to proceed with the
design and constructlon of a_permanent plant, Col. Robert J. Kasper

~ was assigned by the Manhattan Engineer. District as Area Engineer for
the project. He remained  as Area Manager when control of the atomic -
eriergy program passed'to the United States Atomic Energy Comm1ssmnl
in January 1947: "Mr. Kenneth A. Dunbar was ‘appointed Manager of the’

" Dayton Area Office in Aprﬂ 1947,-and he was succeeded in° February

- 1950 by Mr. Fred H Belcher. Dr. John H Roberson became Area Man- - -
' ager, in. May 1952: : : ) .
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" .ride and also discovered that tellurium could be precipitated by re-
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Chapter 1

SURVEY OF EARLY OPERATIONS

By Harvey V. Moyer

1. INTRODUCTION

Polonium had not been isolated in pure form in weighable amounts
prior to.1944. It was discovered in 1898 by Pierre and Marie Curie,
who observed a higher radioactivity in pitchblende than was expected
from its content of uranium and thorium. They separated the polonium:"
from a ton of pitchblende by following its radioactivity in the concen-
tration process. They found it consistently in the bismuth-containing
fractions and consequently suspected its chemical similarity to bismuth.
A pure end product was not obtained by their method of preparation, but
in their first attempt they succeeded in obtaining a sample of polonium
which was 400 times as active as uranium. Pure polonium is appr'oxi—
mé.tely 6.5 x 10° times more active than uranium. They named the ele-
ment ‘“polonium” in honor of Poland, the native land of Marie Curie. One
of the largest preparations of polonium in early times was made by .
Marie Curie and Debierne,? who started with several tons of the residue -
from the sulfuric acid extraction of uranium ore. Their final prepa-

1

ration welghed about 2 mg and probably contained approxxmately 0.1 .

mg of polomurn ;

"Polonium was not recognized with certainty as a new element for 7
or 8 years after its dlscovery Marckwald who made valuable con-
trlbutlons to the procedure for 1solatmg polonium, at first doubted.the
identity of his preparations with those of the Curies. He was 1mpressed
by its 51m11ar1ty to tellurium and suggested the name “radiotelluri-
um.”3~5 He separated it from bismuth by reduction with stannous chlo- - ..
duction with hydrazine, which under certain conditions did not reduce
polonium to the metallic state. He observed that polonium deposited-
spontaneously on silver.and on metallic bismuth.®

Recognition of polonium as a new element became general about 1905,
after Hofmann, Gondér, and W6l1fl7 had reported the results of their ex-
periments on the repeated electrolysis of lead solutions obtained from

1
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pltchblende and after the half life measurements by Rutherford8 had
proved that radlotellurlum and polomum were identical.

. Those radioisotopes which emit alpha particles have .been of con-
siderable interest to the Dayton Project and to Mound Laboratory. A
significant portion of the research activities at these installations has
been dlrected toward acquiring information on this type of ‘radioactive-
part1cle emltter The preparation of neutron sources and alpha sources
has constituted a ma]or interest at these sites, ‘and as a result of in-
vestigations for improving source- preparatlon processes a consider-
able wealth of “by-product” information on the phys1ca1 nuclear,
chemical, and biological properties of alpha emitters has been ac-
cumulated. Polonium, which was one of the radioisotopes investigated, \
is almost a unique alpha emitter in that: (1) it is relatively free of
other types of radiations; (2) it decays directly to a stable isotope;

(3) it is found in nature or it can be artificially produced; (4) it has a
decay half life which glves excellent specific-activity characterlstlcs
for research purposes as well as for commercial purposes; (5) it has

a high relative volatlhty which assures ease in partial purification of

" the element by volatilization as well as permitting ease in the prepara-

tion-by-volatilization of neutron sources and alpha sources; (6) it may
be purified by any one of several methods (elther small or large scale
operations are practicable); and (7) it emits a suff1c1ent1y energet1c

alpha partlcle to satisfy the requirements of most users of the element.

2. SOURCES OF POLONIUM

The largest concentration of polonium prior to the irradiation of bis-
muth in a nuclear reactor came about incidentally in the commercial
processing of uranium ores for the productlon of radium. A mixture of
.active and inactive lead, known officially as “radiolead,”? is precipi-
“tated as lead sulfate in the radium- -refining process. Polonium is formed
spontaneously as a result of the decay of radioactive lead (RaD?!¥);

P V ) ! RaFZlO

(Po)

* pRaD0 2= Rap210 / X 2RaG?® (stable end product) -

by (B1) o~ W e |
o (~107%%)

The equ111br1um ratio of uranium to polonium'’ is 1.19 x 101, Conse-
quently pltchblende which contains from 25 to 55 per cent uranium,
may contain a maximum of 0.02 to 0.04 -mg of polonium per ton. Paneth.

" and Hevesy state that radiolead precipitated from uranium ores might
contain as much as 2 mg of polonium _per ton. However, this relatively
high content of polonium was not found by Fernelius.and Larsen,10 who
assayed numerous- samples of radloactwe lead d10x1de from the Port
‘Hope radium refinery in 1943. They reported that 6 tons of lead dioxide

' was avallable which contained 0.2 to 0.3 mg of polonium per ton. It was "
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estimated that if the Belgian Congo uranium ore were processed, the
polonium content in the lead dioxide from this source might reach 0.6
mg/ton. Prior to 1944, a small quantity of polonium was obtained from
spent radon tubes. These tubes, filled with radon, were used for thera-
peutic irradiations. -Minute quantities of polonium in fairly pure form
were obtained from these tubes by a simple procedure for separating

it from the two isotopes of lead (RaD and RaG). The quantity of polo-
nium, estimated as available from spent radon tubes in 1943, was en--
tirely too small for the production of weighable amounts of the element.

3. THE DILLON PATENTS!!™14

Few attempts have been made to use polonium industrially; however,
a number of U. S. and Canadian patents were issued to John H. Dillon
and assigned to The Firestone Tire & Rubber Company, Akron, Ohio.
These patents describe a process for obtaining polonium for use in the
manufacture of electrodes for spark plugs. Claims are made that the
procedure is commercially applicable to the production of polonium
from lead residues obtained in the refining of radium. Several varia-
tions in procedure are described, but the most successful method ac-
cording to Dillon and Street!® started with radioactive lead dioxide.
This was converted to lead chloride by treating it with concentrated
hydrochloric acid:

PbO, + 4HC1 — PbCl, + Cl, + 2H,0

The lead chloride was washed until it was only slightly acid, and then it
was added to a solution of 0.03N hydrochloric acid which was heated to
boiling during the plating process. The polonium. depos1ted spontaneously .
in 12 to 14 hr on etched nickel plates which were suspended in the bo11mg
acid solution. After the removal of the polonium, the lead chloride which
precipitated on cooling was stored in earthenware cr.ocks'for a period of
6 to 12 months. At the end of the aging period the plating operation was
repeated to recover the polonium which had formed by.the further»'qecay
of radium-D. In these operations the polonium was not removed from

the nickel plates; these were dissolved directly in the allgy melts for the
production of electrodes for .spark plugs. Dillon clalmed to separate 15

- to 20 ug of polonium from a 50-1b batch of lead chloride at’each * ‘milking.”

This yield of polomum is approximately 3.0 curies per ton of lead diox-
ide. (One curle of polomum is equlvalent to 0.222473 mg. ')

4, PREPARATION OF POLONIUM-BY THE MONSAN’I_‘O,CHEMICAL CO.
4.1 General. A survey'’ of the possible sources of polonium was:
made in 1943, and it was agreed that irradiated bismuth appeared to be
the most promising ultimate source of polonium. However, since the. ir-

" radiation process had not been developed to the production state, it seemed

desirable in the meantime to use some natural source of polonium. It was
decided, therefore, to undertake the separation of polonium from the




t

. ' 4

. radloactlve lead residues from .the Port Hope radmm refmery The pro—
.- duction schedule-at Port Hope called for 30 curies of radlum per. month
.hence this appeared to be an excellent potentlal source of polonium. °

The first shipment of approximatély 3‘/2 tons of lead dioxide was re-

. ceived in Dayton from Port Hope in November 1943." Altogether, nearly

37 tons of lead dioxide were received and processed up to May 1945,
when operations with'the lead process were discontinued. The total -
quantity of polonium. obtained from this source amounted to approx1-
mately 40-curies. . .

'Three possible methods were mvest1gated for the productlon of polo-
nium from radicactive lead residues: (1) the lead chloride (Dillon).

_process (2) a dry thermal volatilization method, and (3) a‘wet chemical

method. The- last process is dlscussed in detall in Chap. 6.

4.2 Lead Chlorzde Process. The Dlllon process appeared from the

,patent hterature to be a workable method wh1ch could be put into im- .
mediate operation. After preliminary laboratory experlments indicated

“"that the process was workable operatlons ona comparatlvely small

scale were undertaken at the Monsanto Chem1ca1 Co. plant at Monsanto
1. , early in 1944. By Mar. 1, 1944, 3 tons of radioactive lead had been
processed and approx1mately 2.5 curies of polomum had been’ depos1ted

o on nickel and copper plates. This represented an estlmated efflclency”
_of about 80 per cent in the removal of the polonium from the lead dioxide.

_ The plating of the polonium on copper and nickel strips by no means
completed the process of isolating the element because at this stage the
0.5 mg of polonium was spread over 461 metal plates with a total sur-
face area “of approximately 1700 sg ft. Attempts to concentrate and col-

o llect the polomum from’the metal surfaces. by distillation in a large
.. quartz still were only partially successful and because, by March 1944,

other productlon processes had proved more promising, the lead chlo-
r1de project was abandoned. “

4.3 Kiln Process ¥ The volatlhty of polonmm was recogmzed by

the’ early workers.! Hofmann; Gonder, and W6lfl” observed that the
alpha act1v1ty could be removed from the electrodes by heating to bright

, ':red heat. Rutherforvd19 reported that the alpha and beta activities from .-

. “radioactive lead could be separated by heating the active deposits on

~ platinum foils to 1000°C: Russell and Chadwick?’ described a procedure
for distilling polonium from.metal foils and collecting the volatilized

element on cooled aluminum strips. It appeared probable; therefore, y

‘that polonium might be separated from lead dioxide by direct heating.
‘Preliminary 'laboratory experiments. indicated that the activity could be

removed from lead dioxide by heating to 600 to 700°C in a stream of

- carbon dioxide. Two small stainless-steel kilns were built?! and tested.
- The: fu-st was 'an'agitator type with'a capacity of 3 to 8 Ib, and the sec-
ond was a rotary type with-a capac1ty of about 15 lb. The latter was

{ry -
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~ built with dim‘erisions proportional to a- proposed production model. In

the first runs.with the agitator-type kiln, lead dioxide was used, but
the charge sintered at 700°C with the result that in one run the slag had
to be chiseled out of the kiln. Since the formation of slag prevented .
stirring the charge and since it was discovered also that the volatili-
zation of polonium was incomplete at 700°C, it was decided to use lead
orthophosphate which was less fusible than lead dioxide. All subsequent
runs in the kilns were made with lead orthophosphate which was‘pre— ,
pared by treating lead dioxide directly with phosphoric acid. -Pilot-plant
runs in the small kiln indicated that it was necessary to heat the lead
phosphate in a current of carbon dioxide at least 4 hr at 750°C in order
to remove the activity. Various types of condensers for-collecting the
polonium were tested. The most successful was a water-cooled prass
finger containing a Pyrex glass-wool filter. However, results were in-
consistent, caused, in part, by the difficulties in screening olt inactive
dust partlcles and in preventing the fine dust from carrying the active
material through the filters. Several runs were made with the second
kiln, which operated quite well mechanically, but the volatilization and
collection data were not encouraging. Dusting.also was greater than
anticipated with the result that machinery and personnel were g‘r'ossly
contaminated. In the meantime a chemical process had been developed
which appeared sufficiently promising to justify discontinuing the work
with the kilns.

4.4 Chemical Process. The chemical treatment of the Port Hope

lead dioxide proved to be the most successful method of obtaining polo-
nium prior to the development of the 1rrad1ated-bxsmuth process. The

first step in the procedure? was the treatment of the lead d10x1de with
concentrated nitric acid and 27 per cent hydrogen perox1de to convert
the lead dioxide to lead nitrate:

A\

PbO, + 2HNO, + H,;0, — Pb(NO,), + O, + 2H,0

Prior to fiitrat{on of the insoluble porfion of the ore, 1ead'carboriate'

" was added to reduce the acidity to approximately pH 4. O This addition

caused the prec1p1tatlon of a number of undesirable elements mcludmg
iron and aluminum. The insoluble siliceous residue which was-sepa-

‘rated by flltratlon Was a complex mixture which carried with it the

polonium which had grown in the lead dioxide prior to treatment. :The'
recovery of polonium from radioactive lead residues involved opera-'
tions in two directions: (1) recovering the polonium initially present in \
the lead dioxide and (2) the periodic milking of the solution of lead ni-
trate obtained by dissolving the lead dioxide. :
The actual quantity of polonium produced by the lead process was
small (approximately 40 curies). Most of this came from the extraction
of the insoluble siliceous residue remaining from the dissolution of the




lead dioxide. The milking of the lead nitrate solutions. dia n\ot'pro'ceed'
beyond the pilot-plant stage; although a total of 35'tons of lead d10x1de '
‘was treated to prepare the nitrate solutlons ‘

4.5 Bismuth Process. The first irradiated bismuth was- received
‘from the Clinton reactor. The nuclear reactions are ‘

R ' . T BT
83B1209 + onl —_— 83B1210(RaE) 2, MPOZIO

The bismuth from the Clinton reactor. contained from 0.032 to 0.083

- curie of polonium per kilogram of bismuth. Thus a ton of the first ir-

- radiated bismuth contained from 29 to 75 curies of polonium, a vast.
increase over.the yield of 1 to 3 curies per ton from the Port Hope lead
dioxide. The separation of polonium from bismuth and its purification
will be discussed in detail in later chapters since this is the present

) source of polonium.
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Chapter 2
NUCLEAR PROPERTIES OF POLONIUM

By James M. Goode

1. ISOTOPES OF POLONIUM

)

1.1 Naturally Occurring Isotopes. One or more isotopes of polo-
nium have been known since the discovery of RaF (Po?!%) by the Curies
in 1898. Six other polonium isotopes, Po?!! (AcC’), Po*'? (ThC’), Po*
(RaC’), Po*!5 (AcA), Po?!® (ThA), and Po*'® (RaA), became known and
their properties studied as a result of their intermediate position in
the natural radioactive decay systems of radium, actinium, and tho-
rium. Po?!! was identified by Marsden and Wilson? as a result of their
investigation of the branchmg in the decay of Bi?!! (AcC). Po’t? \}Jas ,
postulated by Marsden and Barratt® to explain the branching in tho-

1

. rium-C, and its existence was verified by Barratt! when he determined

the range of the Po?!? alpha particle. Hahn and Meitner’s mvest1gat10n
into the radioactive decay of radon directed Fajans®’ to'the dlscovery
of Po?™. Po®'5 was described by Rutherford,’ Geiger and Marsden,’ and
Geiger.!? Based on the investigation of Geiger and Marsden,! Ruther-

ford and Geiger!? sliowed the existence of Po*!é. Rutherford13 postulated .

the existence of Po?!® as one of the decay products of radon, gnd Brigg -
and Kleeman! measured the range of the alpha particle from this iso-
tope; however, Rutherford!® attributed this alpha-range measurement
to the'correct isotope. : . . -.\ : \

1.2 Artificially Produced Isotopes Twelve other isotopes of polo-

nium have become known recently, either as a result of the bombard-
ment of lead and bxsmuth with high-energy particles or as a result of
artificially produced decay chains. Po213 was produced as a ‘result; of
the alpha decay of Em*7, which occurs in the decay chain of artificially
produced U22? (see reference 16). Po®'" is the product of the alpha de-
cay of Em?! (see reference 17). The neutron-deficient polonium iso-
topes (Po?® to Po?!%) have been produced by bombardment of bismuth
and lead isotopes with high-energy deuterons and alpha particles. The
ki
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productlon of these isotopes has been carried out by a group at the

"University of California Radiation Laboratory 8-2! The neutron- .

def1C1ent isotopes have been observed to decay by alpha-particle emis-
sion or by orbital-electron capture, except for Po?® for which no alpha
particle has been observed. The neutron-rich polonium isotopes are
alpha emitters in general, although some (Po?®, Po?'¢, and Po?'%) have

been reported to, decay, to a small extent, by beta emission. The alpha-
- particle energies of the polonium 1sotopes range from 4.86 Mev for

Po?" o 8.78 Mev for Po*!%; the half lives range from approximately

3 x.1077 sec to approx1mately 100 years for Po*!? and Po®®, respec-

tively. A presentation of some of the nuclear propertles (origin, half .
life, mode of decay, radiation, and radiation enérgy) of the polonium
isotopes can be found m the Table of Isotopes compiled by Hollander,

Perlman and Seaborg

2. HALF LIFE OF Po?’,

-2.1 General. The half 1ife of Po?!" has beenstudied frequently since -
its discovery by the Curies ) The half life has been reported to be within

- the limits of 129 to 148 days,® 2 w1th most of the values close to the

value of 140 days reported by M. Curie.? -The values reported prior to

’ 1946, however were obtained with minute samples of uncertain purity

wh1ch ‘greatly handxcapped the attainment of a high degreé of precision.
Subsequent to 1946, four determinations of the half life of polonium
were made; three measurements (using relatlvely large quantities of

-polonium) were madé by calorlmetrlc methods and one measurement .
used countmg techmques

2 2. Half sze by.Counting. A half hfe determmatlon based on a
counting technique was made by Curtis?® at Mound Laboratory. The:
sample was- prepared by deposition of. approximately 0.5 mc of purified
Po’%.onto a ‘glass slide from a nitric acid solution. The sample was

- covered. with- mica weighing 0:92 mg/sq c¢m, with an additional.covér of '

thin rubber hydrochloride. The. sample was counted over a period of
328 days in.a-low-geometry attachment (Chap. 9, Sec..3.1) for a meth-
ane-flow.proportional alpha counter. ‘The sample ‘was kept in the count-
ing chamber during the experiment to avoid any- possible change in

‘geometry. Tests made by changing the air pressure in the evacuated

" counting chamber showed that-no counts were lost by sample absorptlon

Elghty one measurements of the countlng rate were made, each
measurement cons1st1ng of two or more separate counts totahng at -
least 5% 105 counts A small background correctxon was apphed to ac— ‘
count’ for the mcrease of background counts’ during the course of the.

‘experlment The observed countmg rate var1ed from approx1mate1y i o
" 46 000 to 9000 counts/mm ' / : :

_
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The half life was deterniined by a least-squares best fit of the data.
The half life of- polomum found by counting, was 138.374 + 0.032 days.

2.3 Half Life by Calorimetric Methods. Beamer and Easton®® have
reported a value of 138.3 days + 0.1 per cent for the half life of Po?"’.
Their value was obtained by measuring the rate of decrease of heat
released by the polonium as a function of time. Two samples were
used, one containing 10.93 curies of polonium and.the other containing
14.35 curies.?’ The measurements were taken over periods of 97 and
73 days' and half lives of 138.32 and 138.26 days were obtained for the
two samples. The apparatus used to measure the heat released by the
polonium was a steady-state twin-bridge calorimeter similar to that

' developed by Coulter?® at the Dayton Project in 1944.

Another recent determination of the half life was made by Ginnings
and coworkers?? of the National Bureau of Standards; they obtained a
value of 138.39 days + 0.1 per cent. This value was calculated from 21
measurements of the heat released by a polonium sample, taken at
three intervals over a period of time. A modified Bunsen ice calorime-
ter developed at the National Bureau of Standards was used to measure
the heat released. This was determined by measuring the volume
change of the ice-water mixture as the ice melted. The volume change
was determined by weighing the amount of mercury forced into the
calorimeter to replace the volume lost as the ice melted. The calo-
rimeter was calibrated in terms of the weight of mercury used when
an electrical heater was placed inside the calorimeter and used as a
source of heat. This calibration was considered accurate to within
about 0.01 per cent. Two sources of heat loss were considered in com-
puting the reliability of the calorimetric values. A small correction’
was made to account for the heat loss of the calorimeter to its sur- -
roundings. Another small correction was made to account for the rise-
in temperature of the inner- portion of the calorimeter and the sample
as the ice melted, decreasing the thermal contact with the ice. The
sample fitted snugly on the inside of a central tube, and ice was frozen
to copper fins fitted to the outside of this tube. The central unit was:
fitted with a series of Dewar flasks to reduce heat losses. :

The half lee of Po?!" has also been measured by Eichelberger and
coworkers3? of Mound Laboratory using calorimeters of the Rutherford
and ‘Robinson®! steady-state twin-bridge type developed at the Dayton
Project and Mound Laboratory. They found a value of 138.4005 + 0. 0051
days for the half life. This value was the grand mean result obtained '

. from six series of measurements of five different samples using four

different calorimeters. (A detailed discussion of the calorimeters used
may be found in Chap. 10.)

Theé calorimeters used for these measurements were immersed in a
temperature-regulated water bath maintained to within 0.001°C. The
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‘bath was contained in a room whose temperature was maintained to

!

-within 0. 2°F during-the time a measurement was taken, although some
early. measurements were made in a room controlled only to w1th1n
1°F. The introduction of the sample into the calorimeter caused the
internal temperature of the calorlmeter to rise until the heat loss to

|the bath was equal to that supplied by the s_ample. The change in re-
sistance of the Wheatstone bridge in the calorimeter was observed until
equilibrium was reached. After the measurement of the equilibrium re-

51stance the’ sample was removed and a current was introduced into a

cahbratlng heater, within the calorlmeter in an amount suff1c1ent to
. cause nearly the same change of brldge resistance as did the sample

t

Table 2.1—Description of Samples Used to Determine the Half Life of Po210

Sample Mount Initial watts Method of deposition
1 Pt 0.47891 & 0.00005 Electrodeposition
2 Pt 0.0165429 + 0.0000004 - . Electrodeposition
3 - Pt 0.25586 + 0.00001 . 'Volatilization
4 : Pt . 0.28334 + 0,00002 < Volatilization
5 Inside hollow  1.14697 + 0.00004 © Volatilization
sphere . :

The heater resistance was concurrently nteasured, and the power out-
put of the heater was taken to be the power output of the sample after

the heater power was linearly corrected for the ,,diff‘erence in the bridge

“unbalance between the sample and the heater.
A description of the five samples used for the determlnatlon of the,
* half life is shown in Table 2.1. .
A list of the half lives-obtained from these samples and the calo-
rimeters used fpr each determination is given in Table 2.2, '
- Each half life was calculated from the respective decay constant

. which was determined by a'least-squares fit of the determinations of .

- . the power output of the sample and the times at which the equilibria

- ‘were reached.®

The effect of the probable errors was such that as long as experl-
mental conditions were duplicated for every power determination, the

v‘half life was more accurate than the power determinations and ap-
“proached the precision of the power determinations. The grand mean

value of the half life:was then computed from the six individual values
" which were determined. In this procedure each value of the half hfe‘
‘was weighted in an inverse proportion to the square of its probable

error. This work resulted in a more precise determination of the half

hfe of Pom than any value previously reported.

i
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Table 2.2— Values of the Half Life of Po*?

Time covered  No. of Probable °
Calorim- by measure~ obser-  Half life, error,
eter Sample ments, days vations days days
A i 250 19 138.391 . 0.023 .
B 3 6171 32 138,401 0.012
B 4 357 32 138,408 0.014
B 5 352 36 138.4059 0.0068
C 2 153 20 138,410 0.024
* D 4 105 24 138.314 0.024
Grand mean average 138.,4005 + 0,0051 days

1 Only two measurements were taken after the 284th day.

3. Po?!® RADIATION

The types of radiation associated with the decay of Po?!’ are alpha, ’
gamma (0.8-Mev energy), and X. The predominant and best known
radiation, alpha, has been known since the discovery of polonium. The
gamma radiation associated with the decay of polonium has been -known
only a comparatively short time. Reports of a fine structure of the
polonium alpha spectrum, consisting of several groups?? of less than
5.298 Mev energy, stimulated a search for the corresponding gamma
rays from the lead nucleus. Although it was later learned that the ob-

""served fine structure originated from other causes,’ the search for

the corresponding gamma rays led to much information on the gamma- ‘
ray and X-ray spectra associated with the decay of polonium. ’ :

3.1 Alpha Radiation. (a) General. The alpha radiation from Po210

consists of two. parts. The first and best known has an energy. of 5.298
Mev, and the second has an energy of approximately 4.5 Mev. "The 0. 8—'

" Mev dlfference between these alphas is accounted for in the emission

of the 0.8-Mev gamma radiation which is observed from Po?!’. The
energy and range of the 5.298-Mev alpha’ particles have been under .
extensive investigation since their existence became known. The range
of the alpha particles was of partlcular interest to the early investi- .-
gators although it was some time before it was realized that\the range

'could not be determined uniquely because of the statistical ﬂuctuatlon

of the energy loss of the alpha particles as they passed through matter '

‘When it was realized that the spread of energies was due to a fluctuation

of the number of collisions and the energy loss per collision suffered
by the alpha particles along their path length, new definitions of range
became necessary. Actually, two range definitions have become ac-
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. cepted, mean range and extrapolated range. The mean range is spec-
ified from the number of alpha particles stopping in a small interval

at a given-distance from the source (in air at 760 mm Hg pressure and
~ 15°C). The number of particles stopping in an interval will form a
Gaussian distribution about some distance from the source. This dis-
tance is defined as the mean range, R, and is illustrated as curve A in
Fig. 2.1. The extrapolated range, R, is obtained by extending the linear
- portion of the straggling curve to the abscissa, as shown by curve B in
Fig. 2.1..
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210

Fig. 2.1 —Range of Po*"" alpha particles.

In addition to the statistical fluctuation in the number of collisions

_ and the energy lost per collision, other factors alter the range ob-

served. If the range is determined in a cloud chamber, the range ob-

served will be too short because very close to the end of the path the
energy of the particles becomes too small to cause ionization, thus not
leaving an observable track. If the range is determined, either visually
or electronically, with a scintillator, the particles may not have suf-
ficient energy near the end of their path to cause an observable event.

. An édditional straggling of the range curve is caused by the energy loss
- of the alpha particles in escaping through the polonium film. Only
atoins lying on the surface of the sample contrlbute to the true range

: measurement :

(b) Energy of Po?"’ Alpha Particles. Absolute measurement of the
energy of the main group of Po?!® alpha particles was made by Rosen-

- he
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blum and Dupouy®* and by Lewis and Bowden.?® The Lewis and Bowden
value was recalculated from their value of the alpha-particle energy
of RaC’ and the value for this alpha reported by Briggs®® and Holloway
and Livingston.’” Lewis and Bowden reported the value of the polonium
alpha energy as 5.2984 + 0.0021 Mev. Recently, De Benedetti and
Minton?®® have observed-a lower-energy group of alpha particles from
Po*!%, This group of alphas was reported to have approximately 0.8
Mev energy less than the main group of alphas and to occur about once
for every 10° alphas of 5.298 Mev energy. .

The alpha-particle energies of Rosenblum and Dupouy,“ Lewis and
Bowden,* and Briggs®® were determined by a magnetic deflection meth-
od. The lower-energy alphas found by De Benedetti and Minton®® were
measured in coincidence with the 0.8-Mev gammas by a pulse-height
analyzer.

(¢c) Range of Poz“’Alpha Particles, The range of the Po?! alpha
particles is usually reported for standard conditions of temperature and
pressure in air (15°C and 760 mm Hg pressure). Holloway and Living-
ston®’ report the mean range of the Po®!® alphas as 3.842 + 0.006 cm
under standard conditions. They also report the extrapolated range as
3.870 + 0.006 cm under the same conditions. This compares favorably
with one of the earliest values for the maximum range of 3.77 cm re-
ported by Levin®® in 1906.

3.2 Electromagnetic Radiations Associated with Po®!’, (a) General.

Three electromagnetic radiations associated with Po?!? decay are rec-
ognized at the present time, and these radiations have energies of 0.8
Mev and 80 and 10 kev. These gamma and X rays are the result of the
daughter -lead nucleus being left in an excited state (0.8-Mév gammas),
or are due to ionization of the electronic shell by the passage of .the
alpha particles, or are due to internal conversion of the 0.8-Mev gam-
mas giving rise to characterlstlc X rays of lead.

(b) Gamma Radiation. The occurrence of gamma rays assomated

‘with Po?!® decay was subject to. controversy until comparatively re-

cently. In 1914 Russell and-Chadwick®’ reported observance-of weak .
gammas (mass absorption coefficient of 215 in aluminum) from polo~
nium after having taken care to.remove any charged particles with.a
magnetic fi€ld. These apparent gammas were later suggested as-being -
protons from alpha partlcle collisions with nuclei of the air. As:late
as 1929, Curie and Joliot!! reported that no gamma rays-were emitted

-by polonium, although L X rays were.observed from the silver support.

Bothe and Becker?? proved the existence of weak gamma rays from
polonium in 1930. The gamma rays they detected can be associated
with the 0.8-Mev gamma radiation that is presently recognized.
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The energy of the 0.8-Mev gammas was reported as 0.803 + 0.006

‘Mev by Alburger and Friedlander? in 1951 and.as 0.804 + 0.005 Mev

, by Pringle and coworkers® in 1952. The intensity of this gamma radia-
- tion has been reported as 1.8 +,0.14 x 10~ quantum/dis by Grace and
' coworkers,*’ and as 1.6 + 0.2 x 1075 quantum/dis by Riou.%¢ This

gamma radiation is the result of the change of the residual lead nucleus
from the first excited state to the ground state.*® Alpha particles of
approximately the correct intensity and energy have been observed by
De Benedetti anid Minton®® to confirm the existence of this excited

" state.

' (c')_'x Radiation. The energy. of the 80-kev X rays has been reported

" as 77 + 2 kev by Pringle and coworkers* and as 76 +4 kev by Barber

and Helm.!” The intensity of this radiation has been reported to be
1.5 + 0.5 X 10~% quantum/dis by Grace and coworkers Sand as 1.6 =

0.5 x 10~% quantum /dis by Riou. 48 The exact origin'of these X rays is

still somewhat in doubt, although it is fairly well established that they
are K X rays 'of the residual lead nucleus. Grace and coworkers!® re-

- port a soft beta radiation of 1.2 + 0.3 X 107¢ beta/dis, indicating that

the 80-kev X rays are chiefly the result of an internal conversion of

-the 0.8-Mev gammas. They report an internal conversion coefficient
'of 6.7 + 1.7 per cent for this process. However, Prmgle and coworkers

report that less than 1 per cent of the 80-kev K X rays are in coinci-

~dence with the 0.8-Mev gammas, indicating that a major portion of these

K X rays are produced by a self-ionization caused by the passage of the
alpha partlcles through the electronic configuration of the residual lead
nucleus The exact method of productlon of these 80-kev X rays re-
mains to be determined, whether by alpha ionization, internal con-
version of the 0.8-Mev gammas, or nuclear cascade as suggested by -
Chang 82 However the theory that these radiations were of nuclear

- origin, was dlscredlted by Wadey when he failed to conflrm the fine
" structure of the alpha radiation observed by Chang. ‘

. Another group of very soft (10-kev) X rays has been observed to be
20 These were suggested by Joliot and
Curie!® to be L and M X radiation from polonium. They later reported
the intensity of the L X radiation as 1.5 x 10~ quantum/dis (see ref-
erence 49). Recent reports have verified the existence of this radiation
and have indicated that the L. and M X radiation originates éither by the

"ionization of the residual lead nucleus by the escaping alpha particles
‘or by mternal conversion of the 0.8-Mev gammas. Rubinson.and Bern-
’ stem claim to have proved the existence of lead L X rays having a

yield of 2.93 +0.44 x 10~* quantum/dis, and they observed what they

presumed to be M X rays from polonium sources. Riou%® in 1952 re-

~ .ported the intensity of the lead L X rays as 2.2 + 0.5 X 1074 quantum/dis.

.
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4. SUMMARY

The radiation associated with the’ decay of Po210 is of three types,
alpha gamma and X. The alpha radiation- fails into two groups, the
main group at 5.298 Mev energy and a weaker group of approx1mately
0.8 Mev less energy. The gamma radiation consists of a line at.0.803 .
Mev. One or more lines of X radiation occur at approximately M and
10 kev.. Of these three radiations, only the alpha particles originate -
with polomum The 0.8-Mev gammas are the result of the decay of an.
excited state of the lead nucleus. The X rays result when vacancies in

Table 2.3—Radiation Associated with Po*! Decay

v

Type of ~ Energy, Abundance, ,
radiation . Mev ‘ % . . . Origin
o i 5.298 + 0.002 ~100 ' o decaybf Po
o a decay of Po to
~4, : ~0.
5 0 001' _ excited state Pp?"
y - 0.804 + 0,005 1.8 + 0,14 x 107 Décay of Pb*%
' : gamma/dis _excited state
X - 0. 0. 520, ¢ L ks ‘
rays . 077 + 0,002 1.5+ 0.5 x 10 Lead K and L X rays,
. _— X ray/dis self-excitation or ~ °
X rays 0.01 to 0.015 2.93 £ 0.44 x 107* - g
R : internal conversion
X ray/dis
g . '0.804 —K and L Interpal conversion
. N X-ray binding , of 0.8-Mev gammas
energy ] L

the resxdual lead eléctronic conﬁguratmn are fllled These vacanc1es
may be the result of either ionization by the escaping aipha partlcles
or by internal conversxon of the 0.8-Mev gammas.- Beta partlcles have :
been-reported w}nch presumably arise from internal converswn of the 7
0.8-Mev: gammas ‘The existence of these partlcles has not been well.

substantiated.” A detailed listing of the radiation associated with Po210
1sshown1nTab1e23 v o . e e
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Chapter 3 )

' PHYSICAL PROPERTIES OF POLONIUM -~

i ,f - . _ . .

By James M. Goode

o 1. INTRODUCTION - ' S

.The: accurate measurement of the properties of polomum is d1ff1cult’
because of the mtense rad10act1v1ty of the element; in add1t1on early
" workers were handlcapped by the necess1ty of workmg with minute
- amounts of 1mpure material. Consequently many of the phys1ca1 con-
stants reported in the literature are the result of calculations based on
‘the known properties of nelghbormg elements in the periodic table. Di-
‘ rect measurements of a consuierable number of the physical properties
o oof polomum have been made at- the Dayton Pro]ect ‘and at Mound Labora-
4.;" tory: These include the détermination of den51ty, meltmg point, vapor
o pressure, heat of vaporlzatlon .studies of the optical spectrum and the
e ‘crystal structure of the element, and measurements of the electrical
S re51st1v1ty and the Hall effect. The physical properties which have been
determmed are related d1rect1y or 1nd1rect1y to the preparatxon of po-
lon1um “for example, studies of the vapor pressure have led to méthods
" of preparmg h1gh-pur1ty samples of polomum by fractional volat111za- _‘
- 'tlon . S :

2.- PHYSICAL CHARACTERISTICS OF POLONIUM

2.1 Appeamnce. Smce the discovery of Po!®, some 1nformat1on has
‘been acqu1red on the physmal appearance of the metal. The early work
“on’ polomum was performed with extremely minute quantities of mate-
‘rial of questlonable purlty, and, consequently, accurate observations of-
,the physical appearance were impossible. The pur1f1cat1on of compara-’
tlvely large quantities of polonium by the irradiation of bismuth has
permltted observations to be made ‘on the purified metal, and it is now
known that polomum is a silvery gray metal, much like lead in appear-
-ance, and is soft enough to be readlly scratched w1th a dissecting
needle '
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2 2 Physical Behavior. Polonium .volatilizes readily in a vacuum
and deposits in the form of a brlght shiny mirror-if the polonium’is -
pure, -although the deposit may be dull gray or black if the polonium
preparatmn is impure. This mirror imparts, to quartz or glass, a blue- ~

white ‘glow that may be easily seen in.a darkened room if sufficient po-

lonium is‘present. As little as 10 mc may be observed if it is distrib- ”

“uted-over less than 1 mm-length of a 0.5-mm L.D. tube or capillary.
- QOne curie is readily visible whén distributed over 1 cm length of a

10-mm L.D. tube. : .
‘The action of high concentrations of polonium alpha partxcles on
quartz or Pyrex glass causes the quartz.or glass to “craze,” or form

. small irregular cracks, on the surface exposed to the radidtion. This-

crazing tends to weaken quartz or Pyrex containers; therefore caution
must be exercised in ha'ndhng old polonium ampoules. Crazing is not
observed in small thin-walled X-ray capillaries made of e1ther quartz
or-Pyrex, although these capillaries may collapse under the bombard-

'
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ment of alpha particles and recoil atoms if the capillaries have been L

evacuated. The apparent anomaly in the difference in effects observed
between. thin-walled and thick-walled quartz or Pyrex glass under bom—
bardment of alpha partxcles is not understood.

‘ 3. PHYSICAL CONSTANTS OF POLON"IUM _

.31 Allotropy and Transztwn Temperature. The allotropy of polo- :
nium. was first observed by Maxwell? as a result of an abrupt change in ’

the electncal resrst1v1ty near 100°C. This abrupt change was inter- .
preted as the transformation of poionium from a low- temperature (or

- alpha) phase to a hlgh temperature (or beta) phase. Maxwell obseryed.

that the two phases coexisted for long periods of time over a wide range v
of temperature The possrblhty that the hystere51s of the two phases e
over-a- w1de temperature range was the result of a slow reactmn rate ,“' :
was 1nvest1gated and discarded because no indication of a reverse. (beta-"

the beginning of the alpha -to-beta transition for 4-hr. . ,

“ The temperature range of the transition was estxmated by Maxwell to <°
be between 65 and 130°C. He observed that the transition temperature
range was a function; ‘of the thickness of the polomum film; the th1cker ‘
the film the lower the transition temperature rangeé. ‘A temperature
range. of 100 to 130°C was obtained for a sample estimated to be 350
atoms thlck and a. sample 10 000 atoms thick dxsplayed a temperature
range’ of 65 to 85°C.: ‘ SN

The temperature of this phase transmon was 1nvest1gated by Goode
w1th a single, sample using X-ray diffraction- procedurés. The sample
was isolated in ap-inert- atmosphere (helium) and mounted on a gold-
plated thin brass plate Temperature measurements were made with a

v . . 5
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‘to-alpha) transmon was observed when a sample was held 15°C. below ~- *




thermocouple whlch was’ soft soldered to the brass plate at a. posmon
oppos1te ‘the polomum = The sample consxsted of 1: 4 mg of. polomum ‘
pur1f1ed by fract1onal volat111zat1on 1mmed1ately before the expenment
-and it was, un1formly d1str1buted over a /16'"1 -diameter circle. The"
b sample was deposited on the brass plate by d1st1llat10n from a’ quartz

_ ".,can and: heated by an 1nduct10n heater untll ‘the, polomum was d1st111ed
S onto the brass plate The thlckness of the- depos1ted sample ‘was-ap- - -
' prox1mately 300.x:107° cm, as'comparedto 1 to 25 x 107 ém for the
samples used by Maxwell. ‘The phenomena observed ‘Wwere estimated to
have -taken place withina volume restrictedto.a depth of-50 %X 0% cm '

observed by recordmg the intensity ofthe strongest d1ffract1on lines of ,_

, 1# : the alpha or beta. phase as the- sample was heated or cooled For this-

sample the transmon of the. ‘high- to low- temperature phase began at -
54, +:1.5°C; ‘and the. reverse transition began at 18 ¥1.5°C.. The trans1-
' t1on was rap1d at temperatures well ‘beyond those 11m1ts but qu1te slow,
: ' although apparently contmumg, at temperatures near the start of the

trans1t1on s AR PRV Ce e

8. 2 Crystal Structure. The emstence of the two —ph'ases' ‘of polonmm
suggested by Maxwell2 was conﬁrmed by Beamer: and Maxwell4: 5 by -
‘ X—ray dlffractlon studles They reported the low- temperature (or -

2 ‘» alpha) phase as a s1mple cubic structure, Oh, -and the hlgh temperature .
(or beta) phase as a simple. rhombohedral structure, D3d -The latt1ce

: parameter unit-cell edge ao, was 3.345 + 0.002 A for the simple cubie-
s structure (alpha phase),y and the parameters of the rhombohedral struc-
.ture” (beta. phase) were ao =3 359 +0. 002 A and.a (1nterax1al angle)

98°13'- + 3'. & . v D
';, ;4' . The samples for these experlments were prepared by successive
o rvacuum- d1st1llat1on of 30to 100 pgof polonium mto a. 11th1aboros1hcate
T glass (Corning #707) cap1llary, 0.3t0 0.4 mm in dlameter with'a 20-p -
T wall thlckness Samples prepared in th1s way yleld excellent powder
. X-ray diffraction photographs. :
. ‘The alpha‘and beta: crystal =structure studxes of Beamer and Max-
" well® were. based on powder diffraction’ photographs. . Single- crystal”
: d1ffractlon patterns of the mater1al were not obtained because the in~
:‘:tense‘energy of polomum both from alpha partlcles and from’ nucleara

! \was formed
-The' crystal structure of polonmm was f1rst stud1ed by Roll1er and

e e Beamer and Maxwell4 showed that the pattern that Rollier and cowork-

'.,-!}f . oers obtamed was: due to a. mxxture of the: alpha and beta phases of o)

- ;.polomum

) 'ampoule The ampoule; w1th one end removed ‘was- placed in a tantalum B

.-because ‘of the lack of' penetratlon of the X' rays The phase change was

A

L recoils, was suff1c1ent to destroy any smgle crystal of usable size that: -

,coworkers“ by electron diffraction of a film approx1mately 100 A thick: : '

43 C,
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: A recent reevaluatlon of polomum X-ray data from Mound Labora-- 7+ .7, :{ .
- tory? verifies the crystal structure determined by Beamer and Max-

‘well however, the crystal lattice parameters were obtamed w1th -

£3.359+'0.002 A, and the lattice parameters for the beta phase were .

~dexed in the hexagonal system of crystal notatlon as ay=

a;'=-3.366 + 0. 002;A ‘and a =98°%"+2'. The beta phase may also ‘be m—- B
5.084 + 0. 003
A and ¢, =4.943 + 0:003 A. The above values are given.for.a tempera-

‘ture of -39 + 15°C. These values were obtained by combmlng séveral

‘sets of data from different.samples and patterns. The most accurate

.the sample by a method- similar to that. used by Beamer and Easton ‘to.

of. the-ingot was’ approxxmately 2.44 mm over a bath- temperature range -

: PrOJect in; 11947 : Four determmat:ons .of the densxty were made- the ex-
- perlmental' condxtmns were consistent except that the polomum was Y
. -purified by fract1onal volatlhzatlon for the last three expenments The ,

values for the beta phase were calculated by the method of least
squares.® S ) . o o

3. 3 Denszty ’The den51ty of a comparatlvely masswe sample of
polomum was first measured by Maxwell2 in 1946. He found the dens1ty
of polonlum to'be 9.4 i 0.5 g/cu <m. The measurement wis made by .
centrlfugally castmg an- “mgot” of polomum into a precahbrated cap1l-
lary tube. having-a square end.  The mass of the polomum was deter- N
mined by calorimetric measurement of the heat evolved: 1n the” decay of

determine-the half life of polonium. The weight of the sample was,
calculatedt to'be1201't 6 Hg. The length of thé mgot was measured o
after- the sample, ‘cooled overmght in an oil bath, at — 50°C The length -

of 0 to 142°C.. Maxwell was unable to detect the. allotroplc transforma-
tion that occurs in that temperature range. The density of 9 4+£05 . o
g/ cu cm measured’ by Maxwell would apply equally well to elther the
low- or h1gh temperature phase.. : oL
‘The den51ty of polonium was measured by Brody“’ at the Dayton ,

experxments were performed with polonium. whlch had been volatmzed

. into- -a caplllary tube (The capxllary tube was:calibrated by successwe

o 'addxtmns of mercury, ‘wherein the length of the: ‘mercury thread'as well
.~ as the addltlona.l weight:of the tube were measured.). The caplllary tube o
*'".’at a helium pressure of approximately 100:mm Hg, .was mounted in a -,
L spec1al furnace and heated to 400°C. The furnace was then mounted in a, -
‘ :centnfuge and’ rotated at 2000 rpm for 20 min to drive the polomum mto
~-?'the end of the calibrated capillary tube whereithe polomum sohdlfxed;}'-' A
. The tube was allowed to finish coolmg, and the length of ‘the polomum ST
'thread was measured with:a traveling microscope ‘at room: temperature V7

-

e

(approx1mately 25°C) The length of the thread could be measured by »
this means to within 0.1 per cent ‘of itsiover-all length of approxxmately _

5 mm.” Although the measurement of the thread was carried out at room '

igreater prec1s1on The lattice parameter for the- alpha phase*was ao =. o




. temperature the temperature of the polonmm was approx1mately 50°C
- above room temperature.  This temperature differential was estimated -
" from an-observation that a like quant1ty of polonlum had melted at a e

‘ \‘furnace temperature of 200°C, although the melting point of polonium, .-
-had beén established as approximately. 250°C (see reference 2). After

. * the length-of the polonium thread had been measured, the quantity of -

*- . polonium was determined by calorlmetrlc measurement of the heat

. evolved in the polonium decay - .
- 7~ The densxty of ‘the polomum -at 25°C room temperature used in the
©first experlment was 8.69 + 0.19 g/¢u cm. Th1s sample: had not had -
‘high- volat111ty impurities removed.. The densities for-the _polonium

. . used in the rest of the measurements were 9.34 + 0.14, 9: 34 1 0. 21 and

."'9 20 + 0.17 g/cu cm. These samples had both high- and low- volat111ty

) 1mpur1t1es removed by fractional volatlhzatmn In v1ew of the tempera—
* ture under which these dens1t1es were measured ie. approx1mately
~15°C; these densities refer to the hlgh temperature (or beta) phase of

. ! polonium smce the phase change of alpha to beta polomum is essent1ally

'

‘complete at 75 °C (see reference 3).- . = -

The den81ty of-polonium can be computed also from X- ray data from

knowledge of the. volume of the*unit ¢ell-and the number of atoms that °
occupy the unit cell. Clark11 defines the unit cell as *. .. the smallest
possible subd1v151on wh1ch has the propertles of the v1s1b1e macro-

crystal and which, by the repetltlon or translatlon of itself in all direc-

t1ons builds the crystal ” On-this basis the dens1ty of the alpha phase
‘is9,196 + 0. 006 g/cu cm. The X-ray dens1ty of the beta phase is
9.398 + 0.006 g/cu cm.(see reference 7) which is in agreement with

- . the values found by Maxwell and Brody . The X- -ray density represents .

"the den51ty of. a perfect: materlal hav1ng no dlstortlons or vacancies in
‘any of the atomlc pos1t10n5° it is the upper. limit for any measured
density. The deviation of the measured dens1ty from. the X-ray dens1ty
. ‘may 1nd1cate the degree of imperfection of the matenal the lack of
purlty of the mater1al or any combmauon of both

- _;3.4 Melt_mg Point. The meltmg pomt of polomum is 11sted by
. Gmelin® as approximately 1800°C. This value represents.estimates -
.and.predictions but is not based on experimental evidence. Mendeleev
pred1cted the melting point of the matenal to be low but was no more ,
spec1f1c ' : : : o
The first experlmental determmatlon of:the melting. pomt of polonmm
. . was fnade by Maxwell, > who reported the melting point as 246 to 254°C.
f - A lower value of 237°C was also reported for one experiment. These
'_ -values were obtdined from observations on the change of slope of the
res1st1v1ty curve and by direct visual observatlon :
‘Determination of the melting pomt was also made. at the. Dayton Proj-

-ect-and Mound Laboratory.. Davist reported a value of 262 + 5°C for the
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melting po\int .of polonium. This value was obtained by visual observa-
tion of'a thin film of polonium heated in a furnace. The film became
transparent at a furnace temperature of 262°C. ) )
Another meltmg-pomt determination was made by Joy* by micro-

scopic observation of a thin layer of polonium metal in a thin- walled
quartz caplllary mounted on a Kofler hot stage. Melting -was observed
to take place at 252 +2°C. Lo

3.5 Vapor Pressure. The vapor pressure of polomum was measured
by Brooks!® in the temperature range of 438 to 745°C. The -vapor, pres-
sure was measured with a quartz’ “smkle gauge” and mercury manome-
ter. The polomum was contained within the body of the s1ckle gauge ,
which was used as a measurmg device for small pressures and pres-
sure differences. A mercury manometer was used to measure the
pressure of a balancmg gas. An elaborate furnace system ensured
proper temperature dlstrlbutmn- therefore the sample temperature was
the lowest of the system. 'The polomum samplé was very carefully
purified before the experiment. The quartz sickle gauge was thor—
oughly outgassed before introduction of the sample. .

The vapor pressure was determmed by measurmg the temperature

of the sample with a calibrated thermocouple while measuring the pres-'

sure inside the sickle gauge by referring to the deflection of the gauge
pointer at low pressures. At high pressures a balancmg pressure of
air was admltted around the sickle gauge. The pressure of this balanc-

.ing gas was measured with a mercury manometer. which was read with .

a cathetometer. The sickle gauge was returned to approximately null _
position’ with the- balancmg pressure, and a correction was made to the
manometer reading to correct for the deviation of the sickle gauge from
the null position. The smkle gauge was cahbrated for slight dev1at10ns
_from ‘the null pos1t10n. The vapor pressure was measured at 10 tem-.
peratures between 438'and 745°C during the first 2 days of the expen-
ment. Subsequent measurements showed a shift in the vapor pressure '
curve. Therefore the later measurements were not used to calculate

_ the relation- between vapor pressure and temperature o )

The relation between vapor pressure and temperature was calculated .

- by the least-squares method for a best fit to .a lmear curve of log P v8.
1/T. The pressure was measured to. +0.1 mm.' Individual measure-
ments$ were wexghted m proportion to the square of the pressure The
relatmn between vapor pressure and temperature was-found to be

’1qu-—5—337—,r8—*ﬂ+72345100068 o
s
where T is the temperature in °K and P is the pressure in mllhmeters

of mercury.
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3.6 - Boiling Point. From the equation of vapor pressure vs. tem-
perature the extrapolated boilin‘g point is 962' 04 &'1 93°C. ‘

3.7 Heat of Vaporization. From the vapor pressure vs. temperature
N relatlon, the latent heat of vaporlzatlon is 24,597 + 31 calorxes/mole

3.8. Coeffzczent of Thermal Expansion, The coefﬁcxent of thermal

" expansion of alpha polomum was measured by Brocklehurst and Vas-
samlllet” at the Dayton Project. They measured the coefficient of ex-
pansion by observmg the variation of the unit cell of alpha polonium
with temperature. This was accomplished by obtaining X-ray diffrac-
tion powder photographs (in the back-reflection region for accuracy) of
a sample at room temperature, at the temperature of boiling liquid
nitrogen, and at the temperature of an alcohol — dry ice mixture. The
sample was contained inside a Dewar flask just above the surface of the
coolant. A wmdow covered with a thin sheet of mica permitted the en-
trance and exit of the X- -ray beam. Brocklehurst and Vassamillet found

- a value for the coefficient of linear ‘expansion of alpha polonium of
22.0 + 1.5 x107% cm/cm/deg. _

" Later work by Goode!® at Mound Laboratory, usmg a 51m11ar method

resulted in three values of the linear coefficient of thermal expansion
of alpha polonium. An average of the three values obtained by ‘weight-

"~ ing mversely as the square of the probable error is 23.5 + 2 x '10¢
cm/cm/deg over the temperature range of —196 to +30°C. These values

. of the coefficient of thermal expansion were obtained by observmg the
-unijt-cell length at room temperature and at the’ temperature of boiling
liquid nitrogen. The temperature of b01l1ng liquid nitrogen was attained
Dby spraying the samplé capillary with a fine spray of l‘1qu1d nitrogen,
thus keeping-the sample at the b0111ng point of liquid nitrogen. An in-
ternal standard of a gold wire was used to determine the temperature

. of the samplé at room temperature since the temperature of the sample '

, would have been an unknown amount higher than its surroundmgs (m
a1r) owing to the heat released in'the decay of the polomum '
An earlier report on' the coefficient of linear expansion of polomum :
was made by Beamer and Maxwell® as an incidental observation in con—

nect1on ‘with their X-ray work. They reported a value of 50 + 25 x 107

cm/cm/deg for the coefficient of linear expansion of beta ‘polonium. An
anomalous value for the coefficient of linear expansion of alpha polo-
niuin, reported by Beamer and Maxwell can be shown to have been due
to another effect.!® S ‘

8 9 Electrzcal Reszstzvzty The electrical res1st1v1ty of polomum
was first measured by Maxwell2 and by Maxwell and Beamer,! who ob-
served the voltage drop across a thin film of polomum mounted between

' 30- mil tungsten electrodes which were sealed through the end of a - _
Pyrex-glass electrode holder. The film of polomum was vaporized onto
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the glass electrode holder. .The voltage drop was measured with a po-
tentiometer between two center electrodes while approximately 10 ma
of current was passed between two end electrodes. The electrode holder
was masked off before distillation of the polonium, except for a strip
approximately 10 by 1‘/2 mm which contained the tungsten electrodes, to
ensure accurate deposition of the polonium film. .

The polomum used for the resistivity measurements was first puri-
fied by electrodeposition (from a dilute nitric acid solution) onto a g
platinum foil. The foil was heated in vacuo with an induction heater to -
distill the polonium onto the glass electrode holder. .The holder was
then surrounded with helium and inserted into a furnace for observa-
tion of the resistivity of the b’qlonium film as a function of temperature;

The quantity of polonium used in the experiment, between 15 and 400
11g, was determined by an alpha count of the electrode holder. The uni-
formity of two films that were deposited was observed with a special
alpha pinhole camera. Densitometer traces of the camera films showed
a uniform taper in the thickness of the deposit of 8 per cent in one case
and 20 per cent in another. The error in the specific resistivity intro-
duced by assumption of a uniform taper of- 20 per cent is of the order of
3 to 4 per cent.

Five values of the electrical resistivity were obtamed by this method.
These values were converted to a temperature of 0°C with the experi-
mentally determined thermal coefficient of electrical resistivity. For
the alpha (or low-temperature) form of polonium, the average of five
values of electrical resistivity at 0°C was 42 + 10 ygohm-cm. For the
beta (or high-temperature) form of polonium, the average of five values,
at 0°C was'44 + 10 pohm-cm. : '

A value of the electrical res1st1v1ty of polomum was obtained as an
‘incidental measurement by Manring and Wehmeyer?® of Mound Labora-~
\iqry. They used a method very similar to that used by ‘Maxwell and .
Beamer, except that printed platinum contacts on quartz were used in-
stead of tungsten electrodes in glass. They found a value of 95.5 pohm-:

.cm for the electrical resistivity of polonium.
The electrical resistivity was measured by Manrmg21 at Mound Labo-r

ratory.in 1949. The resistivity was measured by observing the change-
in Q of a tuned circuit' as a ring-type sample of polonium was intro-
duced into the primary dr1ver coil.” The Q of an electrical circuit is , .

-defined as wL/R, where w is the angular electrical frequency, L is the -. .

inductance, and R is the resistance of the coil plus any losses coupled
into the coil by mutual inductance. The apparatus was. callbrated w1th
tantaium rings whose resistance per unit length was known. )
The experiment was performed by shaping the polonium into the form
of a ring on the inside surface of a quartz tube by volatilizing the polo-
nium with a gas-oxygen torch and condensing it under a water-cooled

v
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brass collar. -Observations were then made as the polonium ring con-

' tained in the quartz.tubé:was inserted in the primary coil. -When 2 dis-

P

+

continuous polonium ring was formed, no change in Q could be observed
when it was: mserted into the coil, thus showing that conduction in the
quartz or conduct1on by ion currents was not measurable. The ring hav-
1ng the lowest resistivity, indicating. the greatest homogeneity, was
used.. From this experiment the resistivity for the alpha (or low-tem-
perature) phase of polonium was found to be 140 + 10 ;lohm cm at 20°C.

3 10 Thermal Coeffzczent of Electrical Reszsthty The therrnal co-
eff1c1ent of electrlcal resistivity was determined by Maxwell? and by

Manrmg“ in connection with their resistivity ‘measurements by ob-
servatmn of the, resistivity as a function of temperature. Maxwell found

.the. thermal coefficient (average of five values) to be 0.0046 ohm/ohm/°C v
" for the alpha phase and 0.0070 .ohm/ohm/°C for the beta phase of polo-

nium. Manring found the thermal coefficient for the alpha phase (—56 to
+68°C) to be 0.00421 ohm/ohm/°C. .

. '83.11 Hall Effeci. If a current, iy, Ais_\passed through a sheet of metal

in thé X direction, and a magnetic field, H,, is applied along the Z axis, .

a voltage will appear along the Y direction of the metal. The production
© of this voltage and its magmtude is the Hall effect. From a ‘determina~-
tlon of the Hall effect, 1nformat10n is obtained concermng the number,
type and mob111ty of the charge carriers in the metal The Hall effect
in polomum was studled by Manring and Wehmeyer” at- Mound Labora-

tory in 1950, ‘

"The sample mount cons1sted of a quartz plate 2'cm long and 0.4 cm
wide, w1th printed platmum str1ps for current electrodes at each end
and with pomt-prmted platinum contacts equidistant between the ends
along the edges of the sample mount for the Hall voltage contacts. Po-
lonium was distilled onto the plate from platinum foils in an induction-'
heated nickel boat. The.sample cons1sted of 2.431 x 10'3 g of polonium.

. The attempt to detect the. Hall voltage was not successful. " An increase
in resistance of the polonium film with time was sufficient to mask the

- - effect sought. . Had the Hall’ voltage contacts been located exactly along

an equ1potent1al line, the mcrease in resistance would. have had no ef-
fect; since this was not the ‘case, a small voltage due to the current flow

,appeared between these contacts This led to an"upper 11m1t of 0.03 mv-
. for the Hall voltage. On the basis of this upper limit for the Hall volt- -
age, -the minimu"m,m'xmber, of current carriers was determined to be

3 x 10! carriers/cu cm. Since there are 3 x 10%2 polonium atoms per
cubic cent1meter, this indicates that there is at least" one current car-
r1er for 10 polonium’ atoms. . :

g -
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I
4 DIFFUSION OF POLONIUM INTO METALS'

The d1ffus1on of polomum into metals has long been subject to quah—
tative study. The first quantitative data were published by Hevesy and
ObruSheva22 in connection with the self-diffusion of lead.. They meas-
ured a value of 1.5 x 107'* sq cm/sec for the diffusion constant of po-
lonium mto lead at 310°C. Later Jedrzejowski?® measured a value of -
2.4 x1078 'sq cm/sec for the diffusion constant of polonium into plati-
num at apprommately 900°C.

The. dxffusmn of polonium into metals was studied by Foster and
Eyles at Mound Laboratory, and approximate diffusion coefficients
were determined for aluminum; stainless steel, and bismuth. The diffu-
sion coefficients were determined by depositing the polonium between
the center foils of a stack of four or six thin foils. These foils were
sealed at the edges by clamping’in a stainless-steel bomb, which was
then placed in a preheated temperature-controlled furnace for a pre-
determined time. The foils were sealed in the bomb immediately after .
deposition of the polonium to minimize the spread of polonium.

The amount of polonium on a given surface was determined by a
counting technique. The inside surfaces of the two center foils were .
counted last to ensure that the counts on the back surfaces of the center
foils were due to diffusion and not to contamination spread in handling.
The loss of polonium to the inside surfaces of the center foils was not
sufficient to cause appreciable error in the diffusion constant.

The diffusion constant of polonium in aluminum was measured over
a temperature range of 20 to 500°C. The diffusion constant was approxi-
mately 3 x 107!3 sq em/sec at 20°C and 5 x 10~# sq cm/sec at 500°C.
The diffusion constarit for stainless steel was approximately 1 x 10~ ~12
sq cm/sec at 300°C and 5 x 1071 sq cm/sec at 750°C. The diffusion.
constant for bismuth was approximately 5 x 107!! sq cm/sec at 150°C
and 5 x 10710 gq cm/sec at 200°C. :

5. OPTICAL SPECTRUM OF POLONIUM .

The mvestigatmn of the optical spectrum of polonium was begun in

'1910 by M. Curie and Debierne.?® They concentrated the polonium from

several tons of uranium ores and obtained approximately 0.1 mg of po-"
lonium in a.2-mg residue.. Four lines from the spark spectrum of the
residue were tentatxvely identified as polonium lines, a strong line at
4170.5 A and three faint lines at 4642, 0, 3913. 6, and 3652.1 A. The line
at 4170.5'A has been’ confirmed as one of the pers1stent lines of polo-
nium; the others have not been observed.?® Another spark line was ob-
served by Czapek?®' at 2450.0 A. Karlik and Pettersson?® used a gaseous
discharge, with hydrogen, helium, and neon acting as carriers, to find
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_ four lines tentatively identified as ‘polonium lines. These lines, had

wavelengths of 2450. 0, 2558.1, 3005 and 5665 A. The latter two, lines .
were observed only with hehum and hydrogen respectlvely, and there-
fore were. cons1dered l1kely to be due to 1mpur1t1es

- The. emission spectrum of polonmm was mvestlgated by. Stamforth
‘Beasecker, and Economldes29 at the Dayton Project. Th1rty -three lines
assigned to polonium were vobserved The spectrum was ob.tarned by.

v

Table 3.1 — Wavelengths- of Polomum Lines Observed by Stamforth
Beasecker, and Economides

Wavelength, ) Wavelength, -
A _ Comment . A Comment
2406.61 = ‘ 2725.34
' 2426.45 , ’ 2737.50
" '2439.39 B , 2761.91
. .. . 2450.09 - Strong ' 2800.28
<. 247732 - i -2823.73
. 2483.96 : 2849,18'
2490.4 2936.59
2520.28 : 2972.92 -
2538.32 C 2989.70- !
' 2546.48 -l 2994.79 - S
2546.71 - - 3003.25 Strong
' 2558.11 Strong 3004.09
: 2598.28 . © 3008.19
2599.55 : 3015.40
-2602.07 : : 3026.341
" 3045.69
3054.73
. 3205.67 -

depositing polonium on- small spectroscopically pure platinum foils and
arcing these foils between carbon electrodes The electrodes were con-
tained within a sealed sample chamber havmg quartz wmdows to prevent

“ the spread of contammatlon. The electrode -chamber was flushed with
' argon to, eliminate cyanogen. bands.in the ultraviolet region. It was ob-

served that the use of the argon atmosphere resulted in:a.loss of sensi-

) _ t1v1ty (The wavelengths of the lines were measured to an acecuracy of -
+0.05 A for the lower wavelengths and to £0.10 A for the higher -wave= .

lengths.) ‘The lines observed that were attributed to ‘polonjum. are -

.11sted in Table 3.1.

b
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" The work on the spectrum of polonium was continued at Mound Labo-
ratory by Charles and coworkers. 30 Two source types were used to
obtain the spectrum: An enclosed source, similar to that used by -
Staniforth and coworkers, was used to obtain the spark spectra. The
electrodes used were high-purity carbon, with the polonium deposited
directly on the electrodes. The spectrum was obtained on a Baird
3-meter spectrograph; an A.R.L. Multisource was used for the excita-
tion voltage. The spectrum of polonium was also obtained using an
electrodeless discharge as a potential source. Leads from a high-
frequency (approximately 30, or 400, Mc/sec) generator (Chap. 9, Sec.
4.8) were wrapped around a sealed quartz ampoule of polonium plus
carrier\gas, or polonium alone. If the ampoule was heated to approxi-
mately-400°C, a carrier gas to sustain the discharge was not needed.
The polonium was purified by fractional volatilization before being put
in the ampoule; the purity was estimated to be greater than 99 per cent.
The spectra from this source were recorded between 1920 and 9375 A
with a Baird 3-meter spectrograph and consisted of line spectra super-
imposed on the band spectra of the polonium molecule.

Spectrograms were measured on a linear comparator, and wave-
lengths were calculated by linear interpolation. They were then im-
proved by use of a correction curve constructed from lines of impurity
elements. The results of the measurements are given in Appendix A,
giving visual estimates of intensity, occurrence of the line, wavelength,

frequency, and classification. All classifications given are in the spec-_

trum of Po L.

A partial analysis of the line spectrum has been made, starting from
the discovery that two common differences exist among the five strong-
est lines. With this start the analysis proceeded by a search for dif--

ferences. The correctness of ‘the analysis has been indicated by excel- »

lent agreement between theoretically predicted intervals in the funda--
mental configuration as well as by the excellent fit of electrostatic and

spin-orbit parameters derived from the analysis with those for O I,

S 1, Se I,and Te I. The proposed energy levels of Po I derived from the
analysis are presented in Appendix B. The levels from 6p (4 ) np are
regarded as tentative. Because of the expei:ted overlap of levels from .
6d with those from 7s, it has not been possxble to assign conﬁguratmns
to odd levels except for those arising from 6p° (4°) ns. -
The ionization potential of Po I has been estimated from the. energy
levels by making certain assumptions-about the identities of levels 73

‘and 8). Thesé two levels fit: well the expected positions and. separation

of the second series member 6p? (4") 8s. With this assumption, one can
estimate the absolute value of the ground level 6p! 3Pi. The result is.°
67,980.cm™, corresponding to an ionization potential of 8.43 volts for
the neutral polonium atom. :
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v 6 MOLECULAR SPECTRUM OF' POLONIUM

]

) By George Ww. Charles

There has’ been no reference to the molecular spectrum of polo-
nium in the literature. Early in'the study of the polomum spectrum at
Mound Laboratory, a molecular spectrum was observed. When a prob-
lem of the assay of mixtures of Po?® and Po?® arose in 1951, tle prob-
lem of the molecular spéctrum’was reexammed A systematxc study

- was made of the dlscharge conditions under which bands were obtained. l
Asa result of these studies-and of the isotope assay problém, numerous,'- C
spectrograms became available with well- developed bands of Po3l? and

of mixtures of Po’® and Po?® Po?®, :
The Spectra were excited by rad1o-frequency oscillations. Good re-‘ '

sults were obtained at frequencxes of 10 and 30 Mc/sec In most cases

polomum alone was used in the d15charge tube. ‘Thé tubes were heated

to about 400 to 500°C It was observed that the molecular spectrum wis

‘well developed when the d1scharge had a deep blue color, whereas the .
line spectrum predommated when the d1scharge was purple Spectro-
‘grams were measured w1th a Bausch & Lomb Spectrum Measurmg
Magn1f1er *Wavelengths were calculated by linear 1nterpolat10n and
‘corrected by using known wavelengt.hs of linés of polonium and of im-

‘ purities. It is estimated that the measurements are accurate to 0.3 A,
- corresponding to +2K at the short-wavelength end of the spectrum and
" to 1K at the long-wavelength end. The heads are very' numerous and

‘are degraded to the red. The prmcipal heads are listed in Appendix C,
wh1ch shows mtens1ty (v1sual est1mate) ‘wavelength, and’ frequency
Heads ‘belonging to the same transmon in the dﬁferent 1sotopes are ‘
listed on the same line.

Most of these bands have been put in an array which is well repre- ‘
’ sented by the equation ' 4 o

: tv—25149+1084(v +Y,) ~ 0.43 (v/ +‘/2)2—1562(v"+1/)

+0.36 (v” l/2)2 (3-1)

. The' energy levels of the lower state are hsted in Append1x D and .

" those of the upper state are listed in Appendix E. Appendix F lists cal-

" culated and observed isotope shifts for some of the bands. The excel-
lent agreement between observed and calculated. isotope shifts lends.
support to the identification of the emitter as a-diatomic molecule of:
polonium and to the correctness of the array and the constants deter--
mined from it. There is still the possibility (although remote) that the

emitter isa d1atom1c molecule of ionized polonium. Th1s question could

be settled by a rotational analysis. The dissociation potential of the
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.

molecixle has been estimated by linear extrapolation to band conver-

gence. -The result is 2.03 volts, obtained on the assumption that the .
neutral.molecule in the ground state dlssoc1ated into two atoms in the
ground state °Pj}. -

12.
13.
-14.
15.
16.
17.
18.
19.
“20.
21.
22.
23.

24.
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Chapter 4
CHEMICAL PROPERTIES OF POLONIUM |

By Harvey V. Moyer

1. INTRODUCTION, PREDICTED PROPERTIES

Mendeléev! predicted the existence of polonium about 10 years before
its discovery. He named it “divi-tellurium” (Dt}, and, from its position
in Group VI in the periodic table, he characterized it as chemically
analogous to tellurium with an atomic weight of 212. He predicted that
the element would be low-melting, crystalline, nonvolatile, gray in
color, and would have a density of about 9.3. It should form an oxide,
DtO,, which should exhibit both acidic and basic properties. Strong
oxidizing agents should produce the unstable oxide, DtO;. If the hydride
should form, it would be less stable than HyTe. It should be more me-
tallic than tellurium but less so than bismuth.

‘The. predicted physical properties agree fairly well with the observed

. properties except that it is considerably more volatile than predicted

by Mendeléev. Its chemical properties were predicted with fair accu-
racy. An unstable hydride of polonium has been reported by Paneth and
Johanssen® and others, but the predicted unstable oxide, PoOg, has not
been observed. The existence of the hydride of polonium has not been..
demonstrated at Mound Laboratory. ' .

2. POLONIUM OXIDE

"Polonium dioxide, PoO,, is the only oxide of polonium which has been
prepared and characterized. Martin® prepared a stable oxide of polo-
nium and proved its formula to be PbOz. ‘Polonium oxide was also pre-
pared by Moulton and Farr,‘ who reported the same formula. Martin
purified samples of 5 to 10 curies of polonium by repeated volatiliza-
tions in vacuo and measured the volume of dry oxygen, at approximately
1 atm pressure, which combined with known quantities of polonium at.
temperatures ranging from 200 to 432°C. The volume of oxygen which

33




Ve
'
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. N ] . .

Fig. '4.1—Apparatus. for preparing polonium dioxide.

I

combined with the polonium was measured at 25°C by use of a Bourdon '

gauge in the apparatus shown in Fig. 4.1. The reaction is slow in dry
' ‘oXygen at room temperature but is rapid at 300°C. Changes in the
pressure of oxygen were observed after heating the samples from 1 to
6 hr, and the heatmg procedure was repeated until the pressure, of

oxygen became constant. Results of three determinations are sum-
i
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marized in Table 4.1. The quantity of polonium was determined calo-
rimetrically. '

. X-ray diffraction analyses were made on two preparations of polo-
nidim dioxide, one prepared by the oxidation of elemental polonium
and the other by heating polonium nitrate. In both cases it was found
that the dioxide exhibited two crystalline forms, a tetragonal struc-

‘ture which changed in a few days to a cubic fluorite type of crystal

Table 4.1 —Summary of Three Determinations of the Formula of
Polonium Dioxide

pmoles of O, pmoles of Po
Conditions consumed combined Ratio O/Po
Heated a total of 7.5 10.7 11.28 - 1.90
hr at 200 to 250°C
Heated a total of 3 4.6 4,496 2.04
hr at 400 to 432°C
Heated a total of 9 9.4 9.335 2.02

hr at 300 to 310°C

with the lattice parameter ay = 5.59. The cubic form has a theoretical
density of 9.18 g/cu cm, and the radius of the l?’o+4 ion is 1.02 A. Polo-
nium dioxide was stable when heated in oxygen, at 1 atm, up to a tem-
perature of 900°C. No evidence was found to indicate the formatlon of

‘polonium trioxide. Under the condltlons of the experlments no polonium

monoxide was formed.

* 3. POLONIUM CHLORIDES

Two chlorides of polomum have been prepared and characterlzed by
Joy. 5 Preliminary work was done by LaChapelle and coworkers. Two .
methods of preparing the chlorides of polonium were attempted in the
prehmmary work: (1) polonium dioxide was treated with carbon tetra—
chloride vapor as described by Dede and Russ,! and (2) a solution of '
polomum in concentrated hydrochloric acid was evaporated to dryness
in the presence of carbon tetrachloride vapor. Joy5 found that the most
satisfactory method was the direct combination of metallic polonium
with dry chlorine at 1 atm pressure and at temperatures ranging from |
125 to 200°C. The apparatus used by Joy is'shown in Fig. 4.2, Ap-
proximately 100 ug of polonium was used in each preparation. The
pure metal, upon being heated in chlorine, changed color progressively
from gray to brown to yellow. The yellow chloride was volatilized at
about 390°C and condensed under an atmosphere of chlorine into well-~
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Fig. 4.2— Apparatus for preparing polonium-chlorine compounds.
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formed yellow platelets. The.yellow crystals were found to be PoCl,.

At lower temperathres and pressures of .chlorine, a red compound was
prepared which was shown to be PoCl,. The red dichloride is more

volatile than the tetrachloride and can be separated by careful vola-

tilization in a_ capillary tube. A mixture of the red and yellow crystals

is shown in:Fig. 4.3. The pure yellow tetrachlorlde is.shown in Fig. ~

4 4, The d1chlor1de can be prepared by heating P0C14 to 200°C in an,
atmosphere of hydrogen The reduction with hydrogen continues to the. R
formatlon of a black residue which is presumed to be the metal. The

black res1due may again be converted to the yellow chloride by re- - 8
' heatlng the residue in an atmosphere of chlorine. The reactlons may i e
- be. expressed in the followmg equatlons

Po + Cl, —»’chlz" (re_d)_
" PoCl; + Cly— PoCl,  (yellow)
PoCl + H, — PoCl, + 2HCI v
PoCl, + H, — Po + 2HCI . =
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‘Fig. 4.3 —PoCl, and PoCl; crystals.
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PoCly crystals.
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Fig. 4.
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Polonium tetrachloride cannot be sublimed except in the presence of
excess chlorine. When heated to 260°C in vacuo, it undergoes partial
dissociation to the. d1chlor1de P

The determination of the polonium content of each preparation of the
chloride sealed in a capillary tube was made calorimetrically, The
chloride content was determined by a potentiometric titration based on

‘a micromethod by Glick.! The glass capil ary tube containing the

‘VIBRATING REFERENCE
STIRRER SILVER ELECTRODE

MICROBURETTE

/TITRATING TIP

TITRATION CELL
INDICATING
SILVER ELECTRODE

SUPPORT TUBE ON
MICROMANIPULATOR

Fig. 4.5-— Polonium chloride titration apparatus.

chloride sample was crushed under the: suriace of 0.2 ml of 0.2N nitric
acid contained in the titration cell shown in Flg 4.5. Immediate hy-
drolysis of the chloride occurred with the formation of a light yellow

, flocculent precipitate of hydrous oxide of polonium, T1trat10n of the
released chloride was made w1th 0.05N silver nitrate solution. Typi-
cal titration curves are shown in Fig. 4.6. A summary of the results
of analyses of the red and yellow chlorides is shown in Table 4.2. A
summary of the properties of the chlorides of polonium is shown in
Table 4.3.
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Fig. 4.6— Polonium chloride titration curves.

Table 4.é—Analysis of Polonium Chloride

Po by calorimetric

assay Cl by titration, = Ratio
Color Curies  umoles umoles Cl/Po
Yellow  0.484 0.509 1,947 . 3.83
Yellow  0.596 0.626 2.465 3.94
Yellow  0.633:  0.665 . 2,519 . 8.79
Yellow  0.523- :, 0.549 - 1.981 .3.61
"Av. 379 -
g [ . v : o/
Red 1.012 1063 . 2,144 2.02
Red 1.127  1.183 2.091 L77°

CAve 190

[
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e o Table 4.3 — Properties of Polonium Chlorides

B. POC].Z POC14
Color . Red Yellow
s Crystal system Orthorhombic Monoclinic or triclinic
Melting point (sealed tube), °C 170—180 - 294
Volatilization (vacuum), °C.  ° 190 220
Volatilization (atm of Cly), °C ' : ‘ 390
Neutron emission, n/sec/curie 8.9 x 10° 1.43 x 10

104° 128.5°

77°

1410 —=

~F

70°

RED CHLORIDE ORTHORHOMBIC

YELLOW CHLORIDE MONOCLINIC T i !
* OR TRICLINIC

Fig. 4.7——Crysialline habit of polonium chlozjide\s.

The crystallographic characteristics of the crystals were difficult to .
determine because of the necessity of observing the crystals-in a
sealed tube. Refractxve indices were not determined. Profile angles of
~ typical crystals of the red and yellow chlorides were measured with
I the results shown in Fig. 4.7. The yellow form was found in two crys- \
talline forms as indicated, whereas only one form of the red chloride
was observed Both crystals are anisotropic and show parallel extinc-
_ tion as indicated. The melting points were determined with a polariz-

ing microscope and a Kofler hot stage.
* /
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Exposure of samples of PoCl, to moist air results in-the formation
of needles which grow in every direction from the original crystals.

This phase did not melt when heated up to 355°C, and its composition 4
was not determined.

X-ray powder patterns of both polonium chlorides have been obtained
and average line spacings have been calculated by Reynolds. The
powder pattern of PoCl, was indexed in the orthorhombic system and
is 51m;1ar to the powder pattern found in'the dihalides of lead. The

- indexing gives a unit cell with the dimensions.ay = 4.331 A, b, = 8.944
A, and ¢y = 7.292 A, and, if four molecules are assumed in a unit cell
as in PbCly, the calculated density is 6.55 g/cu cm. The powder pat-
tern of PoCl, was obtained and the average line spacings are reported
by Joy.® The crystals were of lower symmetry than the dihalide; the
lattice is either monoclinic or triclinic. A structure to f1t the data has
not been determined.

4. POLONIUM BROMIDE

Polonium tetrabromide was prepared by Joy,'%s!! who treated pure

metallic polonium with dry bromine vapor-at a pressure of 200 mm
Hg. A reaction occurred when the polonium and bromine vapor were ~
allowed to stand overnight at room temperature, and the reaction was
complete after the tube was heated for 1 hr at 250°C A product was
volatilized at 360°C in the presence of bromine vapor and condensed
in the cooler portions of the tube as dark red crystals (PoBry). The
red crystals of polonium tetrabromide were also prepared by dis-
solving 0.5 curie of polonium in 0.015 ml of 40 per cent hydrobromic
acid and evaporating the solution to dryness by passing a current of
dry nitrogen over the solution at room temperature. 'X-ray‘diffraction
studies showed that the tetrabromide prepared: by dissolving polonium
in hydrobromic acid was identical with the compound obtained by the
direct combination of the elements Typlcal PoBr; crystals are shown
in Fig. 4.8. " : ~

The preparatlons “of polomum tetrabromide were analyzed by calo-
‘r1metrlcally determining the amount of polonium in a sealed capillary
tube (contalmng the polonium tetrabromide sample) and then titrating
the brom1de potenuometncally by the same method used for the chlo-
vrlde Free bromine forms in the cap111ary tubes’ contdining the sam-
ples, and as a consequence “the first determinations of the tetrabromlde
gave low results The theoret1cal bromlde content of PoBr4 was ob-
tained by crushmg the capillary tube under a 0.1N’ aqueous ammoma '
solution which reduced the bromine to bromide with the 11berat10n of .
nitrogen. A precipitate of hydrated polonium dioxide formed Wthh was
separated by centrlfugatlon and this precipitate was washed ina
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Fig. 4.8—PoBr, crystals.
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‘Fig, 4.9—Polonium tetrabromide centrifugatio’n'apparatué.
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microfilter. ‘The centrifuge tube and filter are shown in Fig. 4.9. Table

~ 4.4 shows the results of the analysis of four samples of polomum
tetrabromlde. -

" . Free hydrobromic acid is formed on hydroly51s of PoBr4 accordmg
to the followmg reaction;

e

' PoBry + A H0 — P00, . yH,O + 4HBr

ASBESTOS FILTER MAT !
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L The free acid was titrated with a standard base, and the results con-
“firmed the formula, PoBr,. The melting point of PoBr, was observed
= to be 324 + 2°C. Attempts to prepare polonium dibromide were un-

successful.
hd .

Table 4.4 —Analysis of Polonium Bromide
Po by calorimetric Br by titration with Ratio
assay, pmoles 0.05N AgNOj3, umoles Br/Po
1.145 4.512 3.94
0.827 3.227 3.90
- 0.501 1.994 3.98
0.745 3.039 4,08

The neutron emlssmn ! from three samples of polomum tetrabro-
mide, confined in Pyrex capillary tubes, was measured; hence the re-
sults inciude a background from the (a,n) reaction with components in
the glass. The observed values were 8.3 x 10%, 9.4 x 103, and 6.3 x 10°
neutrons/sec/curie. The observed neutron emission from polonium
tetrabromide was somewhat lower than the average value of 1.4 x 10*
= neutrons/sec/curie from polonium tetrachloride.

5. POLONIUM IODIDE

Attempts were made by Marchi'? to prepare compounds of polonium
and iodine, but the ratio of polonium to iodine in the reaction mixtures
‘varied over wide limits. No conclusive evidence of compound forma-
tion was obtained. : '

6. POLONIUM FLUORIDE

' Since other members of the sulfur group form volatile hexafluorides
by direct combination of the élements it seems probable that polonium
should react in 2 similar manner. The free energles 3 of formation’ of
SFg, SeFg, and TeFe, respectively, are 262,000, 246,000, and 315,000
calorles/mole at 25°C. Consequently a polonium hexafluoride, volatlle'
at room temperature, with'a heat of formation in the nelghborhood of
300,000 calorles/mole\ is indicated. - - - Lot

Leitz and Coulter!® tried two general methods of preparmg a volatile
" polonium fluoride: (1) metallic polonium was deposited on gold or- plati-
= - num foils and exposed to fluorine at room temperature and at various
temperatures up to 700°C; (2) metallic polonium was mixed with rela-
s tively large amounts of selenium or tellurium as carriers and treated
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. with fluorine. Results of these experiments indicated that no volatile
fluorides were formed. No systematic attempts were made at Mound
Laboratory to prepare nonvolatile polonium fluorides-although polonium
is known to be quite soluble in hydrofluoric acid. Studies by Wehrmann!$
on the deposition of polonium from hydrofluoric acid showed that solu-
tions containing 2 curies of polonium per milliliter.-of 1N hydrofluoric
acid were unsaturated., No quantitative solubility studies of polonium in
hydrofluoric‘ acid have been made at Mound Laboratory. -

7. POLONIUM SULFIDE

Polonium is precipitated completely from acidic, basic, or neutral
-$olutions with hydrogen sulfide. The coprecipitation of polonlum w1th
" the sulfides of lead, blsmuth copper, arsenic, and antimony was re-
ported by the Curies.!® Although the precipitation of polonium with a
sulfide has been widely used, no compounds of polonium sulfide have
been separated and characterized. Goode”fattempted to-prepare a-:
‘compound of polonium and sulfur by heating the-elements directly in a
quartz capillary tube. Although some unknown lines appeared in the

X-ray pattern,-it was concluded tentatively that, under the conditions of -

the experiment, polonium and sulfur did not react. This conclusion was
based on the fact that the X-ray pattern for metallic polonium was
present in all the preparations,’ even in the one in which sulfur was--
known to be present in considerable excess.

8. SOLUBILITY OF POLONIUM COMPOUNDS

8.1. Solubzlzty of Polonium in Nitric Acid, - A- study of the solub111ty
of polonium in nitric acid was made by Orban'® in 1947. He determined
the quantity of polonium which dissolved in nitric acid solutions that
varied in acid concentration from approximately 0.1M to nearly 8M and
- at temperatures of 25, 35, and 45°C. The quanti‘ty of polonium which dis-
solved in nitric acid varied from 4. 0 mg/liter at the lowest temperature
. and acid concentration to 970 mg/liter at the h1ghest temperature and
acid concentration.

The solub111ty experlments were made w1th pur1f1ed polomum whlch
. was plated on platinum foils, measured in a calorimeter, and then al-

- lowed to stand in moist air until the polonium was converted tothe
oxide. The foils which contained two or three times as much. of the
oxide as would dissolve were placed in spemally deS1gned solub111ty
tubes which contamed_ 1.5 to 2,0 ml of the n;trlc acid under 1n,ves_t1ga_‘- )
tion. The tubes, Fig. 4.10, were equipped with a capillary thermo-
‘couple well which contamed a drop of mercury to 1mprove heat trans-
ference. Constant env1ronmenta1 temperature within 0.1 to 0. 3°C was '
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e~ 3 MM x 16.5 CM PYREX TUBE

< (THERMOCOUPLE WELL)

le— 12 MM x 6 CM PYREX TUBE ~
(SOLUBILITY TUBE)

{C

e 15 MM x 6.5 CM PYREX TUBE
(JACKET)

Fig. 4.10 —Solubility tube.

~

maintained in a dry box for this experiment. The temperature within
the sblubility tubes was always above that of the air bath-by approxi- -
mately 1°C for each curie of polonium in the tube. - '

The solutions were centrifuged in the constant-temperature air bath’
before each measurement of dissolved polonium was made by alpha
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counting methods, The ‘solutions were sampled in triplicate with cali-
brated 1- to 10-ul pipettes; then the samples weré mounted on glass
slides and alpha counted either with a parallel-plate alpha counter or
with a Simpson Proportional Alpha Counter. Two 4-min counts were |
made each day for 20 days on each sample. Background counts were
taken twice daily, or more often if contamination of the instrument was
suspected. The counts from the triplicate samples of each ‘sol'ution

- were averaged and corrected for decay to zero time. Since each solu-
tion had its own equilibrium temperature because of the varying
quantities of total polonium in the tubes, it was necessary to correct
the solubilities to 25, 35, and 45°C by interpolation. The corrected re-
sults are recorded in Table 4.5 and are shown graphically in Fig. 4.11.

Table 4.5-—Solubility of Polonium in Nitric Acid at’25, 35,
and 45°C (from Graphic Data)

Solubility, moles/liter

Concentration
of acid, N 25°C 35°C 45°C
0.1036 L9x107% . 2.7x107° 3.6 x 107°
0.5046 7.2x107° 7.9 x107° 8.6 x 1078
1.006 1.38 x 107 ° 1,59 x107%  1.80 x 107¢
1.595 3.6 x 107* 4.4 x 1074 5.3 x 1074
2.081 6.2x107* - 7.3x10™* 8.4 x1074
3.96 1.62x 107  1,85x 1073 2.1 x 1073
5.72 2.5 x 1073 2.9x107% .3.3x107°
7.83 3.7 x 1073 4.1 x 1073 4,6 x 1073

" The solubility approached an equilibrium value in about 2 days and
. then appeared to decrease slowly with time. In the higher acid concen-
- trations the apparent decrease in solubility was larger than could
,reasonably be explained by adsorption on glass, coagulation of radio-
-. colloids, or decomposition of the solvent.
The solubility measurements are estimated as accurate within +10

. per cent in the lower concentrations and within +5 per cent in the upper

,

half of the concentration range. ]
- An inflection in the solubility curve between 1.1N and 1.2N nitric
- acid may be assumed to indicate either (1) a ¢hange in the oxidation
state of the polonium or (2) a change in the composition of the polonium
ions in solution. The first assumption appears unlikely since polaro-.
. graphic studies!® indicate that polonium is oxidized to the tetravalent
state in nitric acid concentrations between 0.3N and 0.5N. It seems
r probable, therefore, that the inflection in the curve results from the

-

L2

~.

Al




& 0.005 T
.
0004 —
[+ 4
ul
=
. < 0003 —
()]
Wl
-
o
b3
>
-
3
e o
3 0.002 —
o
7]
0.001 —
i
obe=™ .| | | | | 1 |
.0 t {2 "3 4 5 6 7 -8 9

_NORMALITY, OF ACID

Fig. 4.11 —Solubility of polonium nitrate in nitric acid. . . -- R

formation of a complex anion containing an increased number of nitrate
jons. Haissinsky?’ has reported that polonium begins to migrate toward-
the anode in nitric acid concentrations above 0.1N. This observation '
has been confirmed at Mound Laboratory by Fainberg, Barth, and"
: Staniforth.?! Orban'® suggested that the following equations may indicate
the reactions of polonium in nitric acid solutions: below 1.1N nitric '
acid (Eq. 4.1) and above 1.2N nitric acid (Eq. 4.2).

R
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(4.1)
(4.2)

- PoO(NOy), + HNOy = H* + PoO(NO;);
Po(NOyg)y + HNOy = HY + Po(NOs);

No systematlc studies of the solublhty of polonium in acids other than

nitric a¢id have been made at Mound Laboratory. However, observa- -

] tlons by various workers have produced some qualitative information.

8 2 Hydrochlomc Acid. The solubility of polomum is high in hydro-

. chloric acid in comparison with its solubility in other solvents. Schulte??
- prepared an unsaturated solution of polonium in 0.5N hydrochloric acid

in which 8.95 ;:urieé of polonium per milliliter of solution were dis-
solved. Concentrated.solutions of polonium in hydrochloric acid are

' _yellow in color, probably as a result of the formation of complex ions

wh1ch m/ay have the composition PoClg ™. Schulte also observed that
1 curie 6f polonium chloride does not dissolve completely in 5 ml of
0.1N hydrochloric acid, although the same quantity of polonium ‘s easily

. dissolved in 5 ml of 0.2N, hydrochloric acid. If the 0.1N acid is made

‘5N in ammonium chloride, the polonium chloride dissolves as would be

expected if a Complex polonium chloride ion is formed. Light-trans- .
mission studies® on hydrochloric acid.solutions of polonium indicate
that 1 curie of polonium in 5 ml of solution is completely converted to-
the yellow polonium chloride complex when the acid concentration
reaches 0.5N. '

8.3 Sulfuric Acid. Schulte? concluded that the solubility of polonium
in 1N sulfuric acid is less than 0. 05 curie/ml. Harlow, B from observa-‘
tions made at Los Alamos Scientific Laboratory, reported the solubility
of oxidized polonium as 2.3 mc[ ml in 0.1N sulfuric acid.

8.4 Hydrofluoric Acid. \Polomum is'readily soluble in hydrofluorlc
.acid solutions. Wehrmann'® studied the electrodeposition of polonium

- from hydrofluoric acid solutions. He prepared unsaturated solutions
‘containing 2 curies of polonium per milliliter in molar hydrofluorlc

ac1d The high solubility suggests the formation of polonium fluoride

, complex ions.

8.5 Phosphorzc Acid. The solubility of polomum in phosphoric acid

is low, Schulte?? observed that at least 10 ml of 4M phosphoric acid,

was required-to dissolve 2 curies of polonium. He reported the forma-

‘tion of a gelatinous precipitate when 10 ml of phosphoric acid below

)

4N was added to 2 curies of polonium nitrate or chloride.

~

8.6 Perchlovic Acid. The solubility of polonmm in perchlor1c acid

"is similar to its solubility in sulfuric acid. Wehrmann'® reported the

preparation of a perchloric acid solution of polonium in which 1M per-
chloric acid was added to the residue obtained by evaporating a nitric

-
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' 'acid solution of polonium. He succeeded'in dissolving approximately

1 curie of polonium nitrate in 8 ml of molar perchloric acid; however,

" when a second curie of polonium nitrate was added and the solution was

evaporated to removeé nitrate ions, a gelatinous white precipitate formed
which did not redissolve upon dilution to-the original volume with molar
perchloric acid.

8.7 Citric, Oxalic, Tartaric, and Acetic Acids. A number of ob-
servations have been made which suggest the probability that polonium
forms complex ions with citric, oxalic, and tartaric ions (see Chap. 6,
Table 6.6). Schulte,22 in his studies on the electrodeposition of polo-
nium from various solvents, observed that the addition of these acids
increased the solubility of polonium in phosphoric acid. Citric and
oxalic acids were more effective in this respect than tartaric acid. No
quantitative measurements of the solubility of polonium in agqueous
solutions of citric, oxalic, and tartaric acids have been made at Mound
Laboratory. Unsaturated solutions of polonium have been prepared by
Schulte inp which 1.5 curies of polonium chloride dissolved in 10 ml of
0.05M citric acid. He also prepared unsaturated solutions of polonium
nitrate containing 0.075 curie of polonium, respectively, in 10 ml of
0.1M, 0.5M, and 1.0M solutions of oxalic acid. However, solutions of
0.5M tartaric acid containing 0.37 curie of polonium in 10 ml were un-
stable; a dark precipitate formed on standmg which carried down the
activity.

Schulte?? reported the preparation of unsaturated solutlons of polo-
nium in 50 per cent acetic acid which contained 1 curie of polomum in
10 ml of solution. . : )

8.8 Sodium Hydroxide. Several experiments were made by Harmg“
to determine the solubility of the hydrous oxide of polonium in 1.5N
sodium hydroxide. He treated 1.57 curies of polonium, which was

-mounted on a platmum foil, with 2 ml of 1.5N sodium hydroxide. Im- .,

mediately the’ polonium oxide swelled and detached itself from the f011
The tube and contents were agitated frequently for about 4 hr at room
temperature and then heated nearly to boiling under an infrared lamp
for approx1mately 4 hr. The tube was shaken occasmnally during the
heating. Nearly all thé residue dissolved. The tube was allowed to
stand for 1: week and was subjected daily to a vigorous shaking. After’

a second week of standing, a gray residue settled in the tube. Samples °
of the supernatant solution were carefully removed, in order not to -
disturb the precipitate, and alpha counted. The concentration of polo-
nium was found to be 2.8 x 107*M (0.27 curie/ml) at approximately
25°C. Two other experiments, less carefully carried out, gave 0.31 and
0.43 curie/ml, respectively.
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Experlments were made at the Los Alamos Sc1ent1f1c Laboratory, as
reported by Harlow in which the rate of solubility of polonium in.
1.5N sodium hydroxide was determined. Polonium was plated on plati- £
num foils-and allowed to oxidize in air for several da)}s. The foils
were then placed in glass tubes containing a measured volume .of 1.5N
carbonate-free sodium hydroxide and kept agitated in a constant-tem-

" perature bath held at 25 + 0.1°C. After various intervals of time, the

solutions were assayed by alpha counting to determine the rate at
whlch the polonium dissolved. Each solution was centrifuged before
countlng _The procedure followed in these experiments differs from

.that used by Haring in that a‘temperature of 25°C was maintained

throughout the tests, whereas Haring heated his solutions almost to ‘
boiling for 4 hr before allowing them to stand. The results of the ex-

periments reported by Harlow show that about 50 per cent of the maxi-

mum solubility is reached in 1 hr and that the maximum concentration

"is reached in 21 to 46 hr. Harlow reported a solubility of 0.100 to

0.105 curie/ml or roughly one-third of the values reported by Haring.

8.9 Solubility of Polonium Oxide in. Various Reagents. A number of
experiments were made at the Los Alamos Scientific Laboratory and |
reported by Harlow2 in which oxidized polonium on platinum foils was

- placed in aqueous solutions of various reagents and the solubility meas-

ured in the same apparatus as was used to determiné the rate of

solublhty in sodium hydroxide. The results are shown in Table 4.6. .
Several differences may be observed between the results reported in

Table 4.6 and the qualitative observations made at Mound Laboratory.

" This may be.accounted for, in part at least, by the tendency of polonium

to f{)rm colloidal dispersions in weakly acidic or weakly basic solutions.

9. COLLOIDAL PROPERTIES OF POLONIUM

¢

‘9.1 'Intr’o_ductzon. The tendency of polomum to form collmdal solu-
tions has long been recognized,? but the literature on the subJect is

" scanty and confusing, ‘Fainberg and coworkers“ studied the colloidal -

propertles of polonium through experiments 1nvolv1ng the dialysis of
solutions ‘of polonium ‘and the rates of settling of insoluble polonium
compounds, over a wide range of pH values. The experiments were de-
signed to determine whether-the amphoteric character of polonium
would lead to the formation of precipitates of colloidal dimensions as
thé pH was varied from acidic to neutral to basic values. Sedlmenta—
tion studies were made to differentiate between coarse dlspersmn and
collmdal or 1on1c d1spers1on.27

9.2 Experzmental Methods. The purpose of these studies wasto -
determme the percentage of polonium in solutions at various pH values

<z




&

i

53

! Table 4.6— Solubility of Oxidized Polonium

Solution Used

Sodium nitrate
Sodium carbonate
Sodium carbonate
Ammonium carbonate
Ammonium carbonate

Ammonium hydroxide
Sulfuric acid
Orthophosphoric acid
Potassium dihydrogen
orthophosphate
Ammonium monohydrogen
orthophosphate

Sodium monohydrogen
orthophosphate

Acetic acid

Sodium acetate

Oxalic acid

Potassium oxalate acid

Citric acid

Potassium cyanide
Potassium acid tartrate

Formula

NaNO,
Na,CO,
Na,CO,
(NH,),CO;q
(NH,),CO;

NH,OH
H,S0,
HyPO,
KH,PO,

(NH,),HPO,

Na,HPO,

CH,COOH

CH,COONa

H,C,0,

HKC,0,

(COOH)CH,C(OH)-
(COOH)CH,COOH

KCN

KHC H,0q

Concentra-
tion, M

1.5
0.5
0.05
0.75
0.25

18
0.05
0.5
1.0

1.0

1.0

1.0
1.0
0.5
0.4

1.0

1.0
1.0

Solubility,
mc/ml

1.4
1.4
1.6
24.0
0.4

1.0
2.3
30.0
4.0

1.7

4.8

128
0 1

42

62

46

3.8
41

which was dialyzable, the percentage which was nondialyzable, and the
percentage which settled out or adsorbed on the walls of the container.
The polonium used in the experiments was purified by volatilization
from platinum foils into clean quartz tubes from which it was dissolved
in 1.5N nitric acid. Solutions at each pH value were divided into two
parts, designated A and B. The two solutions were identical in every
respect except that polonium was added to solution A and omitted from
solution B. Solution A was treated with enough sodium hydroxide to,

neutralize the nitric acid which accompanied the polonium, and an
.equivalent amount of sodium nitrate was added to solution B.. The

~ dialyzing membranes were prepared from Baker’s U.S.P. collodlon. .
Test tubes 13 me in diameter by 100 mm long were used as forms.,
The membranes required for each set of experiments were prepared.
at the same time from fresh collodion. An identical procedure was .
used in preparmg the collodxon bags in order.to ensure uniformity in . ”
the membranes. From 2.to 4 ml of collodlon was poured into a test
tube-which was rptated and inverted in order to coat the inside of the
test tube. The tube was held upside down, tipped slightly, and then
slowly rotated as the collodion drained out. The tube was allowed to

® dry for 15 min in an inverted position, and then the excess collodion
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was trimmed' from the top with a razor blade. The tube-was,fi‘iled‘ with
distilled water and allowed to stand for at least 4 min. It was found
that collodion bags could be kept for several hours in th1s condition

‘'with no apparent change,

When the membranes were ready to use, the. d1st111ed water in the bag
was poured out and 10 sec was allowed for drainage. Two milliliters of
the active solution was introduced, and the collodion bag was withdrawn
from the test tube and placed into 5 ml of inactive solution B. The in-
active solutions were placed in short test tubes, 54 mm long by 15 mm
in diameter, which were held uprlght in holes in a wooden block. The

" membrane containing 2 ml of solution A was lowered carefully into the
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' Fig.. 4.12—Dialysis. of polonium-—nitric acid solutions.

5 ml of solution B until the level of liquid inside the bag was the same
'as that outside, and then the upper port1on of the bag was folded over

the edge of the test tube, After 15 min the bag was raised partlally
from the solution and then lowered to the or1gma1 level. This was re—

3 peated several times in order that the more concentrated layer of

material on the outside ‘of the' bag was left in solution B. The bag was

" then removed and its contents discarded.. Solution B 'was thoroughly

stirred and analyzed for polonium. ‘The 15-min period of time for a

" given dialysis experiment was selected because a series of experi-,

ments with nitric acid solutions of polonium showed that dialysis av-

‘eraged 32 per cent of completion in 15 min, and the res’ults were re-

.- producible within +5 per cent. Figure 4.12 shows the per cent of

»- theoretical equilibrium plotted against time. Each point on the curve
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is the average of 6 to 12 experiments at the given time with nitric acid
solutions in which the bolonium was assumed to be completely dialyz-
able. The temperature of the experiments varied from 24 to 26°C. The
polonium content of the initial solutions used to determine the rate of
dialysis varied from 2.5 x 10" dis/min/ml to 3.7 X 10? dis/min/ml or
approximately 0.012 to 1.7 mc¢/ml. The percentage dialyzable was in-
dependent of concentration within the limits of error in the measure-
ments. Since there were 2 ml of solution A and 5 ml of solution B,
equilibrium would be reached when each milliliter of B contained % of
the original concentration in solution A. The percentage of dialyzable
polonium in a solution was calculated as follows:

concentration of polonium in B 100
% concentration in A 0.32

Per cent dialyzable =

9.3 Dialysis of Polonium in Buffered Solutions. Three sets of so-
lutions, R, S, and T, were prepared, each set consisting of 15 solutions
of pH 0 to 15 in steps of 1 pH unit. The A solutions of these sets con-
tained the following concentrations of polonium:

Set R, 2.3 x 10° dis/min/ml or 1.04 mc/ml
Set S, 2.5 x 10® dis/min/ml or 0.113 mc/ml
Set T, 2.6 x 10" dis/min/ml or 0.0117 mc/ml

After the solutions were prepared, they were allowed to stand 2 to 4
days; then they were shaken thoroughly and dialyzed. The portions of
these solutions remaining after the dialysis experiments were com-
pleted were allowed to stand for 73 days, during which time sedimen-
tation studies were made.

The results of the dialysis experiments on polomum solutions at dif-
ferent pH values are shown graphically in Fig. 4.13. The increase in
dialyzable polonium at pH 7 and 8 was suggested by Fainberg and co-
workers®® as possibly due to the formation of complex ions with the '
buffering salts, particularly the primary and secondary phosphates
which were used to buffer.the solutions at pH 7 and 8. .

In order to test'the effect of different buffering substances Famberg

~ and Barth prepared 30 buffer solutions ranging in pH from 1.9 to 13.

Clark and Lubs’ and Sorenson’s buffers were prepared according to the

‘procedure outlined by Clark.?® The various buffers contained citrates,

phthalates, phosphates, borates; and glycine. Citrates appeared to form
complex ions from pH.2 to 6. Phthalates formed complex ions, but less
strongly than citrates, between pH 3 and 6. Phosphates did not complex
up to pH 6 but combined to a small extent at pH 8. Borates and glycine
showed no evidence of complex formation with polonium,
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Fig. 4.13 —Dialysis of polonium in 1.5N nitric acid. R, 2.3 % 10° .
dis/min/ml. 8, 2.5 x 10%.dis/min ml. T, 2.6 X 107 dis/min/ml.

9. 4 Dzalyszs of Unbuffered Polomum Solutzons The increase in the
per cent of polonium wh1ch passed through the collodion membrane in .

‘the neutral pH range, as indicated in Fig. 4.13, suggested the- desira-

bility of studying the dialysis of polonmm in unbuffered solutions. ‘A
2732 in' which un-
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buffered solutxons from pH 3 to 9 were dialyzed. They mod1f1ed the
conditions of dialysis as described by Fainberg and coworkers by
allowing the dialysis to continue for 24 hr instead of for 15 min. They
found that solutions of polonium in 1.5N nitric acid reached 93 per
cent of the theoretical equilibrium value in 24 hr. The unbuffered so-
lutions were prepared by adding the purified polonium in 1.5N nitric
acid to distilied water placed in a polystyrene container. The nitric

¢

_Table 4.7—Dialysis of Unbuffered Solutions at 25°C for 24 Hr

Initial :
concentration Probable

No. of Measured pH Measured pH  of solution A, % , error of
runs  of solution A  of solution B mc/ml dialyzable mean

5 3.04 3.03 0.38 50 S I8 |

8 4.02 4.01 0.18 9.2” +0,2

6 4.98 4.95 0.49 1.7 £0.5

7 , 6.02 5.99 0.47 0.8 £0,1

6 6.98 6.99 0.50 0.4 10.1

7 8.11 8.20 0.40 0.44 +0.03

5

8.95 8.98 0.44 0.62 0,08

acid was titrated with sodium hydroxide solution until the desired pH
was reached as shown by a Beckman glass electrode. Nitrogen gas was
bubbled through the solution for 15 min before the pH readings were
taken. They used collodion membranes which were prepared as de-

- scribed by Fainberg and coworkers.” The concentrations of polonium
in the A solutions varied from 1.06 x 10° to 3.0 x 10® dis/min/ml. These

concentrations were roughly the same concertration as for the S solu-
tion indicated in Fig. 4.13. The results are shown in Table 4.7 and
indicate that, with buffering salts absent, polonium does riot redlsperse
into dlalyzable forms in the neutral pH range.

9.5 Sedzmentatzon Studies. The three sets of solutions R, S, and T,

which are descrlbed in Sec. 9.3, were used also in sedimentation

studies. After samples had been withdrawn for dialysis, the solutions
were allowed to stand undisturbed for varying periods of time. Sam--
ples for analysis were withdrawn from the upper ‘/4 in. of solution. -
After a sample of the undlsturbéd solution was analyzed, the solution

"was shakeén and 'an analysis was made of the agitated solution. Results

of sedimentation measurements on the three sets of solutions are
shown in Fig. 4.14. The effect of shaking 1s shown in Figs. 4.15 to 4.17.

9.6 Discussion of Dialysis and Sedzmentatzon Studies. The per cent
of theoretical dialysis equilibrium was approached to between 90 and




100
/52 :
Z g0 ]
o
[
2 80 ]
(o]
w
z 70 ]
(&)
Z 60 —
z
<
= 50 —
x
"X a0 ]
E .
G 30 ]
<C
2 ;
2 20 |
° .
10 :HNOaA-l pHYDRION BUFFERS } ‘(-NooH-( ]
B O T T S S S T R B T
O 1 2 '3 4 5 6 7 8 9 10 11 12 {43 {4 45
pH
Po concentration, Settling
dis/min/ml time, hr
(T) 72
———, 2.5 % 108 (8) 120
-, 2.3 % 10° (R) .60

Fig. 4.14 —Sedimentation studies on R, 8, and T solutions. -

100 per cent, as shown in Fig. 4.12, as the experimentation time was
prolonged indefinitely. These observations were made with collodion '
membranes and indicate that no significant amount of polonium was ad-
» sorbed on the collodlon. This is in contrast with results obtained by
-Barth and Power 292 who studied d1alys1s through Visking (Visking
Corp., Chicago, Ill ) sausage cellulose casing membranes. They found
that a fresh membrane removed nearly all the activity from hydro- -
chloric or nitric acid solutions of polonium. After saturation with ,
polonium, these membranes appeared to be more desirable than col-
lodion for dialysis studies because they had a smaller pore size. How-
ever, the dialysis experiments of Fainberg and coworkers®® were not -
.repeated with the cellulose membranes.
The results of the dialysis and sedlmentatlon studies are expressed

~
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in per cent of the total polonium activity at a given time; hence the
radioactive decay of-the polonium is eliminated in comparing resuits at
different times.

Dialysis and. sedlmentatlon studies indicate that polonium in solution
at different pH values distributes itself as follows: - (1) some exists as
ions, either simple or complex; (2) some forms colloidal particles; (3)
some: settles out as insoluble particles; and (4) some is adsorbed on the
walls of the container. Polonium is largely ionic in the pH ranges. 0to
3 and 13 to 14. It forms an insoluble compound in solutions of pH 4 to
12. Polonium exhibits a minimum solublhty near pH 6 and again be-
tween pH 9 and 12,

A stable colloid was formed only.at pH 9 in all three solutions. At ~
this pH no appreciable settling in any solution occurred in 30 days.
After 70 days nearly all the polonium had ééttled in all the solutions.

Radiocolloidal effects are not indicated as a major factor in the sedi-
mentation data sirice’ a larger percentage of the total polonium settled
out at a given pH in the most concentrated of the three solutions.

. There is evidence of the formation of an insoluble phase in the pH
range between 6 and 10 since the total ionic polonium content in all
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-number of early workers 3338 that polonium exists as ions in ,strongly

‘high solubility of polonium-in certain acid solutions, notably hydro-

-complex ions. Staniforth and Barth, 47 5 cataphoresis experlments

‘Oo}lelTlllTlf'lLéH, !
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]
]
_—.‘

TOTAL ACTIVITY-LOST FROM SOLUTION, %

Fig. 4.16—Loss of polonium from solutlon solution 8. 2. 5'x 108 dis /min/ml.

three solutions was shown by dialysis to be practlcally the same even
though the ratio of concentrations of poloniam in the startmg solutions -
was’ close to 100:10:1. This would be predicted from solubility product
relatlons since the precipitating ion was constant at the same pH in- -
each of the three solutions; '

- The experlments -at Mound Laboratory confirm the observatlons of a

acid and strongly basic solutions but behaves as a colloid in weakly
amd neutral and shghtly basm solutions.

10." COMPLEX IONS OF POLONIUM-
10.1 Cataphoresis Experiments. It is generally assumed that the

i

chloric, hydrofluoric, oxalic, and citric, is due to the formation of
showed that polonium forms both cations and anions in nitric and !
sulfuric acids as well as in hydrochloric acid. Equal concentratmns of
amons and catlons were observed in approx1mate1y 0. 05N solutlons of "7 %

!
.
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Fig. 4.17—Loss of polonium from solution; solution T. 2.6 X 107 dls/mm/ml.
After 72 hr standing: ___, before shaking; ..__, after shaking.

any one of the three acids. The cataphoresis experlments gave quall—
tative evidence that in acid solutions, 0.5N or above, polomum is
present almost completely in the form of ions which mlgrate toward
the anode. In weakly acid and neutral solutions, polonium exhlblts a
greater tendency, under the applied potential, to mlgrate toward the
cathode. However, the movement of the activity toward the cathode in |
nearly neutral solutlons may be the result of migration of ‘charged col-
loidal partlcles smce dialysis expenments indicate particle formatlon .
between pH 4 and 9. Results of cataphoresis experlments by Stamforth
and Barth are in good agreement with results reported by Samartseva, %
except in the case of sulfuric acid solutions of polonium. Samartseva
reported greater migration toward the cathode in 0.1N to 5.0N sulfuric,
acid. Staniforth and Barth found that, in sulfuric acid solutions 0.1N
and above, mlgratlon of polonium is predominantly toward the anode. L

" 10.2 Absorptzon Spectra Studies of Polonium Chlorzde Solutzons. g
(a) Introductzon Preliminary studies of polomum complex-lon forma-
tion in hydrochlonc acid were made at Mound Laboratory by McClug-
gage.43 He obtained an absorption spectrum for 0.94 X 10™°M polomum
in 4.75'TN hydrochloric acid. He also observed an absorption peak close
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to 420 mp and strong absorption at approximately 260 my. Studies re-
ported elsewhere!"® on 1.9 x 107%M polonium in 0.5M hydrochloric acid

. show a rather narrow absorption band with a maximum at 415 myp.
" These workers

14,45 suggest the formation of PoClg ™ as a probable com-

plex ion since salts containing this anion have been precipitated from
strong hydrochloric acid solutions. An absorptlon maximum at a wave-
length of 345 mp was also reported.%s

Hunt*® continued the study, at Mound Laboratory, of the absorptlon
spectra of polonium in hydrochloric acid solutions.

(b) Experimental Technique. Hunt'used a Cary Recording Spectro-
photometer to record the absorption spectra of polonium over the en-
tire range of the instrument, 220 to 795 my. The active solutions con-’
tained approximately 0.02 to 0.2 curie of polonium per milliliter and
were handled according to the technique devised by McCluggage.‘s The
active solutions were transferred in a closed hood to the absorption
-cells by means of a medical syringe attached to a glass tube, which

- was drawn down to capillary dimensions at the end which was placed in

_ the solutions. One-centimeter quartz absorption cells were used. They

were sealed with sheet paraffin with the aid of an infrared lamp and a
glass rod. The cells were then transferred in a holder to another hood
where they were wiped with dilute hydrochloric acid until they were
“wipe-free” of activity. Practically no contamination of the instrument
resulted from solutions handled in this manner.

(c) Theory. Hunt 1nvest1gated the equilibrium between the complex
ions of polonium which are responsxble for the respective absorption
maxima at 344 and 418 my. He used an adaptatlon of the theoretical
approach suggested by Bent and French.!" If the followmg reaction is
assumed '

mA+ 0B =AynB; S : (4.3)

the equilibrium constant is

=————[AmB‘;] SR o - (4.4)
(A]™[B]" ,
whence
log [AmBn]? m log [A] + nlog [B]+1logK = = (4.5)

'If A[A B,] represents the absorbancy due to [AmBn] from Beer’s
law,4

[ s
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AALB,]=ab[AyBy] A : (4.6)
where a is the ab.sorbancy index and b is the cell thi.cknesis. Then
log [AmBn] = 10g A[A B, — log ab (4.7)
"Substitution in Eq. 4.5 gives
log A{AnB,] = m log [A] + n log V[B] +C : _ (4.8)
in which C is a constant equal to log K + log ab.
If the absorbancy of the complex, log A[A,B,], iS plotted against the
logarithm of the concentration at equilibrium of one of the reactants

with the concentratlon of the other reactant held constant, a straight
line should result, the slope of which is equal to the number of moles,

"~ mor n, of the reactant in the complex.

(d) Prelzmmary Experiments. Hunt found that 0.01M calcium hypo-
chlorite in 1M hydrochloric acid ‘showed absorption’ peaks, due to free
chlorme at 230 mp and at about 335 my. Since free chlorine is always
present in hydrochloric acid solutions of polonium, as a result of alpha
bombardment, he concluded that mast of the absorption below 375 my
is due to chlorine and that reliable quantitative data: would be more dif~
ficult to obtain in this region. The peak close to 420 my was not present
in the calcium hypochlorite— hydrochloric acid solutions. Preliminary
studies showed a difference in the absorption spectra of polonium-in.

0. 1M and 1M hydrochlorlc acid. In Fig. 4.18 the absorbancy curves for.... .
. polonium .in 0.12M and 1.2M hydrochloric acid solutions are 'shown.. ;. ..

Both curves show absorption in the ultraviolet region below 350 my. -
Much of this can be attributed to.chlorine; however,:the, stronger ac1d
shows a max1mum at 247 mu and a slight shoulder at 260- my; superim-

" posed on the chlorine absorption. The pea.k at.247 my did'not appear.in ;:

the 0.12M acxd solution although a shoulder appeared at about 260 my.
The absorptlon peak at 418 mp in the stronger acid is. not present in- - -
the absorptlon curve of the weaker. solution.- These results. are in.gen:

‘eral agreement with work done elsewhere.;‘,4 5 The differences in the -

two curves show. that. polomum is present in hydrochloric acid solutlon«;.

in at least two different forms.; Attentlon was directed:to the 418-mu.

‘maximum, smce at this. wavelength the: chlorine: mterference was absent. -

(e)Absorptzon Spectra in Strong Hydrochlorzc Aczd Experlments o
with nearly constant- quantxty polonium solutlons approx1mate1y 3x .,
10'5M in 2M, 3M; 4M, and 5M hydrochloric acid showed no appreclable"
change in absorbancy at’ 418 my. The molar absorbing index at this
wavelength in the more concentrated acid solutions agreed, within the
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Fig. 4.18 —Polonium absorbancy curves. 1, 4.5 X 10~ SM Po in 0.12M HCL. II,
4.3 X 1075M Po in 1.2M HCl

experimental error of alpha counting, with the value found in the 1.2M
solution. The complex formation responsible for the 418-mu absorption
‘peak appears to have reached virtual completion even in 1.2M hydro-
chloric acid. This conclusion was strengthened by the obsérvation of
absorption curves obtained from a series of samples in which the polo-

‘nium and chloride were kept constant while the hydrogen-ion concen-
~ tration was varied. A series of six solutions was prepared by diluting

1-ml volumes of a 12.2M hydrochloric acid solution, 6 x 107*M in
polonium, to final volumes of 10.ml by adding varying proportions of
12.2M hydrochloeric acid and 12.2M lithium chloride. The six solutions
yielded absorbancy indices calculated at the 418-my wavelength which
were constant among themselves, within the errors of the alpha count-
ing which established the amount of polonium in the solution, and agreed
with the values obtained from solutions of polonium in hydrochloric acid

-alone. No new absorption maxima appeared in the more concentrated

ac1d solutions., The results 1nd1cated that, in order to shift the equi-
hbrmm away from the 418-my complex and toward the 344-my complex,
it would be necessary to use hydrochloric acid solutions between 0.1M .
and 0.5M.
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A careful determination of the absorbancy index at 418 my was made
in acid solutions in which a higher chloride complex was dominant. The
polonium concentrations were determined calorimetrically and cor-
rected for decay to the time the absorption spectra were recorded. The
results.are shown in Table 4.8, and the calculated absorbancy index is
included. '

o

Table 4.8 —Absorbancy Index of the Polonium Chloride
Complex at 418 mu

Molarity (x 107°) of Absorbancy
Sample polonium by Absorbancy index
No. calorimetry at 418 mu x 10!
A 5.425 0.598 1.094
B 5.447 0.585 1.065
C 6.332 0.667 1.045
-D 6.069 0.667 1.090
E 3.122 0.338 1,074
F 3.744 0.370 0.980

Mean value 1.058 + 0.028

(f)Abéorption Spectra in Dilute Hydvochloric Acid. Stronger solu-
tions of polonium were needed to obtain reliable data with respect to
the 344-my absorption'peak. The concentration of hydrochloric acid:
was adjusted to the range from 0.15M to 0.61M since in this range of
acid concentration the equilibrium can be shifted appreciably from one

complex to the other. Results are shown in Table 4.9. An attempt was

made to prepare 0.06M and 0.12M hydrochloric acid solutions which

would be 1.2 X 107*M-and 2:4 x 10—‘M,'r'espectively, in polonium. How=

ever, in each solution white precipitates appeared after preparation. °
The absorption curve of solution No. 4 of Table 4.9 is shown in Fig.

"4.19. The.absorbancy at 418 my.. was obtained directly from the curves
- since-there was no interference at this-wavelength. However, in order |,

to determine.thé absorbancy at 344 my, the effect of free chlorine had-
49

to be subtracted. This was done with the aid of log absorbancy curves.
It was assumed. that at 418 my the effect of chlorine on the polonium

" absorption .curve was negligible and that at 280 my the’ effect of polo-

nium on the chlorine absorption curve was neghglble

- An analysis of the data on the assumption that the reaction is Po +
nCI~ = PoCl, was made, but it was concluded that the data did not
support this assumption.
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Table 4, 9—Absorbancy at 418 and. 344 my of Polonlum Chloride in Dllute
‘ Hydrochlorlc Acid Solutxons .

. Sample [HCI], [Po], Absofbancy : Ratio Log ratio. - .
No. . M . Mx107'. Ay Ay Agg/Ayy - log Ayg/Agy
1 0.610 2.224 2.288
2 0.488 2.250 2.207  0.021 105.1 2.022
3 0.366 2.23¢4 2,070 0,112 18.5 1.267
4 0.244 2,225 ° 1,570  0.347 4.52 0.655
5 0.610 1.118 1.168 e
6 0.304 1.113 0.959  0.117 8.20 0.914
7 0.183 1.107 0.466 - 0.247 1.89 0.276
8 0.152  0.553 0.137 © 0.129 1.06 0.025
.

. ]
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Fig. 4.19— Polonium absorbancy curve in 0.244M HCl. Sample 4:'2.225 x 10~M

Po in 0.244M HCI.
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(g) Effect of Varying pH. The effect of varying the hydrogen-ion
concentration on the absorbancy at 418 and 344 my is shown in Table -
4.10. The effect of pH is not apparent at higher chloride concentrations:
but is evident in-0.244M chloride solutions as the hydrogen-ion concen-
tration varied from. approximately 0.1M to-0.2M. The solutions were
prepared by diluting 1-ml volumes of a solution, 2.2 x 107¥M in polo-

different proportions of 0.24M hydrochloric acxd or 0.24M sodium
chloride. ,

Table 4.10—Absorbancy at 418 and 344 myu of Polonium Chloride at
’ Varying Concentrations of Hydrogen lons

Ratio = Log

Sample [H'), [CI]], (Pol, Absorbancy 46/ Aus/Ass
No. M M Mx10™ Agus Agy Ayy + log [OHT]
‘1 0.244 0.244 2.225 1.570  0.347  4.52  —12.729
2 0.195 0.244 0.383 0.262 0.075 3.49 ~12.744

3 0.146 0.244 0.383 0.223 0.086 2.59 —12,748
4

0.098 0.244 0.385 0.163 0.098 1.66 - —12.768

(h) Inte'r'*pretation. The effect of reducing the hydrogen-ion concen-
tration in 0.244M chloride-ion concentrations caused a lowering in
absorbancy at 418 my and an increase in absorbancy at 344 mu. This .
was interpreted to mean that an increase in the hydroxyl-ion concen-
tration favored the formation of the 344-mp complex. An attempt was
made, therefore ‘to interpret the data on the assumption that the con-
centrations of both the hydroxyl ion and the chloride ion were involved
in a two-step reaction. The following reactions were assumed:

Po + aOH + bCI™ = Po(OH), Cl;, A T 4.9)
Po(OH),Cly + nCI” <= PoCly,y, +aOH - =~ (4.10)

A partial ihterpretation of the data is possible since it is possible to
evaluate the hydroxyl’ 1on the chloride ion, and the PoCly.p concentra-
tions. 'The hydroxyl-ion' concentration is obtained from the. knowu con-
centration of hydrochloric acid which may be assumed, without appre-
ciable error to be 100 per cent ionized. The chloride-ion concentratlon
may be assumed to be equal to the added chloride concentration since
the quantity of chloride combined with the polonium is a negligible re-
duction in the total chloride concentration. The PoCl,.}, concentration
can be calculated from the molar absorbancy index at 418 my and the
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absorbancy at 418 my in the particular solution involved. The Po(OH),Cl,
- concentration and the polonium ion cannot be determined individually ’
from these data. The sum of [ Po] and [ Po(OH), Cl] can be calculated

by subtracting the calculated concentration of PoCl,}, from the known
polonium concentration ina given solution. The constants n and a in

Egs. 4.9 and 4.10 can be deduced with fair certainty. The equilibrium
constant for the reaction indicated in Eq. 4.10 is expressed by

_[PoClnsp ] [OH]?
" [Po(OH),Cl,] [CI ]

(4.11)

since [PoClp+b ] = Ag1s/3418b, Where A is the absorbancy in the par-
ticular sample at 418 my, ay, is the molar absorbancy index, and b is
the cell thickness. Similarly [Po(OH)aClp] = Agyq/2344b-

If these values are substituted in Eq. 4.11 and expressed in logarith-
mic form,

log ¢ + nlog [C17] =log 2&8— +a log [OH™] (4.12)
' : 344 .

"where c, is a constant equal to K(ayyg/agg).
If the [C17] is held constant as shown in Table 4.10, Eq. 4.12 can be
written :

log éﬂ‘: —alog [OH"'] + ¢y (4.13)
 Asu

where ¢, = log ¢y +n log [C17].
A plot of log Ay1p/Agy against — log [OH_ ] in Eq 4.13 should yield a
stra1ght line with slope a. . ’
When the data in Table 4.10-are plotted in this manner, a stralght
line of slope 1.09 is obtained (Fig. 4.20). It was inferred, therefore,
that, in Eq. 4.9, a = 1. The correctness of Eq. 4.12 is indicated in
Table 4.10 by the constant value for log Ajjs/Agy + log [OH 1
The value of n was determined by plotting log Ays/Agy + log [OHT]
against log [C17] from the data in Table 4.9. The slope, 2.06, is indi-
cated in Fig. 4.21, provided the effects of points 2 and’3 are 1gnored
The, omlssxon of points 2 and 3.is based on the small absorbancy at
344 my. ‘and the uncertamty in the, correctlon for the effect of free
- chlorine in 0.366M and 0,488M hydrochlorlc acid. The points 1, 2, 3,
. and 4 from solutions of. constant chloride concentration (Table 4 10)
indicate the constancy of the sum of log Ay13/Agy + 2 log [OH] in
Eq. 4 12.
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Fig. 4.20—Plot of data in Table 4.10 to determine the value of a in Eq. 4.9.

(i) Conclusions. The conclusmns which can be drawn from the work.
of Hunt are as follows:

1. At least two complexes involving polonium and chlorlde ions exist
in hydrochloric acid.
2, If the following equations are assumed,

Po + aOH™ + bC1™ = Po(OH);Clp
Po(OH)aClb +nCl = PoC1n+b + aOH'

the data indicate that a = 1 and n = 2, and that the complex Po(OH)Clb
is responsible for the absorptlon peak at 344 my, whereas the complex ~j
PoCly,,g, which is the only one present in hydrochlonc acid solutlons
above. 1M, causes the absorption maximum at 418 my. -

3. The absorbancy index at 418 my is 1.06 x 104,

4, The absorption peak at 418 myu can be used for the colorimetric

= determination of polonium over a concentration range of 2 X 107°M to

2 X 107*M in concentrations of hydrochloric acid over 1M.
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o .
11. ELECTROCHEMICAL PROPERTIES oF POLONTUM

111 Introductzon ‘The: early mvest1gat10ns on the electrochemlcal
'behavior of polonium are.given in Gmelins Handbook®® and by Hais- -
: smsky.zo ‘Precise values for the standard electrode potential and de- ..
composition potentials in-various solvents have not been determined.

‘
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There. exists, even at present, differences of opinion regarding the
possible oxidation states of polonium in solution. Uncertainty arises in

" determining the electrochemical constants for polonium because of the

necessity of working with very dilute solutions of polonium and because
of the presence of decomposition products which arise as a result of
the alpha bombardment of the solvent. )

The spontaneous deposition of polonium on less noble metals is well
known; .Nickel, copper, bismuth, and silver were used extensively in
the isolation of the element by early workers.?® Under proper condi-
tions polonium will deposit from solution even on the more noble met-

- als, platinum (see references 51 and 52), palladium (see reference 53),
-and-gold (see referenceé 54). Precipitations on platinum, palladium, and

gold are not spontaneous, however, but arise from reduction reactions
with hydrogen or other reducing agents. :

The tendency of polonium to form complex ions in acid solutions
compllcates the problem of interpreting data which are taken in at-
tempts to determiné decomposition potentials of polomum solutions or -
to establish standard redox potentials.

11 2 Electrolyszs of Polonium Solutions.? Nitric ac1d solutlons,
1.5N, are quite satisfactory for the electrolytic preparation of polonium.
metal. The plating solution should be free of gold, platinum, silver,
and mercury. Deposits of good quality up to 3 curies/sq cm can be
plated on platinum or gold, at room temperature, by using a controlled
cathode potential maintained at 0.0 volt with respect to the normal
calomel electrode. Approximately 85 per cent of the polohium is de-
posited at the cathode under these conditions in about 6 hr. ‘Nearly
double this time is required to remove 99 per cent of the polomum. No
apprecmble deposition of polonium occurs at the anode from mtr1c acid
solution.’ This fact contradicts the observations of early workers ‘who
worked with very dilute solutions.

Polomum can be deposited from hydrochloric acid solutxons. How—
ever, a serious ‘disadvantage is the dissolution of the platmum anode o
with the subsequent contamination of the polonmm with platmum de- ‘
p051ted at the cathode. .Excellent polonium deposits can be obtamed

. from 1IN solutlons of. hydrofluonc acid. Phosphorlc, sulfurlc, or. per-

chloric acids are less satlsfactory as electrodeposition med1a bécause
of the low solubility of polonium in solutions of these acids. A con-_
siderably more negative cathode, potentlal is required for the electro-
deposmon of polonium from solutions of oxalic, .tartarlc, or acetic
acid. Nodular, nonadherent deposxts from these acids were réported
by Schulte?® as a result of the higher current densities employed. Plat-
ing from alkaline solutions is possible, but Schulte reported slow
plating from 1.5N sodium hydroxide and difficulty in preparing the so-
lution because of the low solubility of polonium in the alkaline solution.
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Schulte? reported the results. of varying the concentration of nitric

" acid on the ele_c‘trolysis of poloniurri ‘solutions. ‘He found that the‘ rate,
.- of deposition decreased-in nitric acid concentrations above 1.5N. In

4.0N nitric acid, the rate of deposition was reduced to approkimately
one-half the rate in 1.5N acid. In 7.5N nitric ac1d no polomum plated -
from the solution in 6% hr. .

Schulte?? reported that current densities less than 4 ma/sq cm in

" 1.5N nitric acid are more favorable for obtaining uniform polonium de-

- etched in aqua regia prior to platmg No improvement in the quality of
‘the deposit of polonium was apparent when various wetting agents, beta-

' at Mound Laboratory by Haring®® and Power.®:* Haring used platinum

p031ts Room temperature is preferred to elevated temperatures. More *
adherent depos1ts were obtained on platinum surfaces which had been

naphthalene-sulfonic acid, glycerme monoethanolamme and pyr1d1ne

-were added.

11.3 Decomposition PotehtiaZs of Acid Solutions of Polom‘um. Ha)
Introduction. Polarographic studies of polonium solutions were made

electrodes and determined the difference in potential between the plati- \

num cathode and a saturated calomel electrode. The mlcrocell used by
Harmg is shown in Fig. 4.22. Power used a. modification of the Joliot

, apparatus for measuring the ionization current obtained from the pas-

A

sage of alpha particles through a cathode of gold or platinum foil. The

" cell used by Power is shown in Fig. 9.31.

(b) Nztrzc Acid Solutions of Polomum Harmg measured the decom-
position potential, .at 25°C, of 4.44 x 107%M and 4.44 x '1075M solutions

. of polonium in 1.5N nitric acid. From an average of eight determina-

tions in each solution, he calculated that the decomposition potential of
a 1073M solution of polomum in 1, 5N nitric acid is +0.332 + 0.012 volt

‘referred to the saturated calomel electrode provided an oxidation. change-
of 2 is assumed. If an oxidation change of 4 is assumed, the decompo-

sition potential of a 107m polomum solution is + 0.320 + 0.013 volt in
1.5N nitric acid. Typical curves from Haring’s work are shown in Figs.

.. 4.23 and 4.24.

-are shown in Table 4. 11.

The value reported by Harmg is approx1mately 0. 2 volt less positive
than the decomposition potential measured by early workers?® in 0.1N
nitric acid solutions which were 107'°M to 107®M in polonium. The data
from which Haring made his calculations of decomposition' potentials

. ‘Haring concluded that his data . suggested an oxxdatlon state of +2 for
polomum in n1tr1c ac1d although the evidence was not concluswe '

(c) Hydrochlorzc Aczd Solutwns of Polonium. Harmg55 found that the
decomposition potential of 10 aM polonium in 1.5N hydrochloric acid at
-25°C is +0.494 +.0.012 volt referred to the saturated ¢alomel electrode.
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A typical curve-is.shown in Fxg 4.25 in which the deposmon of polo-

nium is indicated at 0.488 and 0.504 volt. The inflection points at 0.23
and 0.25 volt are ascribed.to platinum. It is well known that in hydro-
chloric acid solutions platinum is dissolved at the anode because of
free chlorine liberated by alpha bombardment. Haring showed that




CURRENT DENSITY, MA/SQ CM

CURRENT DENSITY, MA/SQ CM

o2}
o

'

»
. O

[
o

[«

600

400

200

T T 1

4.681x 107*M Po

+0.351 —

1
1
[l
i
1
t
]
]
(i
1
[}
1
t
i
]

+06 05 04 03

T T

4.684x 10™*M Po

+0.348 —»

1
1
N |
I
]
]

|

N |
3.463x10°*M Po

i
|
+0.300 —n|
]
|
]
]
I
1
1

LT

+06 05 04 03

CATHODE POTENTIAL VS, STANDARD CALOMEL ELECTRODE, VOLTS

+06 05 04 03

3.446 x 107*M Po

+0.310 —»

IR

+06 05 04 03

Fig. 4.23—Decomposition potential of 4:44 X 107M polonium, at 25°C, in 1.5N HNO;.

T

4.344 x107%M Po

+0.313 —»

|

L i

I

4.301 x107%M Po

-

+0.317 —>

T T 7

4.301 x 1075M pPo

:'
40.312 —)
!
]
1

N

4.440 x 10°3M pPo

+0.300 —*

H
t
t
'
|
1
1
1
t
I
|
J
'
1

+06 05 04 03

+06 05 04 03

CATHODE POTENTIAL VS. STANDARD CALOMEiL ELECTRODE, VOLTS

+06 05 04 03

+06 05 04 03

Fig. 4.24 —Decomposition potential of 4.44 x 10~5M polonium, at 25°C, in 1.5N HNO;.

[

PR

bL




o

e T

oy

Table 4.1i—Decomposition Potential (E ) for Polonium (1073N) Vs. the Standard

~ Assumen = 2
A

Calomel Electrode

Assume n = 4
A

E4 at con- Voltage  Eg4 at Volts Eq4 at con- Voltage Eq4 at Volts
centration correction, 1073N, deviation , centration correction, 103N, deviation,
given, volts volts volts volts given, volts volts volts volts
, 4.44 x 10™*M Polonium
+0.350 +0.0015 +0.3515 +0,0183 +0,351 —0.0037 . +0,3473 +0,0273
+0.347 +0,0015 +0,3485 +0.0153 +0.348 -0.0037 +0.3443 +0,0243
+0,303 +0,0015 +0.3045 —0,0287 +0.302 -~0,0037 +0,2983 . ~0.0217
+0.313. +0.0015 +0,3145 -~0.0187 +0,312 -0.0037 +0.3083 -0,0117
+0.323 +0.0015 +0.3245 —0.0087 +0.323 -0.0037 +0.3193° —0.0007
+0,336 +0.0015 +0.3375 +0.0043 +0,336 ~0.0037 +0.3323 +0,0123
40,345 +0,0015  +0.3465 +0,0133 +0.345 —0.0037  +0.3413  +0,0213
+0,330 +0.0015 +0.3315 —0.0017 +0.330 ~0.0037 +0.3263 +0,0063
4.44 x 10~5M Polonium
+0.313 +0.,0311 +0.3441 = +0.0109 +0,313 +0,0111 +0.3241 +0.0041
+0.317 +0.0311 +0,3481 _ +0,0149 +0.317 +0,0111 +0.3281 +0.0081
+0.312 +0,0311 +0.3431 +0,0099 +0,312 +0,0111 +0.3231 +0,0031
+0,303 +0.0311 +0,3341  +0.0009 +0.303 +0,0111 +0.3141 —0.0059
.+0.298 +0.0311 +0.3291 ~0.0041 +0.298 +0.0111 +0,3091 —0.0109
+0.300 +0,0311 +0.3311 —0.0021 +0.300 +0,0111 +0,3111 —0.0089
+0.285 +0,0311 +0.3161 - +0.0171 +0.285 +0.0111 +0.2961 -0.0239
+0,285 +0,0311 +0,3161 +0.0171 +0.285 +0.0111 +0.2961 —0.0239
‘ Av. +0.333210.0116 Av. +0.3200 + 0.0134

SL
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Fig. 4.25—Decomposition potential of 10"3M polonium in 1.5N HCI.

'

107%M platinum solutlons in 1 5N hydrochloric acid without polomum

showed an mﬂectlon point in the. polarogram at +0.164 volt (Fig. 4.26).

The data from 15 runs in 1.5N hydrochloric acid.are shown in Table

4.12. Slightly more constant values for the calculated decomposmon B

. potentials in 107°M ‘polonium solutions are .obtained on the assumption -
that the oxidation change in hydrochloric acid is 4 rather than 2. ]

. Power®%" gtudied the deposition of polonium from solutions of 4. N
hydrochloric acid. He used a silver—silver chloride reference elec-
trode and used cathodes of either gold or. platmum foil, ‘The apparatus
permitted an alternation in the dlrectlon of the changlng apphed poten—
t1a1

Poten'tlal was changed\at the rate of approximately 1 volt/hr.» The.

‘curve in Fig. 4.27 illustrates the operation of the apparatus. As the
cathode potential is made more negative from A to B, there is a small .
constant ionization current due to alpha particles from the solution:

' passing through the platinum- or gold-foil cathode and entering the
ionization chamber. When a potential of +0.38 volt is reached, polonium
begins to deposit on the cathode and consequently a sharp rise in the ) i

~ ionization current takes place. The direction of the change in potential £
is reversed at C, although polonium continues to deposit on the cathode -«
untll at D Where a potential of +0.49 volt is reached. As the cathode:
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Concentration

by analysis,
M
8.651 x 1074
8.651 x 1074
8.651 x 1074
8.651 x 1074

8.651 x 1074 .

8.317 x 1075
8.317 x 1075
8.317 x.1075

8.317 x 1075
8.317 x 1075

4.822 x 107
4,822 x 107
4.822 x 1074
4.822 x 107
4,822 x 1074

Table 4.12—Valence of Polonium in 1.5N HCl

E observed vs.

Concentration standard calomel
corrected, M electrode
9.137 x 1074 +0.473
9.088 x 107 +0.497
9.088 x 10™¢ +0.488
" 9,003 x 1074 +0.504
9.003 x 1074 +0.514
8.360 x 1079 +0.497
8,317 x 107° +0.496
8.317 x 107° +0.494
. 8.275 x107% +0.497
8.233 x 1075 +0.501
, 4.896 x 1074 +0.479
4,871 x 1074 - +0,489
4,846 x 1074 +0.525
4,846 x 1074 +0.491
4.846 x 1074 +0.492
Average

i
E corrected to
1073M |

n=2

+0.465
+0,489
+0.480
+0,496
+0.506
+0.520
+0.519
+0.517
+0.520
+0.524
+0.479
+0.489
+0,525
+0.491
+0.492

+0.501

n=4

+0,465
+0,489
+0.480
+0.496
+0.506

+0.504

+0.503
+0.501

- +0,504

+0,508
+0,475
+0.485
+0.521
+0.487
+0.488

+0.494

Deviations,

. mv v
n=2 n=4
~+36 —29 .
-12. -5:
-21 -14

-5 +2
+5 +12°
+19 +10
+18 +9
+16 +7
" +19 - “Fl0
+23 T +i4
—22 =19.°
-12 -9
+24 +27
~10 -7
_9 _6
+16.7 +12.0

Al
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IONIZATION CURRENT

POTENTIAL VS Ag/AgCl/HCI (4.7N)

Fig. 4.27 —Typléal ionization current recorded during polarographic run. -,
potential changing toward negative values from left to rlght 9+, potential chang-
ing toward positive values from left.to right. e

N

becomes more positive, the polonium begins to dissolve, thus reducing
the ionization current. At E the cathode starts to become more negative

" again until at F a cathode potential of +0.49 volt is reached and polo-
nium again plates out on the cathode. Power found that the potential at.
which the first deposition of polonium began was-not reproducible and
that the ionization current never returned to the value observed before

- the-initial polomum deposit. Evidently a re51dua1 amount of polonium
‘remained on the cathode. The inflection points at D and F, indicating

. the decomposmon potential of the solution, were reproduc1b1e as the
cathode potential was varied any number of times above and below this
value. A continuous record of the ionization current is shown in Flg

 4,28. The inflection point at +0.49 volt (vs. Ag-AgCl) was reproduced .

_ with the best precision. After several reversals of direction, an in-

flection point appeared at +0.56 volt. Since this inflection did not ap-
pear when this potential was passed several times in the early part of

- the experiment, it was assumed to be due to the presence of dissolved

platinum in the solution. *The inflection point at 0.27 volt may be due to _

the depos1t10n of polonium from a different oxidation state.

11.4 Oxidation States of Polonium in Acid Solutions. The ox1dat10n
states of +2 and +4 have been established by J oy® for the chlorides in
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the crystalline state. Experiments to determine the oxidation states in
acid solutions have not been conclusive. Shoemaker®® made a polaro-
graphic study at Mound Laboratory of the reduction of polonium in so- ..
lutions of hydrochloric acid and in nitric acid by use of a rotating °
plétimim electrode. His results suggested two equal reduction steps in
hydrochloric acid. In nitric acid the reduction to the metal appears to
take place in a single step. The cell which Shoemaker used is shown in
Fig. 4.29. The cathode potentials were measured against a saturated
calomel electrode. A typical curve is shown in Fig. 4.30.

The polarogram was obtained in a 6N hydrochloric acid solution whlch :

was 0.806 x 10~°M in polonium. The initial rise in the curve was shown
by Shoemaker (in blank runs) to be due to the reduction of free chlorine
.to the chloride ion. The’second inflection point-at —0.1 volt was always
present in hydréchlorié acid solution, but the height 6f the wave was
difficult to determine.- Shoemaker interpreted the approximate equality
of the wave heights to mean a probable equal reduction change of +4to
+2 and from +2 to 0, respectlvely

A typical curve for the reduction of polonium in 1.5M nitric acid is
shown in Fig. 4.31. The concentration of polonium was 0.42 x 107*M.
Similar curves were obtained in 3M nitric acid solutions.
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Al dlfferent method of determmlng the ox1dat10n states of. polonium in
:solution was used by Payne and Nelson.® % They obtained evidence to
- indicate that the two oxidation states of polomum in hydrochloric acid

solutlon are.+ 3 and + 4. They measured the potent1a1 difference between

<

ELECTRODE

55 MM

CELL -

. 'Fig. 4.29—Shoemaker’s polarographic cell. A, sample (10 ml); B, coarse gléss
+  filter plate; C, agar salt bridge of saturated KNOj; D, saturated KNO, solutlon,
E, paraffin coatmg o ‘

’
¢

a platinum or gold electrode and a s1lver -silver chlor1de reference :
electrode during the auto-oxidation of polonium from the metallic state
to-the higher oxidation states.in hydrochloric acid:solution: They found
that a platinum electrode placed in a-solution containing sus’pended‘ ’
“particles of tellurium established a 'potential identical with that given

when the tellurium metal is-packed around the electrode. A'lower limit .

of 10"M tellurium can be used for potential measurements. A similar
procedure was used with suspensmns of polonium. If the polonium is .

reduced to the metal by the addition of stannous chloride (in slight ex-
cess), the finely divided metallic polonium causes the platinum or ‘gold

B
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electrode to attain a characteristic potential. The alpha bombardment
of the solution produces oxidants which first oxidize the excess stan—
nous tin to the stannic- form, and, when the tin reaction is completed,
the polonium metal is oxidized at a constant rate. The potentlal of the
electrode mdlcated these changes and showed that the polonium oxida-

“tion takes:place in two steps. The potential of the indicator electrode
- with respect to the silver—silver chloride electrode during the auto-

oxidation of polonium: is shown in F1g 4.32. The color changés in the *
solution, as indicated in the figure, are consistent with the red color
observed by Joy® for PoCl, and the yellow color for PoCl,; however,
Payne and Nelson concluded that the second oxidation step is from +3




. in 1,5M HCL

S s ememms e

50

30 —

KA

25 —

20 —

—— POLONIUM METAL ON ELECTRODE

NO METAL ON ELECTRODE

+06 05 0.4 . 03 0.2 0.4 0
VOLTS VS. SATURATED CALOMEL ELECTRODE
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to + 4. They based their conclusion upon-a study of the time required to
complete the second oxidation reaction of polonium. They found that in
‘a given solution the time required to complete the reaction is inde-'
pendent of the polonium concentration. In a 3.06 x 10™M polonium so- -
lution in'2.68M hydrochloric acid, an average time of 4.2 min was re-
_quired to complete the second oxidation step. When a mixture of
: pél_onium isotopes (of mass 208 and 209) was used inthe same concen-
_"tration of hydrochloric acid, the second oxidation reaction required
42 min, as indicated in Fig. 4.33. The time to complete the reaction
was 10 times that required for Pom, and, since the specific activity of
the Po?® Po®® mixture was about one-ninth that of Po??, the auto-oxi-
) ~dation time was fairly close to the expected value. When ferrous iron,

,  which has an oxidation potential quite close to.the upper potential for
polonium, was added in equal molecular concentration with the polo-
nium, the time to complete the second oxidation step was doubled: Fig-
ure 4.34 shows the curves obtained with a mixture of ferrous iron and
polonium. Curves A and B in Fig. 4.35 show that the time required to
‘complete the oxidation of the iron and polonium is diréctly proportional

o “to the moles of iron and polonium present and that polonium and iron

. ‘qre equivalent mole for mole. Cuprous copper is oxidized to the cupric

. . state at a potential close to that of the second step in the polonium oxi-

-dation. Experiments similar to those conducted with ferrous iron

e showed that the second oxidation step for polonium in hydrochloric acid

" is also equivalent to the oxidation of cuprous copper to the cupric state.

The number of electrons involved in the second step in the auto-oxi-
dation of polonium can be determined by use of the following equation:

T - nMp, + Eqp, (or Eq
VT kMp,

Cu) (4.14)

where T = the time of oxidation in minutes
= the equlvalents of polomum per mole
Equ = the number of equlvalents of ferrous iron:
k = the number of equlvalents of oxidant produced per mole of
~ polonium per mmute

Equat1on 4.14 may be rearranged to

(4.15)

* When Eq /MPO is plotted against T, stralght hnes as shown in F1g
4 36, are obtamed When k = 0 the hnes intercept the Y axis close to

-
-~
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—1. The value of n is thus shown to be 1. Similar results were found

" when the experiments were made with the addition of cuprous chlorlde
to solutions of polonium. ~ :
The evidence of Shoemaker and that obtained by Payne and Nelson

are .contradlctory with respect to the number of electrons mvolved in

the stepwise oxidation of polonium in solutxons of hydrochloric ac1d

Addltlonal work is needed to resolve the problem. SN

- 11.5 Redox Potential of Polonium in Solutions of Hydrochlom\c Acid,

‘ Payne and Nelson calculated the standard potentials of the. Po- Po*%'and
the Po**-Po** reactions on'the' assumption that the Nernst equation is
followed. Their results are shown in Fig. 4.37. In-curve A the reaction
Po — Po*3 is assumed, whereas in curve B the reaction Po — Po*? i
.assumed. Payne and Nelson point out that better agreement for the ' -




[y

2

<

POTENTIAL, VOLTS VS, Ag—-AgCl ELECTRODE
|

0.60

0.55

0.50

0.25

0 2 4 6 8 .10 12 14 16 18

MOLAL HCI

0, ~5 x 10~3Molal Po?!?
o, ~5 x 10~¢Molal Po?!?
" A, ~5 % 10~3Molal Po?%

Calculated for
Po/Po*3 reaction -

Calculated for

®, ~5 x 10~3Molal Po?!?
Po/Pot? reaction

, ~5 x 10~¢Molal Po?!’
Fig. 4.37—Calculated values for the normal potential of the Po—Po” (or Po*z)
couple in varying concentrations of HCI.

s

'

standard potential is obtained from observations taken at'different con-

‘centrations when Po — Po'? is agsumed. Table 4:13 shows the redox

potentials in various ac1d solutions which have been proposed by various
workers. - -

12. POLONIUM COMPOUNDS WITH METALS

12.1 Zinc Polonide. A crystalline compound of zinc and polonium
was prepared by Fauble,“ who heated 6.04 curies of purified polonium
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_Table 4.13—Standard Cathode Potential of Polonium

1 Po*¥Po* = ~ 1.5 volts.
1Po*3/Po** = 0.739 volt.

_ Po/Po*2, Po/Po*’,  Po/Po™,
Method - * volts volts volts Author
In Nitric Acid (~1 x 107°M Po)
Deposition on metals ~0.8 ) Johnson
.Critical deposition potential 0.84 0.76 0.72 Paneth,
: Hevesy
Critical deposition potentialt 0.53 0.78 ° Haissinsky
Critical deposition potential 0.87 0.79 0.75 Schneidt
-Critical deposition potential ’ 0.89 0.81 0.77 Joliot
-Estimated from chemical ~ ~0.4 + 0.1 Reichinstein
behavior ~0.75 Benjamin
In Nitric Acid(~1 x 107°M Po)
.Critical deposition potential 0,632 0.586 0.563 Moshier
Polarography 0.668 0.639 0.624 Haring
Plating to equilibrium 0,70 0.63 0.59 Bowman,
) -, Krikorian -
In Hydrochloric Acid (9 x 1075 to 9 x.10™*M Po)
Polarography ‘ 0.784 Haring
{(~3.6 x 10™ to 1.3 x 107*M Po) _ -
Oxidation-precipitation " 0.498 0.556 Nelson,
4 (calc.) Payne
In H,y80, (0.5N), Po = 6 x 107*M
Critical deposition potential 0.87 0.79 0.75 Joliot
.. In H,80, (>4N), Po = 6 x 107°M
Critical deposition pbtentia.f 0.61 0.53 0.49 Haissinsky,
. Guillot
, .
In CH;COOH (0.3N), Po = 3 x 107*M
Critical deposition potential 0.88 , 0.80 0.76 Joliot
* In CH3COOH (1.12N), Po = 3 x 107°M
Critical deposition pbtential 0.72 0.64 - 0.60 Joliot
4 _ In Oxalic Acid (IN), Po = 3.8 x 107°M
Critical deposition potential 0.54 0.46 (0.41) Joliot
In Sodium Hydroxide (1.5N)  /
Polarography " —0.315  20.360 | .—0.382 Haring
Plating to equilibrium . - 0.37 to _Bowma.r}, :
-0.42 Krikorian

puy
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in vacuo with 2, 165 mg of zinc. As the polomum was; Amoved closer to

The calculated den51ty of ZnPo is 7.39 g/cu cm.

12.2 Lead Polonide. Brocklehurst and Vassamill )
new structure in a sample of pure polonium after: 131/23 per.cent of it had
decayed. It was a face-céntered cubic structure of NaCl type with a4 =
6.60 + 0.003 A. It was. bel1eved to be PbPo. Its- calculated den51ty is
9.64" g/ cu cm.

12.3 Platinum Polomde A compound of platinum and polomum was
prepared by A. W. Martin in 1949, and its crystal structure was studied
by Goode and Timma. s They assigned it a hexagonal, structure proba-
bly of the Cd(OH)z type.  Two preparations of the compound were made
with lattice parameters in close agreement, The first. preparatlon with
1/2 per cent of the polonium decayed gave a5 = -'4,104 % 0. 004 Aand C =
1. 366; the second preparation with the same percentage decay gave ay =
4.102 + 0. 002 A and C'=1.371. The formula, PtPo;, was chosen- after
comparlson of the parameters with those of PtS,, PtSez, and PtTez The

: calculated density of PtPoz is 12.47 g/cu cm.

12.4 Nickel Polonide A compound of nickel and polomum was pre-
pared at Mound Laboratory by A. W. Martin and L. K..Lantz in 1949
for study by the Mound Laboratory X-ray group. X-ray studies were
made by Goode,** " who determined a hexagonal structure with a, =
3.976 + 0.008 A and C =.1. 425 at Y, per cent of polonium decayed The
formula N1Po was chosen as the most probable. Its calculated density
is 11; 53 g/cu cm. Witteman and Spillert™ report experlments 1nd1cat-
ing alloy formation with’ composmon varying contmuously between
NIPO and N1P02 " ) ' . . v -‘ ;:3

12, 5 Silver Polonide. Goodeca -1 prepared a compound of polomum
and silver by dlstlllmg about 1 curie of purified polonium upon silver
wire in an evacuated quartz capillary tube. Compound formation-was
accomphshed by heating to approx1mately '400°C at a pressure of 1078
mm Hg.: The compound was observed to decompose at approx1mately
559°C.. X-ray powder patterns showed 62 lines ascribed to s1lver po-
lonide. -Attempts to index the lines in the orthorhombic system were
not entirely satisfactory, but it was concluded that the structure of the
compound was either- orthorhombic or monoclinic, or both. In the ab-
sence of conclusive data on the structure of Ag,S, Ag,Se, and Ag,Te, no
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conclusion was reached regardmg the most probable formula for the
sﬂver polonide. . . CL S '

© 12,6 Beryllzum Polomde. A compound of berylllum and polonlum

was prepared at the Los Alamos Scientific Laboratory by heating -
beryllium powder m a capillary tube in vacuo at, 600°C and heating po-

‘lonium at.the other® end of the capillary to 575°C. X-ray -diffraction

patterns showed a face- centered cubic structure similar to BeS, BeSe
and BeTe The lattlce constant is 5.827 A, and the calculated density is
7.35 g/cu cm.

i.

12.7 Calcium Polomde. A compound of calcium and polonium was

. prepared at the Los Alamos Scientific Laboratory,’™ and its’crystal
" structure, was determined by X-ray diffraction. Nineteen diffraction

lines were observed all of which indexed a face- centered cublc crystal
of the NaCl type with a lattice constant of 6.51 + 0.004 A at approxi-
mately 25 C. '

12.8 Sodium Polonide.5>% A face-centered cubic crystallme com-
pound was observed ina Pyrex capillary in which a sample “of polomum
had been stored untxl 32 per cent of it had decayed. The lattlce constants
of the crystallme substance agreed quite well with the probable values
for Na,Po, as predlcted by comparison with Na,O, Na,S, Na,Se, and
Na,Te. The average of four patterns having the largest number of lines
gave ay = 7.473 + 0.004 A. The calculated density is 4.08 g/cu cm.

, + REFERENCES
. D. Mendeléev, J. Chem. Soc., 55: 649 (1889).
. F. Pa.neth and A. Johanssen, Ber 55: 2647 (1922).

. 'A. W. Martin, Determination of the Formula of an Oxxde of Polomum Re-:
port MLM 855, July 7, 1953. : : '

;_a

wm

-4. G. Moulton and J Farr, The Preparation and Reductlon of Polonmm D10x1de, :

Report LA 1523A March 1953.

5. E. F, Joy, The- Chlorldes of Polonium, Thelr Preparatlon and Propertles,

' APresented at the 125th Meeting of the American Chemlcal Soc1ety, D1v1sxon

~ 'of Physical and Inorganic Chemistry, Kansas City, Mar. 31, 1954¢.

6. T:J. LaChapelle Jr., J. J. Howland, Jr., B. B. Brody, L. Nledrach ‘B. M.
Abraham, iand A. Martm, Preliminary Work on Oxidation States of ‘Polonium .
and Preparatlon of Some of Its Compounds, Fmal Report No 31 Report
MLM-M-529, May 1, 1946. )

7. L. Dede atid W. Russ Ber., 61B: '2451-2459 (1928) v

8. D. Glick, J. Chem Educ., 16: 68-76 (1939). -t :

9. D.'H. Reynolds Letter to E:. F. Joy, Report MLM—46-12- 116 Dec. 31, 1946.

0. E. F. Joy, Progress Report, Report MLM-175, Aug. 1-31, 1948.

11. E.-F. Joy, Progress Report, Report MLM-252, Dec. 1—-31, 1948,




13.

Tt .
[ S

12.

14.

15.

16.
17.
18.
19,
- 20.,
21,
22.

23.
24.

25.
26.

27.
28.
29,
30.
31.
3.

~33.
34.

35.

36.
31.

" 38.

39.

94"

L.E. Marchi, M. M. Haring, and M. B; chks The Polonium=Iodine Ratlo,
Final Report No. 35, Report MLM~-M~ 636 Aug. 22, 1946, ' .
D. M. Yost and H. Russell, Jr., ‘‘Systematic Inorgamc Chemistry of the
Flfth- and Slxth—group Nonmetalhc Elements **p. 295 Prentlce-Hall Inc .
New. York 1944

F. Leitz, Jr., and L. Coulter, A Study of the Polomum-Fluorlne System, Final

Report No::44, Report MLM-M-198, July.24, 1947. = -
R. Wehrmann The Electrodeposmon of Polonium from Hydroﬂuorlc Ac1d

'Solutlons, Ad Interim Report No..10, Report MLM-18, Nov. 30,.1947.

P. Curie and M. Curie, Compt. rend 127: 176 (1898)

J. M. Goode, Quarterly Progress Report Report MLM- 535 p. 15 Feb 26
1951. .

E. Orban, Progress Report Report MLM-—M 159 June 1 15, 1947

C. E. Shoemaker, unpublished results, 1953.. . .

M. Halssmsky, Trans Electrochem Soc 70: 351 (1936)

A. Famberg, S Barth andR Stamforth prlvate commumcatlon, Mar. 11
1946.

J. W. Schulte, Research on the Electrodeposition of Polonium, Final Report -
No 14, Report MLM-M-573, Mayl 1946.

B. B Harlow, Laboratory Notes, Report MLM-M 76, Mar 21 1947

M. M. Haring, The Solublhty of Polomum Ox1de in Sodlum Hydrox1de, Re-

port MLM-45-9-43, Sept. 12, 1945.

A. G. Samartseva, Trav -inst. état’ radllrm U.S.S.R., 4:'253-303 (1938)
A. Famberg, ‘8. Barth, and M. M Haring, Some Collmd Propertles of 'Polo-

~nium, -Report MLM-M=-467, Maz.. 11, 1946.

S. Barth; A. Fainberg, M. M. Haring, ‘and R. A. Staniforth, Some Colloid’
Properties of Polonium, Report MLM-M-197, July 24, 1947.

W. M. Clark, “Determination of Hydrogen Ions,’’ 3d ed., The Williams & -
Wilkins Co., Baltimore 2, Md., 1928. '

S. Barth and W. H. Power, Progress Report, Report MLM-196, Sept. 1—30,
1948.

S. Barth and W, H. Power, Progress Report Report MLM 216 Oct 1 31,
1948. )

S. Barth a.ndW H Power Progress Report Report MLM 238 Nov 1— 30
1948

S. Barth and W. H. Power, Progress Report Report MLM 253 Dec 1 31
1948 o o L.
F. Paneth‘ Kollmd Z 13 1 -4 (1913)

G. Hevesy, Sltzber Akad Wxss Wlen, Math naturw Kl Abt IIa, 127 1787—
1798 (1918).

H. Raudmtz S.1tzber Akad WISS Wlen, Math naturw. Kl Abt 1la, 136 447-

451 (1928). oL o

1. E. Starik, Z. phy31k Chem A157 269 284 (1931) .

R. A. Staniforth and S. Barth, Progress Report, Report MLM-M 56 Feb
15-28, 1947.

R. A. Staniforth and 8. Barth, Progress Report Report MLM—M 70 Mar
1-15, 1947. N

R. A. Stamforth andS Barth Progress Report Report MLM-M 85 Mar
15~31, 1947.

B

£




8

41.

42,

1

43.
44.
45.
46.

- 47,
48.

49.
" 50.

51.
52.

53,
54.
55.
56.
. 57..
58.

59.
60.

e

61.
" 62.

63.

'85.
- 66.-

67.

68.

T g5

[R
»

40‘ R. A Stamforth and S: Barth, Progress Report Report MLM-M 100, Apr

’

1-15, 1947, ™

R. A Stamforth and S. Barth Progress Report Report MLM-M -115, Apr
15— 30 1947,

R. A. Stamforth and’'S. Barth, Progress Report Report MLM-M-175; Juner_
16--30, 1947. .. .

Ww..C. McCluggage Quarterly Progress Report, Report MLM-405—2 October,
November, and December 1949, p. 71.

Progress Report, Report WASH-82, December 1952, p. 11.

'Progress Report Report WASH- 86, April 1953, p. 6.

D. J. Hunt, Polonium Complexes in. Chlorlde Solutions by Absorbancy
Studies, Report MLM-979, June 7, 1954.
H. E. Bent and C. L. French, J. Am. .Chem. Soc., 63: 568-572 (1941)

-C. D. Hodgman, editor, ‘‘Handbook of Chemistry and.Physics,’’ 27th ed.,

p. 2210, Chemical Rubber Publishing Co., Cleveland, Ohio, 1943.

M. G. Mellon, editor, ‘‘Analytical Absorptlon Spectroscopy,” p- 307 John
Wiley & Sons, Inc., New York, 1950. ~ N
“Gmelins Handbuch der anorganischen Chemle,” System No. 12, Polomum
und Isotope, pp. 69- 92 .Verlag Chemie, G.m.b.H., Berlin, 1941.

‘0. Erbacher, Z. phymk Chem.; A156: 135-149 (1931).

R. J. Prestwood, Polonium Extraction Using a Platinum Electrode and Hy-
drogen, Report AECD-2839, Apr. 10, 1944. R . \
W. R. Kanne, Phys. Rev., 52(2): 380 (1937). ' '

O. Erbacher, Z.-physik. ‘Chem., A165: 421-426 (1933)

M. M. Haring, Polarlzatnon Studies, Information Report No. 22, Report
MLM-M-863, Jan. 22, 1945.

W. H. Power, Quarterly Progress Report Report MLM- 368 1, Aprll May,
and June 1949, p. 62.

W. H. Power, Quarterly Progress Report, Report MLM-379 1, July,
August and September 1949, p. 82.

F. Joliot, J. chim. phys., 27: 119-162 (1930).

:'C. E. Shoemaker, private communication, Nov. 12, 1953.

J. H. Payne and G. D: Nelson, Quarterly Progress Report Report MLM 828
Mar, 31 1953 p. 17.

L. G. Fauble Progress Report, Report MLM-M-250 Sept 1-15, 1947

R. E. Brocklehurst and L. F. Vassamillet, Progress Report, Report MLM- ;
M-237, Aug. 16 =31, 1947. N

R. E. Brocklehurst and L. F. Vassamlllet Progress Report Report MLM 66
' .Mar. 1-31, 1948. .. S .
64.

R.E. Brocklehurst and L. F: Vassamillet, Progress Report, Report MLM—
113, Mayl 31, 1948. - p .
R. E. Brocklehurst a.ndL F. Vassamlllet Progress Report Report MLM-..
132, June'1-30, 1948. : ’
R.E. Brocklehurst and L. F. Vassam1llet Progress Report Report MLM—
221, Oct. 1-31,. 1948 R ‘
J. M. Goode and D, L. Timma,' Quarterly Progress Report, Report MLM—
379-1, Oct. 1, 1948,

J. M. Goode, Quart%rly Progress Report Report MLM—405 2, Jan 1, 1950.

!




M Goode, Quarterly Progress Report Report*MLM-484 1 Sept 11 1950
M. Goode, Quarterly Progress Report Report MLM 509, Dec. 4 1950
M. Goode, Quarterly Progress Report Report ‘MLM-535, Feb 26 1951

d.,
¥
g

3 'Progress Report Excerpts Report WASH -82,, Aug.’ 20 1952 o
Progress Report Excerpts Report WASH 130 Jan. 20,,1953

W ‘G. Wltteman andG N. Splllert Fmal Report Report LA- 1546 May 1953




el

ylelded the data for Part A - 2 s

- was ‘determined for the cat dog, rabbit, mouse, ‘and rat, followmg al )

Chapter 5

BIOLOGICAL RESEARCH RELATED TO POLONIUM

. By. Edward Spoerl and‘ Davi‘d}S. Ant_hony

L INTRODUCTION

&, -

it became apparent early in the work with Po??, that the health .
hazard was, one of the main considerations affecting the use of polomum
Knowledge of the hazard from polomum was limited to some acute— ;
tox1c1ty and metabohsm information obtained at the Umversxty of. -
Rochester A blologlcal research program was: estabhshed at Mound
Laboratory to f111 m the gaps in the: mformatlon on polomum tox1c1ty
and metabolism.~ =~ . : - .o

Th1s chapter isa report “of that polonium- blologlcal research whlch

' was du-ectly» related to. the- purlflcatlon of polomum for the. preparatmn R “

-of neutron and alpha sources. The chapter is divided into two parts . ‘i, o

Part Ais essentxally a summary of the more 1mportant effects of

polomum There is-a minimum of technical detail in this part because

‘it is mtended to give only-the over-all picture of polomum toxicity.,
Part B glves some technical detall of experlments or: results whlch

I

chlefly the rat The results are summarized in Table 51,4 .
The LDg, (the dose lethal to 50 per cent of a populat1on) -at 20° days

single 1n]ectron of the’ polomum directly into a suitable vein._ Smce the

" rat was the. specxes most sensitive to polonium ‘in these 20- day tests, j
' 1t seemed 'to be the best animal to use for further studies designed to

y1e1d a conservatlve determmatlon of the largest dose of polonium
which could be tolerated without any measurable effect. In actual
practxce, each succeeding experiment employed successwely lower =
dose levels Thus a gradatlon of effects from severe, through mild to

PARTA MAJOR POLONIUM EFFECTS RN jI_J/'

The effects of polomum were determmed in experlmental ammals, . \ '




b .\— <
‘uc/kg of body.weight’  Animal

¢

Cat, dog,

50— 100
i Lom " rabbit,
- ' ouse
35-45'. . Rat-
10-30° Rat
4 - R
17107 . Rat
0.5-1.0 ‘Rat-
0.25 Rat
. \
. :
" w“w N
& "

LDgp, 20 days about
- 80 pc/kg

"LDyy, 20 days, about

40 uc/kg . .
LDjgy; about 50 to -
250 days,

--LDjgg, about 300 to

500 days

Reduction of life  ~

span by 10 to 20% E

-, in males only-
None (i.e., the time

required for 4 the

population to die
" was ~600 days)

Smgle Dose Intravenous In]ectlon A

\ '. In ammals llvmg 100 days or

S AR 4 . -z g
: , - a - - ey ~ .
W . 2 ! v LT _— . B : - -
: ¢ P N ) T 1 : . P : N o [
- . \‘,,’ . A - - . N . . R 3 AA - . - . . : . N N . - . ..
e g T
| e e
Table '5.1,—:—Sum.mary of Effects of Polonium on Experimental Animals - - ARIENE . R
[ . B N o . N B s N .
. ER : Usual effects . o .
Lethal - - Histopathological . -Hematological L Gross

‘

Generallzed massive tlssue In rapid su'c_cessi'on,vsevAere loss

destruction - ». . .of lymphocytes, all white blood ~ rapid weight loss, .
’ B e . cells, red blood cells, and’ - letha}gy,- death -
. ‘. ' -, . ‘hemoglobin -, .. . . o .
“Same as descnbed a.bove for other spec1es at hlgher déses . - o, -

.

i
Some early loss of .
appetite; moderate

Moderate to'severe early loss of
more, rapidly-developing o vwhxte blood cells, later re-
kidriey damage ' . covery, still later relapse; .

. o . effects on red blood cells'and =~ .
hemoglobin only as rat is ’ .

Moderate welght re-
ductions at’ hlgher .

~ Transxent reductxon of whlte
“blood cells at early time fol- -

Virtually every rat slowly '
“developed kidney damage;

"to severe weight loss -

Cqmpléte 1os_é of appetite;

dying / . R

some showed m]ury to the lowed by. recovery R dose levels” L
heart-: |~ ~ o - :

Occasional mild kldney and/or No detectable hematologlca.l None -~ -~
thyroxd lesmns, otherwise - effect . R R : 3 .

no visible m]ury - B
None None - None o
2 o N . . R N N
. . ~
. -
~ ~ o S ~
/
! .
. T R .
K [ “.
i Y
~ - - - -
. t . N - -
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I B ' .+ 07 .7 Table 5.1—(Continued) . .
i R - B v h , Usual effects
; i "pc/kg of body weight' ™ Animal * " Lethal - .- Histopathological ’ Hematological = ~.~ - " Gross
Tl > . - A e T - T T s ‘\_ N o LT " oL - . : i . -
i N . E . " . . y -
| . t “ L C o ) Multiple Dose, Intravenous Injections L. . ) L
;u_ et : 2 - .. . Rat -.- - Quantitatively . -. _ Lesions developed more ‘White blood cells show a drop ) Only very slow weight
b Repeated 10 times at - lethal in period - rapidly than in the equiva- . * in count from 12,000 to gdin after second in-
2-week intervals 140 to 200 days lent single-dose experi-’ 18,000 cells/cu mm at start, jection; males from
Lo : . o . - . ments; also, severe liver = down to 2000 to 3000 count 275 to 420 g and .
: : : ! . ‘damage . . ‘after 140 days; red blood - females from 250 .,
I c . : . cells show progressively to 325 g at 140 days
L . . . . . more marked anemia from 7 postinjection; loss of
, : ; ’ ) : to 7.5 to 2 million total count; appetite, some
Ve ’ . R . h " . there were no recovery phases diarrhea
\ - - . . ~ : ) .
% o 0.01 o Rat,  Indistinguishable from rats similarly injected with physiological saline containing no polonium
o Approximately main- ’ ' to . . L
. tained through life " ,
P . . by monthly replace-" " ' . ) P ~ : R
[ ) ment injections - . . . - . . ] . ’ e =
, g o e E
R Gavage . , -
1300—2000 Rat ' LDgg, 20 days "Massive tissue ‘destruction. Marked loss of red and white Loss of ‘appetige,' ‘
- . . : ) .o . with erosion of walls of gut; blood cells: | ' weight loss, diar-
‘ : > . o . ) ' . o marked'destruqtidn of . rhea, hemorrhage
. ’ : - ' . - e " lymph nodes, spleen, etc. from anus and
. ) . . B > o] S ! : . around nose ’
) L \ o , ) B . ) . R . a. P . )
N ! ’ - . ‘
. T .
: S - ) .
- . , . - B N N B [ .
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ERPON

",zero effect could be observed The effect whlch was the most sens1t1ve

<51ngle dose of polomum causmg a measurable shortemng of Tife. span E

B .- was'0.5 uc. per kllogram of body welght equ1valent to 35 pc in-a,70-kg

(155 lb) man.. The.lethal action of multlple doses.or doses g1ven by
stomach tube (gavage) has been only’ part1ally explored in  that.a com- .
plete spectrum of doses has not been*employed Related work in this -

ment the results glven here. .The lowest multlple dose which resulted
1n a mamtamed body burden of about: 0.01 pc’ per kllogram of body

'welght was- used to determine whether: there i5 a. margln of safety in

: max1mum perm1s31ble concentration (MPC) values for humans now in. L

d v use The hlghest MPC Ain regularvuse for 1polomum (to our knowledge)
is’ about 0. 003 uc per kilogram of body welght mamtamed ‘throughout -

hfe The fact that a dose more than‘three txmes larger than this’ value
Line a sen51t1ve spec1es x(rat) caused no damage that could be. found after
the most careful search glves conﬁdence in: the safety of this' MPC.. .

log1cal effects i, e.; to determlne the so-called “critical organ” by -
' m1croscop1c ev1dence of damage to tissues or organs The kidney -
proved to- be the crltlcal organ at low dose: levels " 1n the s1ngle dose

Y experlment Wlth hlgher level multlple doses however ‘severe hver
JAREE ~damage, in addltlon to the’ k1dney lesions, occurred, No liver injury

was observed at any ‘dose level.in the. smgle dose ser1es e e
Hematologlcal effects ie., effects on blood espec1ally on the k1nd

1n]ect1ons ‘which. were large enough to cut the life span approx1mately in,
half This result strongly suggested that frequent’ perlodlc blood counts :
had no value as a, method of monitoring exposure to polomum R RA

Gross changes in: anlmals such as loss-of appet1te loss.of body .
welght ‘and - poor . fur,’ occurred only at relatlvely h1gh dose levels and
thus constltute no rel1ab1e cr1ter1a of polomum damage If gross
changes appeared in.a rat,-its early death was a’ certamty '

’It w111 be -noted that Table 5.1 carr1es no reference whatever to- can—' '
cer One of the real surprlses to the Mound Laboratory blologlsts was:

- the complete lack of any. ev1dence that.polonium had any effect on cancer
mcxdence in rats.’ Th1s is not in agreement with;limited data on mice = .. -

obtalned elsewhere ‘No explanatlon of th‘ese f1nd1ngs has been advanced .’
) : othér. than the observatlon that the very high normal.cancer incidence-
of these Sprague Dawley rats (>35 ‘per cent of all control rats-and of

rats in'the low: s1ngle -dose. experlments over 2 years of age) made im-:

p0551ble the observatlon of any small effect on cancer 1nc1dence

field Wthh was completed at the Un1vers1ty of Rochester w1ll comple- ‘

« Sllghtly larger doses; were requlred to observe cons1stent h1stopatho-' -

. or number of ‘blood cells ‘were’ consxstently observed only w1th polomum ’

v

crlterlon of polonxum injury was the shortemng of life, span The lowest_ Loy

&
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.",': ! PART B EXPERIMENTAL RESULTS

/ - 1, L TOXICITY STUDIES L

1 1- Acute and Subacute Toxzczty in Rats and Mzce. The flrst ex—

i perlments completed at Mound- Laboratory were those to determme the
" 20-day. LDy, for rats ‘and mice. Studies of thig type are usually con-
sidered necessary first-steps in studles .of ‘the b1olog1cal effects of.an -
agent because they delimit the reglon of effectxveness and make poss1ble

. the selectlon of approprlate doses.

(g

' The rats used.were of the Sprague Dawley strain, and from observa-

T tlons -on splenectomlzed animals the rats used in thé Mound Laboratory

Y

experlments appeared to be free of. Bartonella- murzs 1nfect1on This

, of rats were. m]ected 1ntravenously (tail vein), and two groups were
treated by gavage admlmstratlon in which the 1n]ect1on solution was

placed d1rectly in the stomachs of the rats through a rubber tube swal- R

lowed. by the ammals LT .

" The average 20- -day’ LD5° for mtravenously 1n]ected polomum was 43.
uc per kllogram of body welght in male rats and 36 yc per kllogram of
body weight- in female rats.? These results were obtained on-approxi-
mately 100 rats of each sex, divided into 11 dosage levels _Similar- ex-‘.
perlments with mice of the CFW strain gave LDgy .values of ‘80 and 100

" .. uc per kllogram of body weight, respectlvely, for the males and females

,

'@ ure. - It; can be seen that with doses from 70 to. 30 pe. per kllogram of ;
body we1ght.;there was not much dependence of medlan lethal t1me on
-+ dose. However W1th doses ranging from 30 to ~4 jc per kllogram of

f
N

:«;

followmg intravenous admlmstratlon . .
A semllog plot of the'\acute letha.llty in.rats at other tlme per1ods is -,
glven in F1g* 5.1, ‘The tlme scale in this figure is"the number ‘of days 50
from- m]ectlon untll theudeath ‘of the middle ammal in the group (medlan
lethal tune)[ The rats were grouped 1rrespect1ve of sex. ‘Since: they -
were usually m)ected when they were 100,to 140 days of - age, the totall "
~age at deatht was; at least 100 days more than the age shown in the ﬁg- -

" body welght the,medlan lethal time was strongly dependent on dose. ;.{ .
"The chromcl lethahty lS discussed in detail in Sec 1.3. : T
In the two gavage experlments w1th rats, nine’or ten males and: the
same number of: females were used for each of the eléven dosage
. levels..- Thetaverage LDso value for: ‘the males was’ 1650 + 252 ue per
‘ kllogram of ‘body welght -and for the females.the value was"1325° pe -
‘per k1logram -of body welght [The estimation of the. LDso for- female
" ‘rats ‘of.both gavage" experiments (1150 and 1500 pe). is- based-on:so-few
. points that:this value: must be considered.a crude approx1mat10n ] The -

* data obtained‘do not allow a stat1st1cal demonstration of the sex.dif-" " * -~

ference indicated.

Jreedom from.Bartonella infection is important since: some ‘of the ef—‘ -
fects of polomum .could;not bé_evaluated in infected rats: .Two groups\ L




o Acute Toxzczty in Other Ammals. )Because the a1m of- the bio-:
loglcal research program was to establish ‘human tolerance and toxicity
R values (to be-obtained by extrapolatmn from animal studles), it was

N necessary to know somethmg of the- tox1c1ty of polonlum to several
. Sl . R v co
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Ll e o F1g 5.1—Median lethal time vs. dose. )
’ kmds ‘of ammals. In succeedmg studies,.dogs, cats and rabblts were
used in LD5° determmatmns. A group of 12 mongrel dogs swas used,
and the polomum was,m]ected v1a the. cephalic vein inthe right foreleg
A ~working figure-obtdined from the _experiment for the LD5° value (20- .
- 3)" day) was taken to-be apprommately 70 e ‘of polomum per ‘kilogram . of

body welght The general appearance of the dogs just, prlor to: death was
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very 51m11ar There WAS marked’ loss of halr loss of body we1ght
lethargy, and lack of appetlte Ulcers of the skin’ developed and refused.’

to heal. A. group of 24 cats was used in a similar expenment 8- The cats E ,
" were m]ected via the saphenous (leg)-vein. “The 20- day LDgy, value was

determmed 'to be- 69 pc of polonium per kilogram of body. weight. No..
very precise estimaté of the toxic dose was made with rabbits, although

. the results .obtained indicated that the 20-day LDj, for these:animals".
, would also be in'the region of 70 uc per kilogram of body weight. .~ ..

From the. standpomt of polonium sensitivity: {a sensitive animal spe- -

cies bexng preferable for extrapolation to humans), the rat proved’ to'be /‘ .
an excellent choice for the bulk of the Mound Laboratory exper1menta1 ‘

biolog1cal ‘work.- . - T

1.3 Chromc Toxzczty in Rats. It was pointed out above that long term
or chromc studies are a direct way of measuring tolerance values for. a™,
glven material. Studies of-this type are still bemg carried out at Mound

. Laboratory. ‘A serles of exper1ments at doses of 1to 8 Uc per k1logram ;

of body welght showed that even such relatively low single doses of

' polonium caused 1rreparable damage and early. death in rats. That 1s‘, '§

such dosés were well above the lowest effectlve ‘dose. Consequently an

: experlment was 1n1t1ated to measure the long term effects of still lower

doses of polonlum in an attempt to determine the lowest smgle dose -
‘which would measurably affect a sxgmflcant fractlon of a large group of
rats. The dosage levels used were 0 (control), 0. 25, 0.50, and 0.75 pc

ES

<, -

per kllogram of body weight, and the criterion of effect was a shorten- -

ing of life span, the rats bemg observed until they died. Elghty rats,
40 males and 40 females, were employed in each group The efiect of ~

. these doses on med1an lethal time (both sexes combmed) can be Seen

"+ in Fig. 5.1. Smce such: individual median values are not susceptlble to.

statlstlcal evaluatlon the life-span data were used for statlstlcal
' analysis. The most strlkmg feature of the life- -span data was the dif-*
ference in longev1ty between males and females. Male rats showed a-
. 51gn1f1cant shortenmg in life span at the 0.50- and 0.75-pc dosage. levels

but not at the 0. 25 -uc level, Thus the\owest effective dose of polomum‘ . e

1n the maletrat was equal to or slightly less than 0.5 pc per kllogram

of body we1ght ,There was a much greater degree of.variance in the

data for the female rats and only at the 0.75-uc level d1d it appear that .
some reductlon (not clearly significant) in llfe span had occurred T

S

Studles of chromc toxrcxty resulting from a mamtamed very low body T

burden. of polomum were also carried out. ‘A body concentration of 0.01-,
‘¢ per kllogram of body weight was maintained in rats by monthly re-.
placement injections’equal to the polonium lost by excretlon and decay
durmg the previous month One hundred rats were 1n]ected with. polo-

_ nium and mamtamed until their. death with observations. being made on
hfe span, tumor 1nc1dence and food and water consumptlon After the

+

[
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death of these;rats a- total body polomum analy51s was made to deter- '~
- mine actual body - content “After- 28 ‘months, th1s experlment has falled z.

‘ to show" any tox1c1ty froma mamtamed body. burden of’ 0:01 pc per - \ W

i kllogram of body welght Only 9 per cent of the control and 11 ‘per.

- cént’ of the. polomum 1n]ected anlmals are st111 11v1ng, therefore, it is
- safe to conclude that the life’ span was unaffécted’ by this level of - polo-~
' ,mum (and shortemng of life- 'span has proved 1n other experlments to, '

' mamtamed body burden for polomum at hlgher dose levels:is. béing -

r . comp1led from experlments performed at the- Un1vers1ty of Rochester
',5 From the precedlng experlments it can be. concluded that any: dose in,
“ :; excess of 0. 25 pe per k1logram of body weight (about 17.5 yic or 3.9 x:

f“',:'-human whereas a; max1mum permlssrble contmuously ma1nta1ned body

> ‘burden of 0. 003 pe. of poloniurh has at'least 4 modest margin, of safety
) These conclus1ons assume ‘that. humans metabohze polomum m a S
o .manner -and at'a- rate 51m11ar to the rat Sect1on 4 will bear’ on th1s v
‘ ‘pOIIlt L MR L | N .1,._,_[// s .
Several types of- tumors 1nclud1ng adenoma f1broma adenoflbroma

. ~,adenocarc1noma and sc1rrhous carcmoma were observed in. the rats.

o

- j‘as they grew old However, it was found that the number of ammals ' )
havmg tumorsiwas. mdependent of the dosage. level for both- séxes and L

. that ne- dlfferehce between control and treated animals occurred. The ‘
) -rea’ly remarkable feature of the tumor data. was the very hlgh 1nc1dence -
<‘of tumors in! senescent Sprague Dawley rats.’ Thlrty six per cent of -

"the rats developed tumors after approx1mately 2 years on. experlment
and of these tumors 35 per’ cent were mahgnant in nature All but one )

of the tumors observed’mvolved mammary gland tlssue N

. " L .
- . \,;- o BN ..)A._ o -
2ot
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2. DISTRIBUTION OF POLONIUM -~ | - * "

K -

2 1 Gross Dzstmbutzon The d1str1but10n of polonlum in the rat fol-
lowmg gavage (stomach tube) admmlstratmn has been compared with™ '
' *that followmg 1ntravenous (ta11 vem) adm1n1strat10n Approx1mate1y 3 .
.to.5"per - cent. of the gavage dose was absorbed from the gastromtestmal
" tract. Flgures 5.2 to°5. 5 show -the polonmm concentratlons in Tepre-". 3
- 'sentatlve tlssues at. various. t1mes after an absorbed - (gavage) or in- -
e ]ected dose of 14 uc per kxlogram of body weight. The data in all flgures

o ) ‘1nclude the loss of act1v1ty due to rad10act1ve decay as well'as excre- ...

tlon. Thus- the area under the retentlon curves is equ1valent to the true

i

:rad1at10n dose. N R T
. “The rate of 'excretmn at early times was very much h1gher in the

e

gavage animals than it was in those receiving their dose 1ntravenously s

' »"(Flg 5 2) The h1gh early excretlon in the gavage ammals resulted L ’

- ‘v.-be the ‘most. sensitive: cr1ter10n of. damage). - Maximum permlss1ble / ’

1073 g total dose for a standard man) may:be a dangerous amount ina -

3
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from' vmdnlg of‘large amounts of unabsorbed polomum It ‘was sur- ’
_prising that th1s effect: continuéd for aslong as 2 weeks. ’ -

- The polomum concentration vs. time curves for two vital organs, the

kidney and the liver, are given in Figs. 5:3 and 5.4. The pattern of
polomum metabohsm in- the kldney dlffers sharply from that seen in-
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the hver (and in’ other -organs studled whlch are not further dlscussed
here). A r‘lse in polomum concentration w1th tlme/occurred ‘and the
concentrat‘mn at all times was quite high. " Thus the kidney was exposedv
to a much hlgher total radiation dose than, for example, was the liver,
although the initial polonium concentration.in the two organs was quite

similar:.This fact suggested that the. kidney should be. carefully ex=

‘amined for.evidences of tox1c1ty followmg smgle doses. of polomum

(see Sec. 3. 2)

r




Acourse very s1m11ar to that seen in, the l1ver after the f1rst 2 Wweeks. e

7 That/is; =for a glven method of- admmlstratlon, the slopes of the polomum
T concentratlon V8. tlme ‘curves (Figs..5: 4'and 5.5) for the' two tissues™ <

' were virtually. 1dent1ca1’ Slmllar patterns were seen for other. tlssues

';—"-‘ where tissue atrophy was -not a factor.® For both tlssues ‘the gavage

ammals lost polomum more slowly after the first-few days than did the P

mtravenously 1n]ected onés. It ¢an be seen. from these data- that polo- S

~ nium is not one of the so- -called “bone seekxng” radloelements “That ,
cis; it 1s not preferentlally dlstr1buted to the .bone Tor, is 1t tenacwusly
held there BT L AT e e T e et

Polomum iss pr1mar1ly an, 1rrad1ator of soft tlssues or v1tal organs

Accordmgly, it is 1n such tlssues that one. would expect to f1nd ev1dences :

' - R S

of damage T e oo

2 2 Detazled Study of Dzstmbutzon Wzthzn the Blood By‘J E
Campbell
nium has ot been thoroughly mvestlgated ‘However, certain observa-A
tlons made on polon1um-1ntox1cated animals suggest the 1mportance of 7
* blood ‘in the polomum tox1c1ty syndrome Invest1gated were such factors N
_as b111ary excretlon of polomum the relat1ve1y high concentratmns of
polonmm in the blood, and pathological alteration of several of the T
h1ghly sensmve organs such as the spleen, bone marrow, and llver, .
wh1ch are closely- assoclated w1th blood- cell storage, productmn, or B
destruct1on

The purpose ‘of the studles descrlbed below was. to make a detailed. 1n-
vestxganon of the dlstrlbutlon of. polomum in'blood and to learn some-"
thmg of the chemlcal nature of the bond between polomum and blood.

" The’ work was done prlmarlly with Sprague Dawley rats, but .all-the

- eritical exper1ments have been repeated on dogs, w1th almost 1dent1cal

. results, Observatlons are based on at least three, usually f1ve reph- S
“cate’ experlments L i.j;": Cel ' - - S ‘

’ ,,Centrxfugal separatlon of polomum contammg blood mto 1ts ma]or

components revealed’ that 90 to-97. -per cent; of the, polonlum was in the a

Ty

v, red blood cells and that the remamder of the polomum was m both- the . L

plasma and the, wh1te blood cells: “The blood wis taken by cardlac punc- .
" ture- from rats ;which’ had been mtravenously m]ected 4 days: prev1ously

" with approx1mately*50 uc ofrpolomum per. kllogram of body weight. . .
" Auxiliary experlments demonstrated that the techmques used-in the 7~

_ ~ separation,. such as washing: the. cells thh an.isotonic solutxon of so-
Ll d1um chlorlde, had xno effect on the dlstrlbutlon pattern obtamed
o Experlments in, wh1ch hemoglobm was carefully. 1solated by several'
. d1fferent methods from. polomum contammg red blood.cells’ indicated ;
" that almost all the polomum ‘was associated with the hemoglobm. Slml—
‘f‘ R lar results have been obtamed by Thomasa 1n studles 1n whlch polomum-‘

W

" The” role ‘of. blood in the metabohsm and tox1cology of polo- L :

]
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. revealed that'almost all the polonium was -associated’ with the-globin ="~ ;f-"t e
. fraction.- However “an alternatlve method of-fractionation in which. the < : Lo

et

N P M.’:. L -t

w(:ontammg blood was fractlonated by means of 51hca gel electro— S

phores1s - RSES R T e e
Cliemical. fractlonatlon of lysed solutlons of polomum contalnmg red

blood cells by conventxonal methods into heme (insoluble acid hematln), E

: globin’ (insoluble’ in dllute ammonium -hydroxide);:and the:soluble res1due

" globin was. removed in‘an acxd denatured form: from acetone left the »
'polonium in ‘the Soluble portion. - . : A L

The correctness of the original observatlon that polonlum is bound to
" the globin of the red Blood cell has been indirectly. conflrmed in.a: serles

" of in v1tro polonlum -uptake studies in which a lysed solution of red
_ blood® cells from normal rats and a nondenatured globm solutlon of -

i anemla), and the: fur became rough and poor. > IR

., barent upon: external exammatmn of the animals: rece1v1ng multlple

i

equ1valent concentratlon -were, found to have the same affinity for polo- A

. ; * ‘nium, The experlmental technique used in’these studles was based on.

the competltlon for polonium by the sample and a neutral acid- charged

‘ ion- exchange resm IR112 (Rohm & Haas. Co., Phlladelphla) In thlS S
system® ‘the, amount of: resm, polonium, and water as well as the hydro- et
“gen-ion’ concentratlon and temperature, are Jheld constant ‘and the end' " i

pomt of the procedure is the concentratlon of the samplo necessary ‘to .
bmd 50 per ‘cent of the polomum. It 1s 1mportant to note that no cheml- :

_cal treatment .of the proteln was necessary with’ this assay Studles are -

‘now in’ progress using the. ion- exchange techn1que to determme the o
functlonal groups -in globm whlch bind polomum - - ‘ )

IS

3 1 Gross Effects.‘ ~The v151ble gross effects of smgle doses of 1n—<

“jected polomum on rats.were not dramatic untll death was: 1mm1nent e T

‘There’ was a¥ loss of weight or'a’ ‘reduction of the rate of- welght gain

. below that of ‘the, ‘¢ontrols. The effect on weight was “roughly’ proportlonal ::'-',

. to dose: At late tlmes the urine volume frequently exceeded water in- 3
take; although water 1ntake often increased (toa lesser extent) terml— -
~-nally. In some rats hemorrhage around theé eyes dccurred as-a’ termmal

symptom Also ‘at. late‘times the ears'and- eyes grew. pale (1nd1cat1ng

J ‘.,‘,.,

‘The ammals recelvmg ‘multiple 1n]ect10ns showed‘much the same

[T I

R

LI

gross effects of: ‘the - polonium as had the animals’ receiving: smgle in= i

]ectlons w1th the: exceptlon of visible evidence:of liver damage. Edema

TS

(swelhng) ofithe face was the symptom of liver damage that'was ap—

1n]ect1ons. "The other- gross effects- appeared earlier, developed a llttle
“more: rapldly, and became more’ severe than they dxd with: equlvalent

smgledoses el e s

¥

. }"\":
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Durmg the gavage d1str1but1on experlment the body welght of treated

' male and’ female rats dropped below that of the contl;ols i.e:, weight.

-/« -increéases in treated animals did not matchithe increases:in-control ’f,

animals. The-effect upon weight mcreases was-more€ marked in the’ .

e females Food consumptlon and feces' excretmn:m treated ammals were,

less than- for ‘control ammals, ‘starting shortly after the beginning.of the -

.Aexperlment ‘and continuing to the termination .of the experxment The -
‘water: intake and.urine- excretlon patterns ‘wére dlfferent for- treated

. male and female rats. . Treated female animails consumed more water
_and excreted more urine throughout the experlment than did the control

'ammals Water intake and iirine -excretion in the treated male rats:also.

were greater ‘than 'in control rats for the first 3- weeks of the experi--

‘3.2 sttopatholog”tcal and Hematologzcal Effects. ByR N. Cowden o

" and: R. E. Zipf. A series of stud1es was carrled out to determlne hlStO-
’ pathologlcal and hematolog1cal (blood) changes in rats g1ven a range of
) intravenous polomum doses such that changes durmg acute subacute,
. and chromc tox1c1ty could be observed. .Dosage levels. of 35, 23 8, 3. 6

and 0.9 pe of polomum per kilogram of body welght were ‘used in these -

‘ -studles in which serlal sacr1f1ces of both polomum 1n]ected and control. .
' rats were made at regular 1ntervals Hematologlcal ‘studies c0n51sted -

"~ of erythrocyte (red- cell) counts, wh1te -cell counts, d1fferent1al white-". "

cell counts hemoglobm, hematocr1t and mean blood-cell diameter de-.

S terminations. ‘In addition, the effects of small repeated dosages.of - -

ci polomum have. been studied in conjunction ‘with ‘metabolic, studies’. -

" The. rats from these various injection’ levels. were sacrlflced through -
'a per1od -of time 375-days postm]ectmn Also, rats from 3.6- and 0.9-
"-‘ruc levels that.were used for\hematologlcal ‘studies. were allowed to hve
-past.375 days. until they became moribund or died;.at -which times they

were autopsied. and sections-were- taken for. study. Concurrently with

these. pathologlcal studles autoradmgraphm studies, were done to follow:
the. deposmon of polomum in various organs’at various time intervals, .
and attempts were made to correlate polomum deposmon w1th h1sto- :

’ patholog1ca1 change >

- The acute dose levels (35 and 23 uc) showed very early blood dys—

'crasms (d1sorders)uthat are’ descrlbed more fully below Along with

- ‘the early blood’dyscrasws and attendant-bone- marrow damage, there ;L"l

was'marked atrophy (degeneratmn) and hypoplas1a (less than normal -
number ‘of cells) of the lymphoid tissue and- gonads ‘Theé kidneys showed.

“‘the first changes at. -approximately 100 days ‘postinjection on-all m]ectlon
‘levels.’ The changes were progressive w1th marked tubular damage,

o atrophy, and fibrosis. There was a progresswe degeneratlve change m

LB B ’ : s

'

“ment, but after this. perlod of tlme the treated male rats recovered to - . 7
_normal rates : - , BRI e
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the ovarles at all 1n]ect1on levels, and the. testes showed regeneratlve .
changes' at the 8- -uc level: and at the lesser dose levels. In rats at the .

8-uc level thére was a. heart lesion at 300 days and later ‘which, also .

appeared in the heart tissues of rats ln]ected with lesser doses .of -
polonium.' A few: of.the rats-of the chronic injection levels showed
hyperplasia of the thyroid gland at late time intervals postinjection. '
. The multiplé-dose studies showed many; interesting parallels and. .

' dlgressmns from the pathologlcal changes*seen in the single- -dose . <.

- studies. When comparison was made between rats receiving a single. o
-dose of polonium and those receiving the same total dose in‘a series .-

of injections, the pathologlcal changes appeared earher in-the multiple- .
dose animals; were more marked, and involved organs not markedly

- affected in single- -dose ‘studles In the multlple -dose experiments the . T
‘kidney lesions described for the single-dose studies ‘occurred earlier R E

" and-progressed more rapidly, and the gonads and lymphoid tissue:

Iloglcal studles of the effects of multiple doses of polomum were done

showed earlier and more profound change. The most strlkmg d1ffer—~
ence noted between the-single- and multiple- dose studles when equal
total amounts.of polomum were given, was in the llver ‘This organ in .
the case of.a single dose showed minimal changes. However the; - -
multiple-dose. studies showed several evidences of extremely- severe
liver. damage (hyperplama of bile- duct eplthellum with fatty degenera- :
tion and. fibrosis and -necrosis of the liver-cord cells). These patho-.,

in conJunctlon ‘with the distribution studies described prev1ously and
showed a more rapld and pronounced toxemia accompanymg the m- .

’ 'creased _body burden of polonium,

| FL
I

- ments set up for hlstopathologlcal observatlons and consisted ot com-i L
plete perlpheral blood surveys as well as some bone-marrow studies..: . ’
‘In general, ‘the plcture seen was one of early severe blood damage at 1’

)

The hematologlcal studies were made on animals from the experl--

high dose levels, later less sevére damage at intermediate dose: lev-
els; and elther long delayed shght damage or no damage at all at low -
dose levels ot - P o -

Blood dyscra51as were pronounced on the acute dosage levels (35 and

23 uc) The leucocyte counts” showed a precipitous drop to very low .

levels by 24 hr postinjection, followed by slow .recovery and then. terml- R

nal leucopema (low whlte-blood cell count) as the animals became mori-.

level at 21. days and at-the 23-pc level at 40 days postinjection. There”

was only a part1al recovery followed by marked anemias as the ammals 3 ‘

became moribund. The hemoglobm and hematocrit values somewhat
paralleled the changes reflected in the erythrocyte counts. The red—
blood- cell dlameters revealed. some enlargmg of the cells.

S

co1

- bund. ,The total, erythrocyte count took a pronounced drop at the 35-uc LT

)
.
»




; ‘days postm]ectlon*'when there was a. preclpltous drop to levels under

2 ml/lho\n cells/cu mi by. 300 days., The hematocrit-and hemoglobm S L
"?;- values paralleled those of the erythrocytes ‘at-this m]ectlon level. The
“% mean leucocyte’ counts showed the same early-leucopenia observed at
S the ‘higher dosage levels with almost complete recovery-and;then d« -, '
L '-} marked leucopenla in the female rats from 260 ‘to 300, days postln]ectlon

- In all these’ casesrthe lymphocytes .showed a far greater reduction ‘in-

- total values than: did-the” polymorphonuclear léucocytes. - Thus the blood
PO counts ‘would show a relative’ mcrease in the leucocytes :

- ¥ The- hematologlcal studies’ followmg chronic doses. of polomum (3 6-'
and 0. 9-uc’levels) showed no. changes through 375:days’ posthectlon.
The 0 9= -pe tlevel never showed any changes although the 3 6= uc level

showed a latent: anerma and’ leucopema SN " -
- y Bone ~Marrow. studies-oi’ rats injected w1th acute doses of polomum

L and nuclear abnormal1t1es in cells of the erythrocytlc ser1es durmg
' the f1rst 2 weeks postm]ectlon) At 3 to 6 weeks postm]ectmn there 1
was a severe loss of cells in the bone marrow with locahzed areas of- .
_cellular regeneratlon in the bone shaft There was an .abnormal matu-
, ratxon of cells. At 8 to 12 Weeks’ postin]ectlon there was cellular res.
- generatlon in the ends of the long bones ‘with hypoplasm in the shaft
marrow and f1brous replacement of the fat cells. At later times on
“,the A-B hlgh doses some degree of recovery was, noted although abundant
-, ~ev1dence of damage per51sted B

o

there was a‘moderate’ hylpoplasm of the erythroblasts and normo— L
blasts 1n=the d1aphysxs W1th slight. f1br051s. v A
- 'At the low dose level of 3.6 pc there ‘were 1o. early s1gns of damage

to the. marrow,‘and the only late- changes: (after 375 days) were: hyper-

I plastlc marrow w1th anemla and leucopenic values in’ the perlpheral
‘—blood The anomaly of ‘more. than normally cellular marrow- w1th less

: than normally cellular perlpheral blood is attributed to a: hypersplemc

“.célls faster thantthe marrow could make them. TR PR :

The blood plcture is bemg followed in rats that have been ngen very
low doses of polomum both \smgly and in mult1ples, but no changes have
been seen in’ over a year :postm]ectmn. e e

'

R 3 3 Breedmg and Oestrus—cycle Effects.. By R K Davzs. The w1de :

d1str1but1on of polomum in'the- -body and the w1despread hlstopathologx-« :
K cal changes caused by suff101ent concentratlons of thls element 1mply
that reproductlve functlons w111 be affected Early data 1nd1cated that

R revealed severe damage (hemorrhage, fat- replacement of marrow" cells,

e At the 1ntermed1ate dose’ level of 8 uc the bone marrow showed hem- I
L~ orrhages W1th a shght early hypoplasia which persisted and- grew ~*© :.'~ R
sllghtly more. severe with time. ‘From 84 to 302 days postm]ection Dot

‘response: of unknown or1g1n. "The spleen ‘was destroylng the c1rculating .

e S
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polomum caused the female reproductlve system to mamtam 1ong 2
. perlods of oestrus and in- the -male it caused. a dlmmutlon in the number

" Sprague- Dawley rats were used in a breeding experlment“) in-which:

:;mated with control males, (3) control females-mated. with: mJected
’males and 4), control females mated with “control males., Matmgs 1n~:»;

_number of 11v1ng ‘young.: However the number of stillborn offsprmgnn-'

-of ‘spermatozoa CTwo groups of 30 male, and two groups of 30 female,

one group. of males and -one group of females were injected via the ‘cau-.
dal (tail) vein with 14 ic of polonium-per. kllogram.of body we1ght~ pw
Three, days after mJectlon the followmg matmg crosses were ‘made: ..

1) 1n1ected females mated with. 1n]ected males, (2). 1nJected females ;;‘_--

whlch 1n]ected males were used had 51gn1f1cantly longer perlods of v:
gestation than other: ‘matings. “This. suggests. that ‘gestation per:se, waS‘

+

not. extended but that insemination of the ova was delayed after-the-: ¢ -

formatlon of the:copulation plug.. All- -matings produced about: the same

creased significantly. when one or both of- the parents-had been 1n]ected
with polonium, {This, situation reflects the observation -that m]ected fe-,

o males produced larger litters and suggests that: the. polomum produced
Cotan mcreased ovulatlon but -prevented normal. gestation: of the 1ncreased

‘number- of fetuses Analy51s of the offsprmg for polomum content

o showed none to: be present ‘indicating-that little or no. polomum crossed
- the-fetal membranes and that the observéd effect on mortahty was’ due

. toan effect ‘upon the pregnant females rather than a direct effect- upon..’

o ‘polonium per kllogram of body weight, respect1vely :Da1ly vagmal R

- 154 days All m]ected rats did not . live throughout the experlment and

: -The surviving rats did not return to.a: completely normal oestrus cycle : ,
] 'durlng the length of the; exper1ment N S

B the young. vIn another- exper1ment to evaluate.polonium- effects upon: the et
. oestrus cycle,‘_1 three groups. (20 each) of young adult female Sprague- -

Dawley rats were m]ected via the: caudal vein w1th 9, 20 and 30 pe of
lavage smears were taken and read-over an- observatronal perlod of «.

those that dled were autopsxed for urogenital system obseivations. -1t

. rwasr concluded from the observations made that the early effect of polo- ,

nium was to brmg about the appearance of:a prolonged -early oestrus
.type-of vagmal smear -and .that later,tafter ‘the polonium had’ acted.upon

"the’ urogemtal system for a longer period; the early.oéstrus- type smear :
gave way to a dloestrus -type smear. The t1me -required for-the' appear- )

'ance of th1s senes of events’ was: related to the. dosage of: polomum. S

It is qu1te ev1dent from these experlments that polomum affects the 4
‘reproductlve system of rats.- The high dosage ] levels used result in: “.":‘»:
'many patholog1cal changes, and, as a result,’ 1t 1s to be expected that
1nterference w1th the reproductlve systems would occur. Slmllar
studles at low or chronic dosage levels’ would be of con51derable in-

K terest 1n connectlon vnth human tolerance levels o S o
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R 4 OBSERVATIONS ON HUMANS

in humans:is qulte restrlcted Such observat1ons are limited for the .-
most part to.cases in wh1ch acc1denta1 exposure has. occurred. When -
"accidents do- ‘occur; it is very worth while to observe the metabolism. -

N and other effects, if-any,-as. completely as poss1ble in an attempt‘ to -

estabhsh 3 relatlon between animal experxmentatlon and human exper1- -
ence Lot M ! -
A calculatlon of the half 11fe of polomum in humans has been made

. from: the data obtalned in.routine urine analysm on Mound Laboratory
personnel A2 The. calculation actually'gives-a half t1me for urinary’ ex-
cretlon, ice:, the length of time requlred for the polonium excretlon M
‘rate to decrease by one-half,: but if it is-assumed that 'such excrétion
prov1des an mdex of the amount of polonium in the body, then the calcu-

lation- m1ght be called a “derlved effectlve half.life.” There is abundant’ - B

ev1dence in the experlmental data on animals that the excretlon of
) polomum does bear a simple d1rect relation to the body burden.. There
1s absolutely no evidence of the body burden becommg less (or more)
’ avallable to’ excretlon w1th tlme such as one sees' in the case of »radlum
1 ) .

+The health physms urine- count records at Mound Laboratory were

‘4 searched for mstances of substantial amounts of excreted. polomum

and cases were used in which the maximum recorded count per minute

c per 50-ml sample exceeded 100 (MPC is 500 dis/miny/24- hr- sample). If

..it is assumed that excretlon is exponential, a _straight line may be fitted

. . to.the logarithm-of the recorded counts by the method of least- squares

analy51s :and the half life- may be taken from a graph of these data when '
plotted The ' average half 11fe obtamed from the casés studled was ]
36.6 days “This compares closely with an average half life in rats of . -
about 35 days." It should be noted that flttlng curves. to human data on"
polomum excret1on is compllcated by the yvery wide fluctuatlon in

amount of excretion from day to day or sample to- sample ina g1ven L
1nd1v1dua1 This fluctuation is a characterxstlc of polomum metabolism.
-The relation between humanx excretion and retentlon of polomum has

not been completely evaluated
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Chapter 6

P 4". ) - Ca

o POLONIUM FROM LEAD RESIDUES

" By Harvey V"Moyer

4

4 * : \'v
B _‘,-,.;.. o,

SRR LA INTRODUCTIONx SRR TSR

The pos51b111ty of obtalnmg polomum from the 1rrad1atlon of’ blsmuth
1n a nuclear reactor was appreclated by those who orgamzed the Dayton
Pro;ect However by the ‘time the: Dayton Pro;ect was orgamzed no
blsmuth had been 1rrad1ated except ina cyclotron, and the uncertamty .

47_ " of obtalnmg polomum by means of a nuclear reactor appeared to Justxfy

settmg up a process for obtammg polomum from natural sources. This -

chapter descrlbes work conducted at the Dayton Pro;ect for the separa- :

tlon of polomum from lead re51dues. : S ' -
R \ : T

2 COMPOSITION OF LEAD DIOXIDE AND ASSAY PROCEDURES T

c2. 1 Source of Lead Dzoxzde The raw mater1a1 for’ the lead process ‘

was shlpped to Dayton Ohlo from Port Hope, Ontarlo by the Eldorado

Mmmg and Reﬁmng Company A total-of 73,774 1b- (dry we1ght) was re- . '

celved and processed. ,The lead dlox1de ‘was obtamed from African and -
Canadlan uramum ores from. wh1ch uranium, radmm, and sﬂver had -
, ‘been extracted.: The processmg of the ‘African ore var1ed somewhat

: from the operatlons apphed to: the ‘Canadian ore. S1nce the Afr1can ore _

was not roasted it was assumed that the'lead d10x1de from ‘this. source
would be 1n1t1a11y r1cher in polonium than the: res1dues from Canadian -
ore.3 The processmg ofithe Canadian: p1tchblende was. descr1bed by. -
Pochon ‘in 193‘7 and is shown in the flow sheét, Flg 6.1. «(In a confer-

.- ence at. Port Hope‘ Ontarlo on Dec. 22, 1943 Pochon suggested to Lum .

0
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‘Fig. 6.1—Production of lead dioxide. from pitchblende. '
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,ng;aste"d in air blais‘t,l Herreshoff fu.rnacei QOO“C; R L

. \ .
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. .7:; . Residue SO,+ CO, '
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to cbnvert"Ag to AgCl, o
Add H,S0,, 1:4, 6-hr leach S
Add BaClz, carrier . sy R R
Add NaNOa, oxidize U : . L -
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\ \- N : ’ v
N Crude uranium sulfate sol\mon L
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measurmg h1gh concentratlons of polomum )

and Fernehus that a sens1t1ve calor1meter mlght be the best method of -

2. 2 Analyszs of Lead Dioxide. The f1rst shlpment of 6250 1b of lead Co

' d1ox1de was received Nov. 10, 1943. It was largely African in origin

Ca but contamed some materlal from Eldorado ores. Chemical analyses

- and quahtatwe spectrographlc analyses showed that the lead dioxide -

cottained many 1mpur1t1es in suff1c1ent concentrat1on to present dif- -
flcultles in processmg the mater1a1 . This is shown in’ Table 6.1.

- .|l,—

separatmg polomum were’ 1ron s1l1con tellurlum selemum and 51lver

~ \

SRR Radzoactwe Assay of Lead Dioside. It was assumed that radio-

actlve equ111br1um had been reached between RaD and RaE in accord- :

ancew1th et T S e T

bm(RaD) — Blzw(RaE) = Pom(RaF) bm(RaG)

1384dy

This assumptlon was ]ust1f1ed since the lead d1ox1de was at least 60
days old when received in Dayton. The beta radiation which was counted.

L came only from RaE -since the low- energy beta emission from RaD was

" not counted w1th the Lauritsen electroscope nor by the Ge1ger -Mueller

' ‘counters which weré .used. The ‘alpha’ radiation was measured in the
early months of the pro;ect with-a parallel plate alpha counter. Results
of thé early assays varled cons1derably because of the low solubility of
the 'sample; adsorptlon on’ glass durmg transfers and 1mperfect cor-."

. ‘rections for backscattermg and comc1dent d1s1ntegratlons. The follow-

-ing ‘results were picked by Weimer? as the most _probable minimurn ]
values for a compos1te sample prepared from portlons taken from 20 -

bags at random in the f1rst sh1pment T ‘r,' N

- . L ' RS Table 6. 1——Analy81s of Lead D10x1de ’ - R .
o o Chemlcal analysis,” - Additional elements by . o E )
B S S % T fspe_ctrographlc _an_alys1s C '
‘Pb - 8113 .. Bd. "~ Te
- . ., Feo; 125 . “'sb | Ag
I S, UNaoo- 070 - . TV Au
e T S0y . 0.15' : S Bi o Pt
ot e ., . - Mmoo+ 0005 .\« . Al VPd-
o e R f Present - . . Mg L
‘ ) ‘ o Se Present_‘. ) .o Ni . co. :
L . U. . Present : Ca L T
The 1mpur1t1es wh1ch were most 1mportant in' the operatlons for A

e
i

Oy
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& o - 2619 oz dls/mm/mgz 1.07 cqries/to.n_ BE IR ' .

3280 B dis/min/mg = 1‘.34 ’curie's/ton

The second shlpment whlch was recelved Jan. 10, 1944 cons1sted of

-~ - o four lots which. came from ore processed at Port Hope during the

months indicated’ in Table 6.2. Assay results are dlso indicated. in,
Table 6.2. The alpha assay showed that the quantity of polonium in the

e dlfferent lots was fairly con81stent with the age of the processed ore. --. .-

The RaD content indicated that the maximum quannty of polonium .which
could be expected in 2.years would not exceed 2 curles per ton of lead
‘ dioxide. o o .

’ - . ) ok .
. ..Table 6.2 —Assay of Second Shipr_nent of Lead Dioxide
lﬂet Mois-" Electro- :
- Lot - wt,  ture, - scope, . RaD, Activity, Po,

L Sept.” - 3.0 4,09 - -'1.235 - 2.29 2854 - 1.17

‘ Oct. 355 /3.8 . | 1.136 . 2.11 ‘2286 4 0.95
Nov. 1.55 543 - . 0936 . 174 1458 ©0.60
Dec. ‘4.54 ' 4.11 . 1.143 . 2,12 .Y , 0.35

.

~

- 2 4. Assay Procedures for Polomum (a) Thzck -sample Techmques., )
The first attempt at. counting thick samples was made by placing fmely
ground and screened lead-dioxide in'a circular, depression 0.5 in. deep
and 0. 025 in. in dlameter whlch had been made, in a piece of sheet

»  platinum. Brass disks of 31m11ar de51gn were later found to be more oo
satlsfactory than the platinum because they were less expenswe and '
had less tendency to crinkle when handled. The dry material was
" pressed into the depressxon with a small spatula and counted dlrectly

. ina parall‘el plate alpha counter. The count was independent of the, _

i

marked  tons - % div/_sec' curies/ton  dis/min/mg - curies/ton . -

wexght of t[naterlal in the disk but dependent on the surface area ex-, - Lo K
posed. Materlal of 100 to 200 mesh gave results reproduc1ble w1th1n A

+5 per cent - S
Another method of thick- sample counting proved more. rel1able than .

, "ber. 'This method mvolved compressmg the sohd material,into pellets

= s/s in. in dlameter and ¥ in, in thickness. Samples from all shipments -
= were made into;pellets and counted in a parallel-plate alpha counter. by

« 7 meansofa specially.built pellet holder. The alpha part1cles entered

- the counting chamber through a ‘circular aperture m a diaphragm o )

e agamst which the- pellet was held by slight pressure. This holder 1s

i

the disk method and was less likely to contaminate the counting cham- - ,/
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order to obtam a factor relatmg the\measured act1v1ty to the polomum

Lo content of the pellet It was observed ‘that- the counts from ~a pellet were '

1ndependent of the s1de counted and not affected by rotatmg the pellet

t

e

1

’#ELLET""—‘.—}"T? A
PELLET c =

BODY/

'h“. R A
‘PLATE—

e

[ e ~

.fl“‘igf 6.2 7"Pellet holder._

(b) Thermal Volatzlzzatzon

e '¥'RET’AINING SPRING -
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The thermal volat111zanon method de- T
. pended ‘upon volauhzmg the polomum from a solid. ,sample. It was. used

successfully on both natural and. synthet1c samples of lead 'd10x1de. A
. ~we1ghed sarnple was. put in a; porcelam boat which was placed ina quartz '

- e

: COLLECTING 5

ELECTRODE B

.

Cower s N
ELECTRODE
) “'.f‘ 2 -,
HIGH-VOLTAGE
“ELECTRODE. '

INSULATOR -,

_.combustion tube and heated to. 650°C in the preseiice ‘of sulfur dioxide:.
- The. lead d1ox1de was thereby converted to lead sulfate which was less

: fusible than the d1ox1de in the presence ‘of the impurities in the sample.
22 Results were-low if the sample fused. during ‘the dlstlllatlon of -the po-

-

lomum ‘The. polonlum ‘was volatlhzed at 850'to 900°C in vacuo and col-t
lected outside the furnace in the cooler part of the’ combustlon tube. -
The distilled- polomum was washed lout w1th concentrated nitric- ac1d
and dlluted to a*knowu volume and an allquot 'was. counted Results were

' usually cons1stent w1th1n :I:3 per cent The prmclpal d1sadvantage of the

.ured 1t was necessary to prepare pellets of known polonlum content in ..f o

-

5
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’ 7 1ts preparatlon at the Port Hope refinery. Alpha and.beta assays 1nd1- S

T 1s based on a solutlon of the equatlon

o to determme RaD by measurmg the 1ncrease in polonlum m the.-same . * .
. ", sample over a Known' perlod ‘of tlme Thepellets prepared. from each, ., -2

‘ 'f 2 7 Alpha and Beta Assaymg During Processmg Frequent assay- -

.+ most successful technique involved the spontaneous deposrtlon of po- c :
- lomum on srlver or mckel foil. Pieces of s1lver or nickel f011 about 3/4 T

o s L oo L . _t\, . . . : ot
vl . g I,,', , f

methodrwas |that it-was tedlous and time- consummg It served prmC1-
pally as an mdependent means of checkmg the accuracy of other methods

: lwelghed and each was transferred dlrectly into a 100- ml volumetrlc i
flask To each flask was added 70 ‘ml of concentrated hydrochlorrc ac1d
After bemg v1gorously shaken the mlxture was! allowed to' stand for ]
15 min and was then dlluted to the mark. ‘A 10- Pl sample was placed on o
a glass slide;” drled and counted "The-same’ procedure was used in . ’
preparmg samples for beta countlng in the assay of materlal for RaD
content SO SRR o A - :

2 5 Laurztsen Electroscope for Beta Assay Procedures A thlck
: sample ‘was prepared by pressing the lead dioxide’ with a spec1a1 AN
plungerr mto a shallow box, 27 by 27 by 10 mm, in. such a manner as to
leave a smooth surface always the same distance from ‘the alummum
w1ndow of the electroscope The electroscope was calibrated with- an e
~active, sample of lead dioxide which had been assayed by R. J. Prest— Awl
‘wood of Los Alamos Scientific Laboratory by a method mvolvmg the. -~ 7,
. chemxcal separatlon of RaE (Blm) from the sample. - - RS

‘2.6 Growth of Palomum asa Measure of RaD. .—Thexlead d1ox1de
When recelved m Dayton had aged only a few months: from the time of

" .cated: that the polomum content of the lead dioxide was derived. entu‘ely T
from the decay of the RaD in the material.. It- was possmle therefore '

~ shipment of lead: d10x1de were convement samples for this determma-
“ tion. The calculatlon of the.quantity- of RaD from.the mcrease in'RaF".

- St

where NF and ND are numbers of atoms of RaF. and RaD respectlvely,

and AD and’ A are’ the respectlve disintegration constants It was as- L'i

sumed that! RaD remamed essertially constant during the 96 days be- .

tween measurements and that RaE could be neglected since it was 1n ;

equlhbrmm with RaD. 'The RaD content of varlous shxpments of lead
j S

dloxxde is. shown dn Table 6.3. . e e

,‘—..t‘

)

ing of solutions was necessary durmg the processing operatmns. The .




L m. square were cut and then washed w1th acetone. "A background count

before usé was recommended. A’ 10- ul sample was transferred to the
‘f01l and, if mckel was used the sample was tieated with 10 pl- of 0 1N

‘ »hydrochlorlc acid or glac1a1 acetic acid. If s1lver 16il was used; 10 pl
of 1.0N. hydrochlor1c or glaclal acet1c ac1d was used. The fo1ls were
allowed to stand for 30 mm over’ water to prevent evaporatxon and were

EXO

""’»‘ o o K - C \ '
Table 6 3—RaD Content of Varlous Shlpments of Lead D1ox1de

Counts /

,.,‘“,; e o f- Counts/ : S

¢ o " unit time -unit time RaD, "« RaD,. .

. 'S'ample” on-June.10, - on Sept. 14, N 'curle‘s/ton' ) . curies/ton
- designation *.. " 1944 L1944 (aglng ‘method) - . (electroscopet)

Ceow sT2-l 14060, 4860, 2.47 e 231 >
5 S S-2-2. 3977 4480 L2137 . 2,15 .

- ilsp3 7. 7 2150 o osdod 179 -1.76

‘. S-2-4" 3153 " 4098 . 2.26 219
Aug.” . 382! 4480 2,22 2:18 -

- . Oct. YT 2556 . 2745 o 1.16Y) e

: + Nov - 2785 2825 i .1.19 - 1.26

. Jan, Y2866 3730 . ' 2.05, -

X Feb. ' 2,10

2290 - © 3405
{ i e

A A
-+ then washed w1th distilled water, dr1ed and counted It was observed"
that filtration of the lead nitrate slutions through paper ‘or by centnfu-

gatlon reduced the count unless the acidity” was greater than pH 1.5.

‘Beta assays of the lead n1trate solutlons were -made by placing 10-pl"
samples on glass evaporatmg to’ dryness and countmg .

The most consistent’ results’in assaying’ msoluble residues were ob-
tamed “by treating 0.1-g samples with 30 ml of 6N hydrochlorlc acid,
heatmg for 15-min on the hot plate, diluting to 100 m1 without f1ltrat1on

: and countmg 10-ul- samples after evaporatlon on glass slldes.

’ o e

[ -

T ‘3. DISSOLUTION OF THE’ LEAD DIOXIDE

3.1 Treatment wzth Nztnc Aczd and Hydrogen Peroxzde. The dlS-
. solution process began by grmdmg and screemng the lead .dioxide. The
‘solid matenal which passed through a 60-mesh screen was treated in'a

tCalibratéd with sample assayed by R. J. Prestwood: . -

' 500-gal, Pfaudler reactlon vessel with- water nitric ac1d and hydrogen o

’ peroxxde ‘The ‘water was run mto the reactor and the solid matenal

.

(- was added and thoroughly mu\ced The heat generated durmg the addx—' O

Yo

A ..




*

. tion of n1tr1c ‘acid and hydrogen peroxxde was:removed by runnmg water' L
" through the coohng jacket of the reactor. -~ : e
The acid and peroxxde were added at such a_ rate that the. temperature-‘

" with hydrogen perox1de in the presence of mtrlc ac1d is -

L L 123

did not rise above 40°C'because above this temperature the decompo- ,
‘sition of hydrogen peroxide was excessive. ‘The reaction of lead d10x1de

pbOZ +*H202 + 21’!N03 — pb(N03)z + 02 + ZHzo
. The last 10 per: cent of the hydrogen perox1de was in excess of the*
theoretical requirement and was added at a .slow rate while the mixture
was heated slowly to 95°C. .The temperaturewas kept at 95°C for 1 hr;

_then the mixture. was ‘cooled to 70°C and forced into a cone- bottom set-

. tling ‘tank. The pH of the solution on cooling was 0.8.t0 1.0. In early
« - operations, 12 to 24 hr was allowed for settling. Spectacular 1mprove-

: operation followed the first filtration, but it was found that settling was. | AL

ment in settlmg occurred in several difficult cases by adding 100 to

. 500¢g of hot glue- d1ssolved in 1 gal of water. (The addition of glue was’ R
“a suggestlon by M. M. Harmg Apparently this isan example of the

coagulatmn of colloidal particles by the “sensitization” effect of non- =
electrolytes.s) Solutlons which had not settled on standing 36 hr gave
crystal clear supernatant solutions in 2 hr after the addition of glue.. In
later opérations'a more satisfactory solution to the problem was the

_ ' addltlon of lead carbonate to the original reactlon mlxture before the
f1rst flltratxon. : , : R

‘3.2 CZeanup Operation. ' The addition of a slurry of basic lead: _
carbonate,,whxch was prepared later in the process from wash solu- ’
tions containing- lead served:to preclpltate iron and. alummum by
raising the pH.to approxnnately 4, In the:early procedures this cleanup

more. rapld and one filtration was eliminated by adding the lead.car- )
bonate to the orlgmal reaction mixture. Eighty pounds of lead carbonate
slurry’ was requu'ed for each batch of 1200 1b of lead dioxide. The ad- -

dition was made in the original Pfaudler reactor by réturning the sus- '

pens1on from a temporary tank. The reaction mixture was heated to ..
about 95°C for 1.hr, cooled to 70° c, and finally forced into settlmg
tanks. The res1due was removed m stoneware filters. The supernatant

. 11qu1d in the settlmg tank and the filtrate from the cleanup’ filtration

were ﬁltered through a small Sparkler filter- (Sparkler Manufacturmg

' ‘.Company, fMundelem 11l.). The filtered solutions of lead nitrate were no
" run mto 3000 gal glass ~lined storage tanks for agmg

3 3 letmtzon Problems.. Approxxmately 75 per-cent of the dlges- oy

tion.mixture ‘could be removed ina normal run as a falrly clear super-

natant solution. The remaining portion was charged into two 50-gal

-r

R
Sy




o . solutlons -had been. evaporated toa wet- cake ‘which cons1sted of lead ’ ‘T =N
' chlor1de crystals contammated ‘with copper and nickel salts as well as.

Yol ) lw1th the acid- msoluble material from the or1gmal conversmn of’ lead

SR

7 stoneware fllters equlpped W1th glass fllter cloth in a metal screen
D ,:, basket Flltratlon tlme var1ed from 16 to 24 hr _per f1lter -The Slll- :
e "ceous resmue was washed twice with dllute n1tr1c ac1d to remove solu— f
L t'f“ble lead $alts and. tw1ce with water. Effectlve ‘washing requ1redﬂst1rr1ng

.l'-t, ' - : . U

w0

3

1the res1due to prevent channelmg ‘A filter: a1d (chahte 4200, Johns- . o
Manv1lle) was used to_coat, the final filter cloth before, use.- Dicalite ff
4200 was’ also added to the: slurry in the’ ratro of 1 1b of f11ter aidto 2 1b
of estimated sohd materlal The res1due in.the f1nal filters’ was stored

“in 1000-gal wooden- ‘tanks. equlpped w1th agltator blades wh1ch could be - ‘“_, @ )

used“to stir the solid matenal mto a slurry for removal through Saran

or porcelam lmes._. R A N

3! 4 Stomge of Lead Nztrate Solutzons. The lead mtrate solutlons 3
were stored in nine, 3000 -gal glass “lined tanks. Each tank contamed
approxxmately 6000 lb of lead The total quantlty of radloactlve lead m
28 440. gal of. lead n1trate solutlon on May 15, 1945 was close to' 67
curles, or .nearly 0.9 g of Pb*, -This 0.9 g of RaD was the ‘source of

‘ the polonmm whlch it was proposed to remove every 60 days by a = , L
B mllklng process whlch began w1th the coprecrpltatlon of the polomum

w1th b1smuth as blsmuth oxychlorlde R .

CA reductlon in the polomum content in- the lead n1trate solutlons after ,
6 months agmg to approxunately one-half’ the calculated value was due, " :
“to the formatlon of crystals of basgic lead mtrate which were present ‘in SN

',‘ varymg quant1t1es 1n every tank. The sedlment varled in composxtxon .
““in dlfferent tanks but contamed an average of approx1mately 50 per.cent "

_lead and about 8" per cent 5111ca An alpha assay of the prec1p1tate indi-

cated roughly 50 pc of polomum per kllogram of sedlment It was as- . ~

sumed that the slow setthng of. the hydrated silica carried down a, con- o
81derable fractlon of. the polomum after the solutlons were air- stlrred

A br1ef study of the sed1ment in the storage tanks was made in June .
1945 but it was not completed because at that tlme sufflclent 1rrad1ated
blsmuth was bemg recelved and 1t was dec1ded to d1scont1nue the lead
process . :

‘ . P : R ,' S A

.

4.‘ .CONVERSION OF LEAD CHLORIDE TO LEAD NITRATE

The lead chlorlde Whlch had been prepared in the attempt to obtain -

polomum by the_ Dlllon process (Chap 1, Sec.. 3) was conyerted. to lead ' .

mtrate by a spec1a1 process whxch began by treatmg ‘the. lead chloride.”,

- w1th soda ash to form bas1c lead carbonate The orlgmal lead chlorlde

d10x1de to lead chlorlde. It was des1red to obtam a concentrated lead

. 1 N .
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" nltrate solutlon whlch Would be essentlally free of copper mckel and 2
chlorlde. About 5‘/2 tons of the. lead. chloride’ resxdues were, processed g
~The process‘con31sted of the following five prmclpal stepS' ot e
-1, The. lead ‘chloride was suspended. in water, and the free hydro- .
'_ chlorxc acid! was. neutrallzed with ammonium - hydrox1de Whlch also )
o served to hold copper and nickel in’solution. .. T :
o, The solutxon was treated wrth soda ash to form basm 1ead carbon-‘ g
ate. - _. o 'e . . . , "‘;- &",
3 . 3 ‘The basic lead carbonate was washed with water to remove cop- I
', per, mckel,‘and soluble chlorides. - . N I
o 4,. The lead carbonate was treated with water and n1tr1c ac1d in the
T proper quantlty to nge a nearly saturated solutxon of lead mtrate‘ S N
IR A T “The* solutlon ‘was adjusted to- approximately pH 4 0 and stored for . :
IR subsequent processmg for polomum. o
. < All:five of these operatlons were completed in the same 500 gal K
Pfaudler glass 11ned reactlon vessel whlch was used for the dlssolutlon .
o = of the lead d10x1de. The reactor was first charged W1th 425 gal of water S
T whlch was agltated and heated during the addition of a welghed quantlty" ’
PR (approxunately 1200 1b) of the semisolid lead chloride. A100~-ml ali- -
s s quot wag titrated with 1: 5 ammonium hydrox1de to'an end point indi= "
. . ¢ated by methyl orange. "On the ba'sis 'of the titration, ammonid solu-i?, T
\ t10n was, added to neutrahze the free acid. Whlle the heatmg of the T
reactlon mlxture contmued soda ash was ‘added as rapldly ‘as’ poss1b1
thhout allowmg the pH to,rise above 7.0 as indicated by frequent tests c
with 1nd1cator paper. " After the. temperature reached 80 to 90°C, " soda ‘
ash was added slowly until the pH (determmed thh a pH meter) reached g

mg, the pH did. not fall below 8.1. Under these cond1t1ons the converswn
e f to. the basic carbonate was'in excess of 99 per cent.’ The Tead prec1p1- '
R -“tate was’ washed in the reaction vessel untll tests on the supernatant
solutmn 1nd1cated that less than 0.01 per cent of the orlgmal chlorlde,
‘ remained. } The basm lead carbonate was. then decomposed by addmg
. concentrated mtrlc aéid equivalent to the soda ash uséd. :Special pre= »
©o... ¢ . cautions were not necessary in this operat1on ‘'since no serious foamxng o
: " .resulted.’ The amount of acid was adjusted to brmg the solution close
- . to pH 1.0. ‘fAfter the mtrlc acid-treatment the hot solutlon was, treated
%0 with a slurry of. basm lead carbonate to raise the-pH to 4 0..-The’ snx- .
ey ceous re81due contamed most of thé iron and other 1mpur1t1es as well
\.&’_ . as practlcally all the polomum "The mixture was ag1tated for.about
" . #&. . 1hrat, 70°C and was! then forced into a settling tank.. The msoluble ‘ma
L. “terial. settled readlly« and was finally removed by flltratlon. ,It was de-:f

.. T .. cided not. to attempt to extract the- polomum from.the-residue which’ R o

= was transierred to barrels-for final disposal.- The clear supernatant ‘
= solutlon and the fﬂtrate ‘were filtered through the Sparkler filterand - . - .~
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sent to storage. A total of 4275+ gal of lead mtrate solutmn contalnmg
7840 1b" of lead was prepared by the process. S S

: 5 COPRECIPITATION OF POLONIUM WITH BISMUTH OXYCHLORIDE7

|

" 5.1; Preczpztatzon m leot-plam‘ Operatwns. Assays of the lead n1-'
trate solutlons 1nd1cated that 0.88 ] ‘g, Or approx1mately 617 curles, of
‘radium-D was present in the ent1re 30,000 gal of solutlon Calculatlons

e showed that approx1mate1y 10 curies of polomum per month should be |, !

formed after the solutlons had aged for’ 60 days. It was proposed to. set

up a schedule whereby 500 gal of- solution would be processed each day‘ ;

1f the lead solutlons should be’ needed as a. source of polomum. -
TA process for m1lkmg the' lead mtrate solutions for polomum Was o

devxsed ‘and operated through the pllot plant stage A total of 16 p1lot- o

plant runs. was. made“to test the procedure recommended by the re--
search group. The pllot-plant operatlons began by chargmg a 50-gal
glass -lined Pfaudler reactlon vessel. w1th :40 gal of aged lead mtrate o
solutlon. A wettlng agent appr0x1mately 0:01 per cent of thetwelght of
the lead mtrate solution, was added to, reduce adherence of the blsmuth :
preclpltate to the walls, of the reactor. Span 20 (Atlas Powder Com-
pany) or Santomerse E (Monsanto Chemical Co.) was best for thls S0
purpose., Ammomum chlorlde and blsmuth mtrate were added in ~
equlvalent quantltles to form the blsmuth prec1p1tate w1th Whlch the
polomum coprec1p1tatedi The ammomum chloride solution was added

) ﬁr st and was followed by the slow addition of an equlvalent quantity of '
b1smuth nitrate solutlon The bismuth solutions were prepared by dis-

solvmg 696.g. of B1(N03)3. 5H20 in 200 ml.of 6N nitric acid and. dllutmg
’19.1000 ml.. Trial. preclpltatlons were made both at room temperature
‘and at 95°C w1th dlgestlon periods varying from 2t6.6 hr. A settling .

: per1od of. 18 hr was sufficient in most of the runs to-produce a clear

supernatant llqu1d However, in.some of the runs in Whlch prec1p1tat10n
- 'was made at lugher pH and with less ava1lable Dbismuth, the prec1p1tates
wefe slow to.settle and d1ff1cult to fllter. The blsmuth prec1p1tate ef-
fectively removed the polomum from. solunon even when the quantlty

- of. prec1p1tate was reduced by one-half, the efflclency of removal was
‘not reduced Varlatlons In the temperature _pH,-and quantrty of re-
agents chleﬂy affected the partlcle size.of the prempltate. No d1fflcul- .

L t1es were encountered in the transfer, of slurrles through valves or by .

means of Saran tubmg

\_ v

t‘*5 2. Treatment of the stmuth Preczpztate. The* prec1p1tate wh1ch

formed: durmg the addition of bismiuth- nitrate was shown by analysis to -]

be a mixture of B1(0H)2N03, B10C1 PbCl, with approx1mate1y 0.2 per-
cent SlOz, and small quantities of other elements mcludmg practically
the entlre polomum content of ‘the.solution. The washlng of the pre-
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" nitrate solitions should be mvestlgated

No large-scale operations were conducted to recover polomum from

" the bismuth oxychloride precipitates. It-was proposed,® m the event the
-processing of .the lead chloride solutions should become necessary, to .

» dissolve the precipitate of bismuth oxychloride in concentrated hydro- o

: 4 Rt
' 4

cipitate was accomplished by digesting the precipitate for 30 min in the ©

Pfaudler kettle at a temperature of from 80 to 85°C with each wash
solution. The 0.iN"nitfic acid wash reduced the.lead content to, less
than{;per.cent. The two digestions in 0.1N hydrochloric acid were .

‘made to convert the Bi(OH),NO; to BiOCl.-Losses due to evaporation
‘,were replaced‘by the addition of water so that a constant volume in the-
. Pfaudler reactor was maintained. The lead removed from.the precipi-
- ‘tate was recovered by treating the wash solution with.sodium carbonate.

Theé volume of the final residue from a gingle batch after washing was
close to 3.5 liters. Analysis of the washed precipitate indicated 98 per
cent BiOCl1 with 1 per cent lead and 0.1 per cent SiO,. Only a trace of .
nitrate remained. Approximately 0.2 per cent of the act1v1ty was lost in
washing, the bismuth prec1p1tate

Several conclusmns were reached regarding the practlcablllty of re-

' movmg polomum from active lead nitrate solutions through coprec1p1-

tation with bismuth oxychloride: ' '

1. The polomum was efficiently removed from lead nitrate solutlons '

by coprecipitation with bismuth oxychloride.

-2. A suitable wetting agent was necessary to prevent. the b1smuth
precipitate frorn adhering to the walls of the glass -lined reaction ves-
sel and to aid filtration. -

3.. The. bismuth precipitate after washmg contained 1mpur1t1es suf-
ficient to interfere w1th subsequent op€rations for the preparatxon of
polomum R

4. Other possmle methods for the removal of polomum from actlve '

~

chloric acid, dilute to the desired volume with 6N hydrochlorlc acid, -

metallic bismuth to prec1p1tate the polonium: The further concentratlon :
of polomum might be accomplished by followmg nearly the same pro-
cedure as'used for isolating polonium from 1rrad1ated bismuth.
© 6. EXPERIMENTS ON SEPARATING POLONIUM FROM
' . . LEAD NITRATE SOLUTIONS

6.1 Reductzon with Powdered Bismuth.® The poss1b111ty of applymg
reduction’ w1th bismuth dlrectly to the aged lead nitrate solutions was
studied. A series of experiments was conducted in which 1900 ml of the

" lead nitrate solution in each test was treated under different conditions
" with powdered bismuth. Replacing the air with nitrogen and carbon di- .

oxide caused no significant change in the rate of removal of activity

«
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" and filter to remove sﬂxca. +The filtrate should be treated with powdered .
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from the solutwn Washmg the blsmuth powder w1th hydrochlorlc a01d
prior. to use. d1d not change the rate of reductlon Reducmg the partxcle :

. gize of the bismuth- ‘powder increased.the rate of' removal of activity. It

L . was observed that'a reduction with 325~ mesh blsmuth removed as much
- act1v1ty in 5 mm as was removed in.1 hr with 150- mesh powder. Lower- .

1ng the pH from 4 to 0. 8 reduced the rate of reductlon and mcreased the
amount of blsmuth which’ dlssolved in the- solut1on Successwe reductlons'
" with the same b1smuth ‘showed a s1gmf1cant reduction in ‘the rate of re--

. "moval of act1v1ty after the f1rst run This effect was more marked in an .
- atmosphere of carbon dioxide’ than in air, probably because the increased
-dmount of . d1ssolved bismuth in the presence. of air mtroduced the .

' scavenging effect of prec1p1tated blsmuth compounds A tr1al run w1th

a 500-gal batch of léad mtrate solution was made in order-to test the";
d1rect reduction procedure .The test was made in a-500-gal Pfaudler f “

-, kettle and in the presence,of air by treatlng the solutlon atpH 4 w1th a

total of 6.0 kg of powdered blsmuth (between 100 and 150 mesh) 'in three-

."_porttons of 2.0 kg ‘each. The hrst addition was made at the beglnmng of

the run, the second after 60 mm ‘and the third after 90 min of reduc- o

'txon ‘The’ removal of act1v1ty was measured throughout the operatlon
by removmg samples every 15 min,, . ,

‘Inconsistent results were obtained in the test samples unless .sus-
pended partlcles were. removed either by settling or by centrliugatlon. ,

' The supernatant 11qu1d from samples removed after 15 min of: reductlon
“time had lost nearly. 98 per “cent of its activity when allowed to settle

for 48 hr: The rFésults 1nd1cated that suspended material held a rela-

’ ,t1vely large fraction of the polomum ‘After being agltated for 21/2 hr at

. -room temperature the bismuth: powder was allowed-to settle. The
' -.;supernatant solutlon was returned to storage, and the blsmuth powder -

was recovered by. flltratlon dissolved in 3 liters of aqua regia, and re-

duced agam with 50 ‘g of powdered bismuth. The bismuth recovered
“from the second reduct1on»was analyzed spectrographmally, ‘and. it con- -

. tained gross amounts of sﬂma and approx1mately 10 ppm each of’ s1lver

“ mercury, and gold None. of these elements was present in comparable

amounts in the orlginal b1smuth Assays of the ongmal solution, showed

.. an, initial act1v1ty of 267 mc, whereas the bismuth, powder from the- sec-

ond reduction contamed .only 36.6 'mc of polonlum ‘Counting the hydro-
chloric acid wash solut1ons showed. that nearly one-haif the polonmm '
was removable by. washing w1th 1N hydrochlorlc acid. Th1s was inter-

.preted to mean that- approxxmately one- half the polonmm was adsorbed
_on suSpended partlcles rather than reduced and depos1ted on the metal—

hc bismuth. - ‘ - ‘
. The results of - the exper1ments .on'the d1rect reductlon of the lead

nitrate solutlons With bismuth -metal 1nd1cated that the. polomum Whlch‘
© was removed was not depos1ted as metalhc polomum on the, surface of

"
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the blsmuth but was carrled down in some kmd of scavengmg actlon o
‘The recovery ‘of the. polonium after the reduction procedure presented L

p 5 . so many drfflcultxes that further work on the method was abandoned L e B

) 6 2. Reductzon wzth Metallzc Szlver "The spontaneous deposrtlon of e
T, polomum on silver foil was well known by early investigators.'*™'® It '

X . 'was decided, therefore to attempt the separation of polonium’ from the
lead nitrate solutions by direct reduction with finely ‘divided suver..,. o

B - % . Several tests were made in which 5 g of silver powder (80.or 230 mesh)
< T . was added to. 1900 m) of 'aged lead nitrate solution at pH 4.0. .Under. the .. .
. condmons of the experlment pure silver was not eff1c1ent in removmg -

s

the act1v1ty from the solutlon. Only about 60 per cent of the act1v1ty h
.« -was removed in 60, mm after rapid agitation in the presence of 2304 - - - ‘
mesh szlver powder “In one experiment- 50 per cent of the. act1v1ty was:. :
removéd in 5 min with silver which contained conmderable silver ox- - o
ide. In'this'test a white precipitate appeared in the solutlon and there~, T
fore it was assumed that the polonium was removed by the scavengmg L
actlon of s1lver chlorlde. As a résult.of this observatlon silver chlo- B
ride was tested as a.concentrating,agent, but it proved. unsatxsfactory : L
because of dlfflculty in recovering the polonium from the precipitated .
silver. chlorlde -The experiments with silver as a reducing agent led to
the concluswn that some other procedure must be found. (A successful
- A procedure for removmg polomum by spontanéous prec1p1tatlon on.
o : sﬂver strongly. acid with hydrochlorlc acid was developed later. Early N
) fallures were due, in part at least, to insufficient acid in the polomum S
A solutlon ) . : -

' > N

L s

6 3 Reductwn with Metallzc Arsenic. Powdered arsenic (5'g,’ 150 to -
200 mesh) was trxed asa reducmg agent. The presence of-air appeared S
to cause suff1c1ent oxidation of the arsenic to bring about, the. prec1p1ta- .
tion ‘of - some compound of lead and arsenic. In the presence of air 99 - R
' _h o per cent. of ‘the. actlvxty in 1900 ml of lead mtrate solution was- removed \f, L
in'10 mm,,but when the.air was replaced with' carbon dioxide, complete’
‘removal of actwrty réquired approxxmately 1 hr. The rapid rémoval of-: -
polomum grom the ‘solution was assumed to be due to the’ scavenging- .
effect of the lead~arsemc compound In the absence of a1r no precxpl- ”:
‘tate, formed in; the solutxon and‘the’ rate of reimoval of act1v1ty mdlcated

% the: deposmon 01: polomum on the’ arsenic. Repeated washing of the™ ‘f-; :
_ - arsenic W1th 6N:hydrochloric acid failed to remove’ ‘more than. 65 per b
& . . cent of the act1v1ty\wh1ch had been carried down by the arsemc. : ‘

" 6. 4 Mzscellaneous Scavengmg Materzals The coprec1p1tat10n of\ 3
polomum with .many d1fferent substanées was well known to early - o p
: workers. This property was observed-by P. Curie and M. Curie!® in .
e ~_ , their first paper on polonium, They reported that the fxrst portion of

. prec1p1tate wh1ch formed on diluting the bismuth nitrate solutlon con--

ER
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tained the greater part ‘of the activity. Experiments in this laboratory
“showed that a large number. of scavengmg agents were available but. ,
that the most. difficult problem in the procedure was the recovery:of the = '
act1v1ty from the adsorbing or coprec1p1tatmg agent Table 6. 4-gives' a
summary of the results obtamed with various matenals '

Table 6. 4——Removal of Polomum from 30 Per Cent Lead Nltrate Solutions

. ) o by Various Scavengmg Agents S .
Run. R Per ’cent of acpivity removed in time indicated .
No. . Material used = . . " 5min 15 min 30 min 60 min
© .48 PbO,; (5.07g) ¢ © 93 96 97 98 *
49 - ‘Bismuth-pyro< ~ Y587 . 87 - 98 " 99 \'
" gallate (5.0 g) . -
50 Antimony pyro- - - S 14 © 19 " 25
... °  gallate (5.0 g) _ ‘ .
52 Activated-carbon . e8 . 98" .99 99
. *‘Nuchar’’ (5.0 g) ’ -7 ' R t ;
53 Activated carbon .81 88 - 87 92 ‘
- “*Norite’” (5.0 g) ) R ’
_’55 ° | Alumina ‘“‘Amphojel”’ 53 , 45 ' , 83, R
) T (5.0g) L : U ’ .
R Slllca “Celite” - Yo, 22 24 24 27
- (1.0g) s C
46 . Silica “Cellte" ) 47 45 - .39 32 -
. (50g o
60  Silica gelt = S18 . 30 - 46 48
. lot1(2.5g) ' C
.62 Silica gel : U | (O 58 36,
Loy let1(10g SN C
61  Silica gelt - R 22 ;48 -, 133
1ot 3(21g- . - : T '

.

TSlhca gel prepared from SIC14 by hydrolyzmg and drylng at 350 to 400°C o

"+ (80 to 170 mesh). X

' 1Silica‘gel prepared from water glass by acidifying w1th HCI; drymg,
washing with NH,OH, washing’ w1_th H,0, and drying at'130°C (80 to 170 mesh).

i - " . -

In each experlment 1900 ml of radloactlve lead mtrate solution was
stirred at 2200 rpm in a 3-liter flask in an air atmosphere. The 1n1t1al
count on the soliition was 2'764 counts/mm/ 10 ul.

" The most effective agents among those listed in Table 6.4 are lead
dioxide, bismuth pyrogallate, and both forms-of charcoal. However, in
each case the difficulties in recovering the polofium from the reducing  °*

agent’ were such' that further work w1th these mater1als was dlscon-

, -

1
12

PN




131

(S '

. + 6.5 thamum Dioxide.” The most bromistng x:esu'lts"in thé study of ,

* adsorption methods for separating polonium from the lead nitrate s0-
lutions were obtained with powdered titanium dioxide. " Consxderable
difficulty arose in the early experlments because of the tendency of

=

. Table 6.5'-—Remova1 of Polonium from Lead Nitrate ‘Solutions - o
at pH 4 by Filtration Through' 15 g of TiO, -

. oo Filtering time, AActivity- rémoval,}
‘ Run No. min %

45 99

37, 98 .

38 98

37 : 97
45 ' 94 A

G LN

’

.T Tetal aetivity removed = 3.06 x 10° dis/min = 1.4 mc
- titanium dioxide to float on the surface of the solution and to stick to.
- . the glass apparatus. This was overcome by the addition of 0.2 gofa
wetting agent (Span 20) per liter of lead nitrate solution. Laboratory

. experiments indicated that the activity in the lead nitrate solutions was

» removed by contact with the titanium dioxide and that it could be quan-_
) titatively recovered by leaching with 6N or 3N hydrochloric acid. The'
' - .activity was not removed in significant amounts by washing with water .

“or with 3N or 6N nitric acid. In addition to small-scale laboratory, ex-

penments} tests were made in which the leadinitrate solution'was
passed through a ﬁlter bed of titanium dioxide. The filter bed was pre-
_ pared by covermg a coarse sintered-glass fiiter with asbestos fibers '
S which effectively retained the particles of titanium dioxide. The re-
S sults obtamed by filtering 1000-ml lead nitrate solutions through such
a filter bed are shown in Table 6.5.

A quantltatlve recovery of the activity removed from the lead mtrate
solution was obtamed by leaching the titanium' dioxide filter bed with .
either 6N or 3N hydrochlorxc acid. No attempt was made to separate
the’ polomum -from the hydrochloric acid solution. Although no large- ..
scale experxments were attempted, the properties of titanium d1ox1de

= , appeared favorable for such operations. In the presence of a suitable
RN wetting. agent the solid material settled: readlly, yet it could be handled
o, - asa slurry if necessary. The high melting point and low volatility of .

) titanium dioxide suggested the possibility of removing the polonium by
- direct heating.

A'd‘j) *




L ‘.-',""',f L 7 POLONIUMxFROM SILICEOUS RESIDUES N T

P . 1% Geneml The preparatlon of lead mtrate solutxons contammg ‘
. RaD was. the Chlef ob]ectlve of the lead .dioxide process. . Many d1ff1— L
cultles were encountered in thls process, among which was the pre- w
c1p1tat10n of polomum "with s111ceous resrdues ‘The recovery of polomum ©
'~‘;1 from these residues presented additional problems, however, practlcable L
' 1methods were developed for polomum recovery, although they could not
. be carr1ed far enough to ensure a sufficiently hlgh concentratlon of po- .
P lomum -on= blsmuth for eff1c1ent electroplatmg operat1ons . R

. 7 2. Composztzon of Reszdues The 1nsoluble mater1a1 from the lead
PR dioxide dlSSOlutlon process was a complex mixture which contained
- -*' .about 90 per cent of the. polomum content of the original lead d10x1de
The residues contained hydrated silica ‘and consequently, were gelati- R
' rious in character. and dlfﬁcult to free fromlead nitrate and other solu- '
- ble salts.. Certain: re51dues wh1ch were analyzed contained 20 to 30 per
‘, i . ‘cent-lead. -Spectrographic analyses showed that lead, iron, bismuth, and
e 51hca were present in hlghest concentratron with magnesmm,‘ sodium,
antrmony, and vanadium’ present in apprec1able amounts. Trace con--
centrations of alummum calc1um copper, germanium, mercury, silver, -
gold platinum, palladlum uramum -arsenic, tellurium, and- selemum .
“.were detected. The water content of the residue from the filters was o F
roughly 70 per cent by welght WA . :
" The limited knowledge regardmg the chem1cal propert1es of polomum S
made At 1mposs1ble to know-with’ certamty the form in wh1ch the;polo- .
. n1um existed in the res1dues. However, the retentlon of ‘the- polonium

"

L% by the residues was not surpr1s1ng in view of the well-known tendency
' -+ of polonijum to coprec1p1tate with compounds of blsmuth lead, iron, -
alummum and many other elements Experiments on ‘the prec1p1tat10n
-of polonium from the.lead nitrate solutlons showed. that at pH 4 a wide' e
' varlety of fmely divided solids’ was effective in removmg the element

TR from solutlon ThlS is shown. 1n Table 6.4..

T

’7 3 Experzments on Extractmg Polomum from Reszdues A number ,
of dlfferent acids and salts‘ were tested for ‘their effect1veness in ex— R
o tractmg polomumefrom the siliceous residues. The prehmmary tests .
] ‘were made’ by dissolving 0.5-g samples of-a dry re51due in 50-ml. vol- A
] umes "of the: reagents hsted in Table 6.6: The dry: residue from wh1ch
s the samples were taken was analyzed for’ polomum by the thermal o o
. _volatilization method: whlch is described in'Sec. .2.4b.. The samples were 2
‘ . shaken 3 to 4 hr, and, after the- Solution had settled, the act1v1ty in the
g supernatant solutlon was determmed The effectlve reagents for ex- }
- ‘ 'vtractmg polomum from thé residues- were those’ wh1ch ‘probably formed e
- "complex ions with the ‘élement. The halogen acids were so much more .
- _-.effectrve than nitric, sulfurlc, or perchloric acid that the hydrogen—xon

1 . ' . . \
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concentratlon d1d not appear to be the maJor factor 1n the extractlon E "
! ‘mechanism. Oxahc tartaric, and citric acids were better extractlves : i
% _ ..+ than-the other organic acids. tested but weré less effective than the - MESERE
I . _=‘ ;' _ halogen ac1ds. Neghglble amounts of activity were removed by 0.01N, o
o 0.1N, 'or 1.0N solutlons of sodlum hydroxide. Table 6.6 shows the re- "
& “sults of experiments on the extractlon of polonium With various re~ IR

K AP agents.

K

¥ o, - Table 6.6 — Extraction of Polonium from Siliceous Residues B

T Polonium . o Polon_ium'
. o " extracted, . extracted, N
o Acids " % : Salts C % - o
Conc, hydrochloric _ 100 " 10% sodium oxalate BT ;2 .
6N hydrochloric - - 94 . 4% ammonium bifluoride ~~ . 53 7.
6N hydrobromlc . , ‘ 97 4% trisodium phosphate " - .°* 16 - . * -
‘Const: boil. hydriodic 90- - 5% sodium thiosulfate - "5
¥ 5% oxalic ' - . 765 - 10% sodium tartrate 5
C 10% tartaric -+ “ 35 . . 5% ammonium salicylate Tl v o
\ 4% citrie o 30 5% ammonium citrate - . <1  © ~ 7
6N nitric ' 9 5% ammonium acetate: = . <1l o o
'6N perchloric ' - -2 5% sodium sulfaimate . =~ <1'.. ., - .
' ‘6N sulfuric™ . - - o2 5% sodium malonate <1
.. - 6N acetic : Rt 5% sodium acetate =~ - - <1.
Satd. salicylic .~ = 1to3 - .10% sodium sulfite ) o<1
10% sulfarnic . . . -1 ’ R .
3% succm1c R <1
O 3% malonic = . . <1 ] SN
U] 2% aspdrtic ‘ <1 _ U S

. . . v o .- . < .
¢ . PEEEEPEIN - N ) - . -
N ) e zr ,x} ’, ; - . ¢

v

Addltlonal experxments were made with solutlons of hydrochlorlc ~ _% e
, " acid to show the effect of concentration of ac1d It was found that. 3N
AR hydrochlorlc ac1d would remove at least 90 per cent of the actwrty,
. provided the res1dues were thoroughly agitated in contact with the ac1d _ :
-~ .~The acid treatm‘ent increased the gelatinous character of. the re51due' . ot
. consequently difficult” fxltratxon, even with large amounts of filter a1d ; N
- was 1nd1cated Although the 3N acid was somewhat less effectwe inre
. moving, the -activity than 6N acid, the weaker acid . was selected for
w . piloty plant operations: because of the corrosxveness of the stronger ac1d

" on contactmxth the stamless -steel equlpment - L

1

’ C N4 Recovery of Polomum from Hydrochlorzc Aczd Extractzons The
oL prmclpal constituents in the hydrochloric acid. extract were lead, nitric L
-~ 7 acid, and iron. The lead offered no difficulty in reduction with bismuth, = .

", ‘but the nitric acid and ferric iron ‘interfered. Powdered bismuth would '

,«gﬂ,;. ,","_
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- not brmg about the deposmon of polonlum because the blsmuth dlssolved

in hydrochlorlc nitric acid solution. Iron was a problem because me-
: talhc 'bismuth reduced ferric: 1ron to the ferrous state before .it would
‘ react with polonium, : -

It was possible to remove the mtr1c a01d by- the add1t10n of formalde-
hyde and then to reduce the ferric iron by the addition of extrafine
blsmuth powder. After the ‘removal of the nitric. ac1d and the reduction

.. of the iron, the polonium could be prec1p1tated qulte completely on 150-
to 200 mesh blsmuth powder.

7 5 Hydrogen Sulfzde Preczpztatzon A separatmn of iron from po-

- lonium and bismuth was.atterpted by precipitation with hydrogen sul-
fide in hydrochloric acid solution: Experiments showed that polonium

" was precipitated by hydrogen sulfide in 1IN’ hydrochlorlc ‘acid but not .in
3N or 6N solutions. Concentratlon of polonium by means of hydrogen

o sulflde prec1p1tat10n was used by P. Curie and M. Curie in their ear- -
“liest preparations.?. It was found in this laboratory that, although polo- -

- hium was quantitatively separated from iron by hydrogen:sulfide pre-
c1p1tat10n ‘the handling of the precxpltate in the available equlpment and
the subsequent recovery of the polomum were d1ff1cult L .

8. THE TELLURIUM PROCESS??' - L

".8.1 -Introduction. The concentration of polomum from the 51l1ceous
res1dues by direct reduction with powdered bismuth could not 'be car-
ried far enough to ensure a suff1c1ently high ratio of polomum to bis-:
* muth for the final electroplatmg operation. Selenium and tellurium -
interfered with the deposmon of polonium’ on small quantities of me-
~ tallic bismuth'because these elements were present in considerable
- concentration and ¢oated the surface of the bismuth so complétely that
" very little polomunr was deposited. It was necessary, therefore, to re-
move the bulk of the selenium and tellur1um before a second reduction
" with. bismuth would be effective. Marckwald21 2 was the first to précipi-
tate tellurlum /and polomum together from a hydrochlorlc acid solution
by means of the reducmg action-of stannous chlorlde He also dis-
covered that tellurium and polomum could be separated by use of hy=
" drazinium chlorlde in proper. concentratlon. The stannous chlor1de re-
duction step was used by. Curle and Deblerne ‘in the first relatlvely

" large-scale preparatlon of polomum from several tons of lead sulfate:

résidues from pltchblende. Haissinsky and Gulllo’c24 reported that hy-

drazrmum chlorlde reduced polomum to a.lower oxidation state. Marck-
wa.ld12 reported that polonium was part1ally prec1p1tated w1th selemum
-and telurium if a solution of the elements 1n dilute hydrochlorlc acid
“was.treated with sulfur dioxide. Karl, % 6n the other hand, reported that -
the’ polomum remained in solutlon when a warm hydrochloric acid so--

f

3

“w

%

¢

-

¥ .

e




- ductlon was suff1c1ent to carry the polonium down when the ‘solution’

’ perox1de

Y

. lutlon of tellurlum and polomum was reduced with sulfur d10x1de. Re- A

' sults in thls laboratory conflrmed Karl’s observations: .

8.2 Stannous Chlorzde Reduction .of Tellurium and Polomum . The

 success of the early. workers in concentratmg polomum by reduction .

w1th stannous chlorlde .made-this appear arlogical step in the extraction '
of polonlum from' the 'siliceous residues. Prellmlnary experlments

indicated that- the bulk of the selenium and tellurlum could be precipi-. -

tated with sulfur dioxide which did not reduce. s1gmi1cant amounts of:

polonlum. The tellurium Wthh remained after the sulfur d10x1de re-
rd

was treated with ‘stannous chloride. The reaction was possmle only

. after the complete denitration of the solution because even a small .

concentratlon of- n1tr1c acid prevented the prec1p1tat10n of tellurmm. .

8 3 Separatzon of Polonium from Silver. - The 51l1ceous re51dues

" contained trace concentrations of silver, gold, platmum and palladmm. s
. These' metals precipitated on bismuth,in the reduction- with- b1smuth-
' step and weére also carrled‘down with tellurium in the reduct10n w1th-

stannous chlonde step. -The most troublesome element among the im-’

_purities was: silver. It was precipitated with tellurium and polomum in. -
the stannous chloride reduction step and remained in solution with po-'V B
- lonium- when the tellurlum ‘was separated by reduction with hydrazme ‘ '
A quantltatwe separat1on from silver was accomplished by the add1t10n )

of ammonium hydroxide which precipitated the titanium-and polomum

-as hydrated ox1des and formed the soluble complex ion, Ag(NHs)z , thh
-silver. A small amount of ammonium chloride was added to prevent

the possible. formation of silver fulminate. The prec1p1tate of the hy- ‘
drated ox1des of tellurium and polonium did not coagulate, as a- rule,
until after the addition of a small volume of ‘30 per cent hydrogen )

“.;»

i 8 4 Procedure for Separatmg Polomum from Szlzceous Reszdues. - Ai g

‘ ‘total of e1ght batches of 3111ceous residues was- processed ona pllot

. .’plant scale\for the recovery of polomum. Assays of the starting. ma- &8
“'terial® showed a’ total polonium content of 40.06 curies. A final y1e1d of <.

29.31 curles was obtamed The steps in the process are summarlzed

in the followmg procedure _ - S S * o

L Extractlon w1th hydrochlonc amd 2. A charge of 42.51b of dried res1due :
was placed in a- 50-ga1 glass-lined Pfaudler kettle arid treated with 20 gal of 3N

hydrochlorlé acid.” “The.slurry was agitated for 90 min-and then allowed to’ settle» L

for a sumlar perlod Twelve gallons of supernatant liquid was. ‘removed \and the

B residue was tréated with another 20 gal of 3N hydrochloric acid. The acid solu—-
tion was stirred for 20 min; then’ 10 g of glue (an effective coagulating agent) in’

dilute aqueous solution was added, and the stirring was contirided for-10 min. A -

N
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settlmg perlod of 30 mm gave a clear supernatant llquld of. whlch 194 gal was
removed by s1phon1ng Fllter aid (challte 4200, Johns~Manville) equal to‘one-

half the welght of the dry res1due was added_and thoroughly mixed with the resi- -

dué which  was then removed by flltratlon through glass-cloth filters which ;had
been-precoated with filter aid. Extractlon data are summarized in Table 6.7.

- About 44 gal of the acid solution was, recovered in f1lter1ng and washing the
insoluble ‘material.’ : ‘

‘Table 6.7—Summary of Data on'-Extrac'tion

"Original charge 42.5'1b (dry)- -

o . Original activity - 1.0 curief . * -
< ', « . Residue after extraction 0.06 curiet- :
e . Lead in original residue 9.1l : ) s
" Total volume of acid recovered 36 gal '
" ..., Aectivity'in filtrate and wash . " 0.97 curiet
.Lead.lin HC1 extract oo N ; 0:39 lb;t

T D1screpancy due to errors in samplmg and ) .
- counting. N
T~ This is close to the solublllty of lead sulfate in 2
* 3N hydrochlorlc acid. - :

’

The pr1nc1pa1 1mpur1t1es in the hydrochlor1c extract which. requlred attention™
in subsequent operations were iron, tellurium, selenium, and silver. -
2.~Denitration with formaldehyde.  The clear filtrate was returned to the -
Pfaudler .reaction vessel and heated to approx1mately 85°C A 40 per cent solu-

. tion ‘of formaldehyde was added. cautlously in-100- to 200-m1 portlons until brown
fumes ceased to be evolved. After 1200 ml of the formaldehyde solution had been .

added the reactlon appeared complete, ‘and ‘300 ml in excess wasg added Heatmg

- -and agltatlon ‘were continuéd-for at least 30 min after the excess was added

, 3. Reductlon of iron. Ferrlc iron must be reduced to the ferrous condltlon be-
fore polomum will:deposit on metallic bismuth; consequently fine blsmuth powder,
finer than 200 mesh, was added until the color of the solution changed from red-’

_brown to green During the addltlon ‘of bismuth “fines,’” dry ice was added to the
solutlon to replace. the air in order ‘to prevent the oxidation of iron. When a sam-= |
ple of the solution gave onlya famt test for-ferric iron with potassium thiocyanate’

solution, the dddition of fine blsmuth powder was discontinued. It was found that
an excess of fine, powder was- slow in. settlmg and thus reduced the yxeld of po-

: lon1um

4 ‘First reductlon with blsmuth The first concentratlon of act1v1ty was ac-
comphshed under carbon dioxide by reductmn with 140- to 200-mesh bismuth
powder Approx1mate1y 1 kg of bismuth was requ1red to. remove the polomum
from solution. The, relatlvely large quantity of bismuth was needed because ex-
perlments showed that sﬂver, gold mercury, tellurium, selenlum and traces of
other elements were deposlted on the blsmuth before the polonlum was preclpl—

tated Tellurlum and selemum whlch were present in the solutxon in con31derable )

concentratxon formed a layer on the ‘surface of the bxsmuth and thus prevented

!
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the deposnlon of polonlum until after the tellurium and- selenlum had been com-
pletely rediced. The 1000 g of bismuth powder removed more than 95 per cent
of the act1v1ty from the solution. However, attempts at further concentration of’
polomum on metallic’ blsmuth were impracticable unléss very low concentra—
tions of tellurium and selenlum ‘were achieved. R

- 5. Removal of tellurium and selenium. The bismuth powder was dissolved in.
aqua regia and denitrated with formaldehyde in the usual way. The solution was
heated to 90°C, and sulfur dioxide was bubbled through the \solution until the pre-
cipitation of tellurium appeared complete. The precipitate of tellurium and se-
lenium was removed by filtration and washed with 3N hydrochloric acid. Results
confirmed the obsérvation of Guillot and Haissinsky® that tellurium’ and 'selenium
could be precipitated by reduction with sulfur dioxide without carrymg down
significant amounts of polonium. The filtrate was heated to 85°C and treated with

.

.small portions of concentrated nitric acid until the excess sulfur dioxide was

completely oxidized as indicated bya change in color of the solution from red-
brown to yellow. (The. presence ‘of sulfur dioxide interfered with-the deposition
of polonium in the- second reduction with bismuth. Oxidation of the excess sulfur . -
dioxide with nitric acid and subsequent denitration with formaldehyde were steps ) -

- suggested by C. L. Rollinson. The.solution was then heated to 85°C and demtrated

by adding formaldehyde.

6. Second reductwn with bismuth., The hydrochloric acid solution (about 5N)
containing about 90 per cent of the orlgmal activity was treated under carbon
dioxide with 10 g of 140- to 200-mesh bismuth powder. In 2’,5 hr 98 per cent of

‘the activity was deposited on the bismuth. Silver and the small amount of tel-

lurium remaining in the solution were also plated on the bismuth. The bismuth
was washed three times. with 1N hydrochlorie acid. -

7. Stannous chloride precipitation: The bismuth powder was dxssolved in aqua
regia and denitrated with formaldehyde The solution was.then cooled to room
temperature' and 10 ml of ‘50 per cent stannous chloride 'solution was added to

‘reduce tellurxum, polomum and the noble metals to the metallic state. The -

small amount of tellunum left in solution after the bulk of it was precipitated ,'f', >..:

with sulfur dioxide" was usually sufficient to carry the polonium down completely o ’
The prempxtate was washed with 4N hydrochlorlc acxd and fmally with dlstllled

_water.: 4 '

8. Separatlon from silver. The precipitate was dlssolved in aqua regia and . ' P
evaporated to dryness The residue was treated with 300 ml of concentrated
ammonium hydrox1de contammg 10 g of ammonium chloride. The addltlon of R
'3 ml of 30 per cent hydrégen peroxide caused the immediate prempxtatxon of tel- :
lurium dwx1de which carried down 99 per cent of the- polonium. )

9. Hydrazme prec1p1tat10n The tellurium dioxide containing the polonlum was L

~ dissolved 1n 200 ml of 6N hydrochloric acid. The solution was treated with 15. ml

of IM hydrazme hydrate ‘and diluted to 300 ml. The hydrochloric acld solution

was heated ?n a water bath for 2 hr and then filtered. The precxpltate of tellu— .
rium was washed with- 4N hydrochloric acid. The filtrate and washings were =
evaporated to dryness to remove hydrochlomc acid. The residue was dlssolved

in 2.5 ml of concentrated nitric acid and dilutéd to 25 ml to make a 1.5N solution )
for electrolysis. A spectrographic analysis indicated the presence of the: follow- o

ing impurities: copper, tin, calcium, magnesium, silica, and bismuth.
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' POLON"IUM FROM IRRADIATED BISMUTH CHEMICAL SEPARATION

’ wastes from uranium, vanadmm and radium refining operatlons (Chaps .
~1and 6) were fll‘st used at the Dayton Project as the raw material from AR
_ which polonium was purified from the ‘preparation of neutron and. alpha Voo
~.sources. However an 1nvest1gat10n
'occurrmg polomum bearing ores indicated that (1) polonium: ‘could not.-

- be recovered from these sources without processing prohibitively 1arge
‘ quant1t1es of raw materxal (2) in commiercial refining methods polonium
was not conFentrated in any particular step of the process, but it could
" be found in; several of the solutions or residues, making processing.of - R

“more than one waste fractmn nécessary; and (3) the supply of refmery C

' re51dues avallable for processing was- -uncertain and depended upon s

. :operatmg schedules of/industries prlmanly Concerned w1th the produc- RN
* " tion of: uranium and radium.

cause this rsotope decays rather rapidly to Po?!? (RaF); bismuth whxch
* had been subJected to neutron bombardment appeared to be a’ more sult- -_ S

. . able source of polomum than naturally occurring ores. Relatlvely pure Ve
-'blsmuth was avallable 1n commercial quantltles and separatmn of; PO- DI
1on1um from a raw materlal containing impurities of the order of a.few. ' ,7 S
: parts per mllhon would be less difficult than from refmery wastes con- 5 B - ;:
“taining larger amounts of 1mpur1t1es. Methods for 1rrad1at1ng blsmuth -'.f,»'t v

" blsmuth were developed and substantially all polonium purified at the" " ‘“ : "
: Dayton Prolect and Mound Laboratory was prepared by these methods. o

. Rutherford‘ in 1919 when he bombarded several light elements with

Chapter 7

|__ .

K ( o '.. ) .
. By Lloyd B. Gnagey, James M. Goode, G. D Nelson,
andJ W. erght

~

1. INTRODUCTION

Naturally occurrmg sources of polonium, such as the lead contammg e

of available sources .of naturally

i . < -4 - et et

The ‘conversion of 'Bi?® to Bi*"- (RaE) had been reported,’ and be~ ’

by neutron bombardment and for separating polomum froin 1rrad1ated

2. IRRADIATION OF BISMUTH

2‘1 ‘General, Transmutatlon of an element was first observed by . : L ,,',-
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f‘alpha partlcles Subsequent exper1ments showed-that he had succeeded o 5

_ periments by Rutherford and Chadwick® showed that many of the light -* . =
elements were susceptlble to transmutatlon by alpha- particlesbombard- * . LI

: barrler ‘of the. heav1er nuclei. N - : e

: L1v1ngood working ‘with the cyclotron, showed that polomum could be
produced (from Bi#? decay) by bombarding Bi’

. radiation- detectlon mstruments The successful operation of a nuclear
- reactor in 1942 provided intense neutron sources for the first time and

" duction of polomum by deuteron’ bombardment was accomphshed in 1936 .

. for a total of 13.ua-hr. After this activation L1v1ngood was able to follow -
" the beta .decay of Bi*'% (RaE) as well as the growth of alpha-active Po

.. \around’ the target greatly increased. the effectlveness of the neutrons, A
" and they attributed th1s effect to slowmg down, or “moderatmg ” ,f o . .

K tat1on was reported. This element was converted to B1210 (RaE). by neu-
: tron absorptlon accordmg to the equatlon ' :

' workers bombarded 59 elements with neutrons They used a radium-

in transmutmg mtrogen to oxygen by an {¢,p) process. Contmued ex- . 0

tment sufficient energy was’ not available to penetrate the: coulomb1c T e

The development of the'cyclotron in 1931 by Lawrence ‘and hlS asso-

c1ates provided a method for acceleratmg partlcles with sufficient _
penetratlng power to attack the nucleus of the heavier elements. . B )
209 with deuterons. Amaldi
’ and his assoc1ates had prev1ously shown that polomum could be pro- y
duced in a similar manner by bombarding Bi*® with neutrons. The :
quantities of Bi?!? and polonium produced by either neutron or deuteron
‘bombardment of Bi**®® were minute and detectable only by sensitive

thus made possmle the formatlon of weighable quantltles of polomum BRI

©2:2 Polomum by *Deuteron Bombardment. "The first artificial pro-

by L1v1ngood ‘He reported the effects of bombardment of copper, zinc, - 3
antlmony, ruthemum, and blsmuth with h1gh energy deuterons. The bis- Lo
-muth- deuteron react1on ' N

83B1209 + 1H2 3B 210 + 1H1

is of partlcular 1nterest because Bi#!0 decays to Po210 by the em1s510n '
of a-beta partlcle Bismuth was bombarded with 5.4-Mev deuterons

210

(RaF). As various“high-energy-particle accelerators were built, much
work-was done.in- the field of artificial production of- rad101sotopes

2 3 Tmnsmutatwn by Neutrons "In 1934 and 1935 Ama1d1 and co-"'

berylhum neutron source whxch had a neutron intensity of 8 X 1(}5 neu-

trons/ sec, and they found concluswe evidence of transmutation 'of the -
hght elements and somewhat less ev1dence of transmutatlon of the ° .
heavy elements Théy reported that a shleld of water ‘or paraffm ) L

the neutrons by coll1s1on with the hydrogen atoms in the shield.’
" Bi®® was one of the héavy elements for which successful transmu-" " _,

o
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2. 4 Productzonl of Polomum The artlflcml productlon of B1
curs by-an (n,y) nuclear reaction.” The neutron is absorbed by the blS- .
muth nucleus, and any excess energy is released through the emission_
of a photon as showh by Eq. 7.1. The Bi?!’ decays with a 5-day half life’
to Po?!® by the emission of a beta particle:

210

.83B121o — 84P0210 + B—

Po'®, with a 138.4-day half life, decays to stable Pb?*® by the emis-
sion of an alpha particle: i

8‘4?0210 82 szos + Cl ’ : : - Y
Thesé processes occur s1multaneous1y as blsmuth is 1rrad1ated w1th
neutrons’and are the fundamental reactions. that govern the rate of-
formation of polonium in a nucléar reactor. .
Bi*!® and Po?!® absorb neutrons during irradiation in a reactor; how-

' ever, the activation cross sections of these substances, although not

known with precision, are so small that no appreciable quantltles of

‘these materials are lost during irradiation. Consequently no correc-

tlon for this loss is made in calculations of polonium yield.
"An isomer of Bi%!?, formed during neutron bombardment of Bi
has been reported %9 This isomer decays by alpha emission to T

209
1206

 which decays by beta emission to Pb2%, The half lifé of this isomer
" is: reporteds as 1 x 108 years, and, because of this slow rate of decay, -
. this isomer remains with the bismuth fractlon aiter separatlon of polo—

nium.- p

*2.5 Polonium Yield. The yield of polonium from bismuth irradiated
in a reactor may be calculated from consideration of the production of ;
Bi?!?, the decay of Bi*!’ to Po*’, and the decay of Po?t? to Pb®%, For._

" this calculatmn the followmg symbols may be used:

F= average reactor flux, number of neutrons ‘per square centl- -

' ‘'meter per. second
o = neutron activation cross sect1on, Bi*® to Bi
d= den51ty of Bi?®, grams per cubic centimeter
—~atomlc wexght of Bx"’, grams per mole

210 10~ 24 2

A= Avogadro s number, atoms per mole .’ © -

t = time; days
B = rate of growth of Bi*!? with no decay, atoms per cubic centi-
meter per day i
A, = decay constant of Bi*'’, days™

.

\
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G Ag= decay constant of Po210 days ; 5 0
T ‘number. of Bi?!l atoms per cubic’ centlmeter at tlme 't
e Nz = number ‘of Pom atoms per-cubic centlmeter at tlme t R

LA = curies-of polomum produced m tlme t per kllogram of blS-

oo U muthe o .
; JKR=al factor wh1ch corrects for the d1fference in time un1ts and -
o 1524 % 60 x 6,,or 86,400 ..~ .~ . N
= o "’-Biz‘“’ is formed in the reactor at a rate B given by . . u
AR B;F—OQKA L o o R 1.2y :
’ Vo , B 210 decays to Po’!® with a decay constant)ti i1 N1 is the number of -
- " Bi 210, atoms per cubic centlmeter at time t then the equation for the
rate of growth of Bi*%is s, . - S S
i ; \ ) . * ’ . . Loy PR : P
. aNe e
) Tﬁllz B- AN, S.(1.3) -
. At t1me t = 0 Nl 0; hence the solut1on to Eq 7 3is .
SR "L"N1=E('1—e-’%1‘> - B (7.4)
L A : I ,
R Also at t1me t whlle the atoms of Blm are decaying at a rate AN;,”

“NaT the Pom atoms afe in turn decaying to Pb® at a rate MNz- ‘The equa-

oo, tion for the growth of Po210 15 therefore o TR .
Lo . ) o o < : 3
P TdN, 1 o )

‘** dtg = 1N1 = )tzNz T o . oo ;. ‘ (7.5)

: If the value of Nl in Eq . 4 1s substltuted in- Eq 7.5, the rate of growth
. of Po*? is shown to be. ’

DU %ﬁ:’B(l —-€ Klt) f?\zNZ' 3 S ‘ e ’(-7.6). 3
At tlme t = 0 N2 = 0 therefore the solutlon to- Eq 7. 6 1s e
S SRR T -7\1 ,Ae‘}‘zt ] e SRR
g N. =.B[—+ =L o 7.7 -

a LS PYRP Y 7*2 7\‘2(7‘1 ) , ( ,) R
] Th1s is the general equatlon for. the growth of polomum m neutron— <
o 1rrad1ated b1smuth . . A 2

........
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Equatlon 7 K may be converted to a more useful form‘, in _terms of
curles of polomum per kllogram of blsmuth by the factor
X2N2 I

_' . A.zNz ,X 103_ _ .
d(3.7 x 107)

T d(3.Tx 100

'(7.,8)‘ :

Substltutmg the value for N, from Eq 7.7 in Eq 1. 8 gives another gen-
eral equation for the growth of polonium in neutron-irradiated b1smuth
FoA ( -

c

N T w(3.T x 107) T (7.9)

Age Mt e Mty
).1 —‘Az N _Xl - )\2

The growth of polonium in neutron 1rrad1ated bismuth is shown in Fig. .

;x 1.2 — ‘

S S A N R E D B B

O - R

Q . v

oy 10 b e e e e e e e o= o

g - FoA _/

3 — w(3.7 x 107} . ]

- 08 o —_

- ]

506 ,__’. : Al 1

m Y oA I e Ao )

E [ ©= ara 107)<'+ M—zkze b verv xzt) ]

" Z.04 [— : - ' . Lo ’ —

8 b . * w(37 x 107) ) )

5.0.,2——'.. “'\ o . K—f——Fa‘,—..—j .

= . . o ' : . . ', ' o
RS 7 e NS N D LAPUNY N SO G s THFCREPON

® 0 100 200 300 400 500 600 700  8QO ‘

: : 900 1000
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' Fig.\7.1—Growth of polonium in neutron-irradiated bismuth.

Equatlon 79 shows that w1th prolonged 1rrad1at1on the polomum pro— 1
duced per kllogram of bismuth will reach a saturatlon value, at which
time the rate of growth of polonium is equal to the rate of decay of the -

polonium. Th1s saturatlon value will be reached as t.approaches 1n-

© finity.

.- - B B i
Um(¢) = g@ax10h =

=+

FoA
w(3.7 x 1070

(7.10)
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The manner in Wthh th1s 11m1t is approached is shown by the growth"

curve‘ ' Fig. 71 o T

L © 2.6 Maximum Rate of Growth of Polomum. ' The'rate of growth of
o e polomum in ‘bismuth subJected to neutron 1rrad1at10n may be obtamed
-+ “* from the der1vat1ve of Eq:.7.9, R S

l:dc- e FOAA )\z : (e A.zt

_'7\'1t) LT
w(3 7 x 107)(>\1 - 7‘2) . .

‘,(*’7.111’) |

From Eq. '7 11 1t can be seen’ that at t1me t= 0 and at.time t Q o, the -
“rate of growth of polonlum is.zero. The rate of growth of the polomum

=
i

w111 then,, have a max1mum .and consequently

d

Cc _

e

FoA)\ RYE

i‘

()\le

1

. /

TP dt2

‘i

’ of the, 1rrad1ated bismuth at the t1me of ‘removal from the reactor causes -

e

. end of an 1rrad1at10n t1me .

L eMt*) = o
w(37x10)(>\1—>\ "o ae) =00

The t1me ‘of maximum rate of growth t* is determlned from Eq 1. 12

M—M 7\2 ,24 81 days - o

‘

Thenumerlcal value of Eq. 7 13 is based on values for the half 11ves of
+Bi*% and Po®!? of 4.989 and 138.401" days, srespectively. The rate of
growth of polomum 1n neutron 1rrad1ated blsmuth is shown in- Fig. 7.2,

2.7 Growth of Polomum After Irmdzatzon Ceases. ' The Bi*? ¢ content
.the polomum content-to increase after. removal of the irradiating flux.
The polonlum content will reach a: maximum at'a t1me th
of the bismuith from the reactor which depends upon the half lives of -

~ Pl and Bi%? and the time of irradiation.” The humber- of polonium .

present in the blsmuth ata tlme t/’ after an- 1rrad1at10n tune

\A

atoms
t’ may. be found, : : .
" Let N; be the number of ‘polonium, atoms present in. the Bl209 at the’

-7

FromEq 77 SR
‘ "_’N‘*-‘_’E(il; Xze—"l trh Ny e—}\zt’) o . - /"A
SRR Agzﬁ’\z :V)‘\‘-—)\z YR o o
: . " Let N be the number of Blm atoms present in the B12°9 at the end of |
1rrad1at10n t1me t' From Eq 1. 4 - : SR
(1 B e—_Mt) AR / e "

v

o

oy

'f g '(7.1‘3) -

after rémoval. *
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‘Fig. 7.2—Rate of growth of polonium in neutron-irradiated bismuth.

Let: Ny’ be the num'ber of Blm atoms present in the Blm at a , time t"
after an 1rrad1at10n tlme t.

equatlon ’ .
CdNpe T, ’ ' o T S R
R = ‘l" “' " . A * : ’ <‘ * iR . -
Aand from the condltlon that N" = Nl when t = O From '
.’.' . ) -f - ;.

the number of polomum atoms present in the Blm at any t1me L

) after an: 1rrad1at10n tune t' may then be found from the dlfferentlal
'equatlon ; A e T

s ) . . ’ L

AN AN

ANy
Th1s equatlon may be solved by assummg a solutlon of the form “..: o

- e

"7'._ Ao + A1e )‘1 + Az_e_‘kzt S IR .
" where Ay, A,, and Az are constants and from the condltlon that N3’ = N2
at a time t'’ = 0 The solution 1s ;

N{’ may be obtamed from the differential

:
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Ny-= ———20\1 ~%) [Aie At — Aze‘ klt + Xs e hi(t +t ) ‘g€ - Nt +t )] (1. 15) -

N . .
. -
‘

“The time th for maximunm- Po210 conterit of the Bi?" after a perlod of = ¢
irradiation of time t’ ‘'may be.obtained by dlfferentlatmg Eq. 7.15, settmg s

the resultmg equation equal to, zero, and solvmg for t\, ; That time is’ -
' glven by - S , . B
- - .« , Vv ’ ) -
Ny At - .
1 1—e" /. : oo -«
~ tll — 1n 4 . : N .
m, A1—7\2 1‘—8_}"21:, (7'16) K f
/This. time is shown in"Fig. 7.3 as a function of the timé of irradiation. -
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92.8. Factors Controlling Formation of Polonium. (a) Geneval. The RETI
factors which control the formation of polonium by bismuth 1rrad1at10n
b

‘are 1nd1cated in Eq., 7.9. From th1s equatlon it ‘can be seen that the .
‘ formation of polomum, m terms of curies of p010n1um per kllogram of T
: blsmuth is dependent on the decay constants of Pom and Bi%? (xyand ~ - :

)\2), on-the 1rrad1atmg neutron flux (F), on the neutron- actlvatlon cross,

sect1on of B1209 (0), and on the time of 1rrad1at1on (t) . e
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: lated to the half life T,/ of that mater1a1 by the ‘relation

»dlatmg a sample of B1

147
< 5 - . 4 . B
(b) Half Life: The decay constant A of a radioactive matenal is re-

m 2, 0.693
Ty, - T‘/z

R

. ‘}: -~

L B
s .

their occurrence as natural decay products of radium. Values-of 5 and

140 days for the half lives of Bi*'® and Po*!?, respectively, were ‘used . -

for purposes of compl_xtatlon, and recent determinations of these half °
lives have not appreciably changed these values. : o

" Lockett and Thomas report a-value of 4,989 + 0.013 days’ for the’
half life.of Bi*®, ‘This value was obtain€d, with a beta-sensitive electro-
scope, by countmg the beta particles from-a sample ot Bi?!® of 99:99
per ‘cent purity. The time required for the deflected electroscope to
return’to zero was measured at intervals over a period of 7.to 33 days
(7 days allowed the short-half-life: impurities to decay). The electro--

‘scope was standardized w1th a radium sample before and after each

measurement. .

Eichelbérger and coworkers“ report a value of 138. 4005 +0.0051°
days for the ‘half life of Po®'®, This value was obtained by measuring
the heat produced by the radioactive decay of polonium. The heat of
five polonium- samples (greater than 95 per cent purity) was ‘measured
in four steady-state resistance-bridge calorimeters (Chap 2, Sec. 2. 3)
Observatlons of thé heat evolved from the five: samples were made over
périods of time ranging from 105 to 617 days. The calorlmeters used
in thls determmatmn are descrlbed in Chap. 10.°

(c) Bzm ‘Cross Section.. The formatlon of polomum is a function of .
the. neutron actlvatlon cross sectlon of Bi%, The earliest workers in-,

‘the field.of neutron 1rrad1at1on of bismuth could not measure the.neu- . '

tron actwatxon cross sectlon, but they did observe that it was very
small. Goldhaber and O’Neal'? reported the neutron-activation cross ’
section of Bi* as; 1ess than 0.1 barn (0.1 x 107% 5q cm). .Later work by

Colmer and. L1tt1er gave a value of 0.0205 + 0.0015 barn for the actwa- L

tion cross sectlon of Bi%® for thermal neutrons. Eggler and Hughes't

g reported 0. 016 + 0.003 barn as the activation Ccross sectlon of B12°9 for .
. the¥mal neutrons. ] - :

“The value of the: éross sectlon reported by Colmer and thtler and
the value reported by Eggler and Hughes were both obtamed by irra-
209 w1th the thermal neutron flux of a reactor

3

The half lives of Bi*'’ and Pom were known approximately because of ) ,




L

U muth ‘a sample (usually md1um fo1l) whose act1vat10n Cross. sectlon ,
[ o was accurately Known. From the size, shape, tlme ‘of- 1rrad1at10n -
s and mduced act1v1ty of the 1nd1um -foil standard the reactor neutron

P

‘;. ‘* s The d1fference Jbetween-the B1

";f i_ e to _be 4 935.% 0. 020 Mev Palevsky, Hughes and Eggler16 suggested an
approx1mate value of 10%years for the half 11fe of this isomer,.and. thls“i

3T,

x g “the early nuclear energy: mvestxgators was ‘quite- -small. compared to -

The flux was measured by 1rrad1at1ng, along w1th the sample of blS—

209, was cal-. .

| flux was determmed ‘and the actwatlon cross; sectlon of Bi
culated from. the determmed thermal flux of the'reactor.. ... - . :
“Aless dlrect method of determmmg 1sotope neutron cross sectxons .

1s by the “plle oscillatioh” method, whlch gives a larger value for. the -

~cross séction of Bi?than that reported.above. _The’ neytron-absorption * -
: cross sectlon is determmed by ‘moving a given sample in and out of .the

reactor and observmg the oscillation of the. operatlonal level of the re-

. actor Th1s fluctuatlon is compared to that produced by a standard for o

which the cross sectlon is known. By this method Harris and cowork—

-ers'® obtained a value of 0.039.barn for'the absorptlon cross 'section of
. Bi?™.  Another value, obtained by the’ same. method, is in fair agreement
e w1th the Harns value. Eggler and Hughes report a value of 0 033 barn '

for the: neutron absorptzon cross sectxon of B1 .
209 eutron cross sectlon obtained by

-the' p1le osc1llat1on method and by ‘the actlvatxon method may be ex- . .
plamed by a recent report by Neuman and: coworkers They found that
_a-constant alphaxact1v1ty remalned in the me fractlon after the lead |
‘and polonium had been separated from the irradiated. B12°9

productlon of an isomeric state of Bi*'® during.irradiation, * . . -,
. ‘A-more, recent report by Levy has confirmed-this theory ‘He. used
prev1ously purlfled irradiated bismuth concentrated by magnetm sepa-
rat1on, and he found a long hved alpha activity assocxated W1th the
~mass- -210 fraction.’ Smce the RaE. had been" allowed 'to decay and the
polomum was removed from the bismiith before the. magnetlc separa-
txon, ‘the observed-alpha act1v1ty could have orlgmated ‘only . from a.Bi?!
1somer Further* studles estabhshed the energy of this alpha partxcle .

210

value is based on the Half life of Po®! and thelr measured values for o
209 -

the absorptmn and polomum actlvatlon cross sect1ons of B1

(d) Neutron Flux The formatlon of polomum by- neutron ‘1rrad1atzon
of Bi?"® is. also a dlrect functlon of the available’ neutron flux. The neu-
tron flux (from radmm of radon and berylhum m1xtures) avallable to".

that produced in a- nuclear reactor.. Fermi and coworkers!® ~report: usmg
‘a neutron source of 8.5 x 105 eutrons/sec. If all these’ neutrons could

have Jbeen. moderated and utilized through an area of 1 sg-cm, approxx— .

mately 10‘ curie of polonium per kilogram of bxsmuth would have been(

- »«" formed after 25 days of 1rrad1at10n. _ 4 Co

]

and after the :
. Bi*!® residué-had beenallowed to’ decay for 6. months. This’ 1ndlcated the *

~
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By comparlson, the Chnton reactor18 at Qak Rldge Tenn attamed a
flux of 1. 3 X 1ot neutrons/ sq- cm/ sec within-a short time after bemg
placed in operatlon - A concentration of approxunately 0.014 curie of’

polomum per kuogram of bismuth results from a flux of. thls magmtude "

after & -25- day irradiation period. The irradiation of bismuth'in a- re-"
actor havmg a greater flux than that of the, Chnton reactor would. in- -
- crease the concentratlon of. polomum in the blsmuth by'a factor whlch

“is proportlonal to the ratio of neutron fluxes used (assummg the same £

1rrad1atlon t1me for both cases) j P

- (e) Length of Time’ of Irradiation. - The formation'of poloniuni ind-’
reactor is a functlon of the 1ength of time of bismuth 1rrad1atlon For
polomum formatlon a-much more important factor is "the product of .
flux and time, i. e., the same concentration of polonium, in. blsmuth may

>beé obtained 1n a short time with a high flux or a'longer-time with a - »\': !
lower flux. However saturation'limits the length of time that it is eco- .

nomxcal to 1rrad1ate bismuth. Saturation occurs'when the ‘amount of
polomum formed in the bismuth equals the amount of polomum Wthh .
decays . : :
For’ the synthesm of polomum for the preparatlon of neutron sources
and alpha sources bismuth was irradiated for.a sufficient time for the .

'_polonium concentratmn in the bismuth to reach approxxmately 50 per P

cent of the: saturatlon value. If a greater exposure time had been used
the increase ‘in polonium concentratlon would not have corresponded to
the’ mcrease in exposure tlme because of the exponential nature- of the

growth curve; Fig.7.1. 1 a shorter time had been used,:the concentra- : "

tion-of polomum in bismuth would ‘have been less, which would have j“'- .

: necess1tated the processmg of larger amounts of blsmuth for. a glven
: polomum yxeld _— . e . 3 R

e,

2.9 Raw Matenal (a) stmutk Purity. A hlgh pur1ty ‘of blsmuth to
‘be 1rrad1ated for the formation of polonium is necessary in’ order to
prevent the formatlon of undesirable 1sotopes which m1ght cause d1ff1-

R culty in subsequent processmg ‘operations. The ongmal specmcatlons i
for-bismuth, set in' 1943, are given in Table 7.1. S

The Metallurglcal Laboratory at Cmcago analyzed” the ﬁrst batch

: of bismuth recelved,,and the results ot thexr mvest1gation are shown

.in Table ‘7.2,
- It-was assumedz"}that these 1mpur1t1es would cause no appreclable
d1ff1cu1ty due to their activation by slow neutrons; however, little’ was
“known about the silver 1sotope having a 270-day half life. ‘Only after. -
actual 1rradiat10n of me in a'reactor. was it learned that sﬂver would

- Lo

[}

" Ag'® is transformed into Ag'!®. by-an (n,y) reaction. Ag110 isa beta

" and gamma enhtter with a half life of 270 days; and it has an isomer
with a much shorter half~ life. The long-lived isomer proved trouble-
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less than 0.1 ppm

_Vj,T;lble 7 1———Spe01f1cat10ns for Blsmuth To Be I

ECREE .anstituent

: In}tlal' yalues f

Some by increasing the radiation. hazard of the slugs The' silvef con-‘
- tent'of the. bismuth for irradiation
" however;, current: spemﬁcatlons requ1

was. reduced to as'low:as '0.03 ppm;
re only that the suver content be

rradxated m a Reactor

Later values C

_Bi (assay), - 99.9+% - 99.9+% _
_ S As S <10 ppm. © <0.10 ppm
Voo e Fe <1000 ppm - " <10 ppm
L Pb ) <1000 ppm - '-<1Q00~ppm’ s

v e¥y

\ i

Sb

-

' <10 ppm -

<0310 ppm-

2

' Table 7. 2—Results of Spectroscoplc Analy51s of Bismﬁth

Ry ‘Qoi_xstithepfc ‘ Ampunt present ) Constituent Amount present
Ag’ 4 'ppmi’ T'Hg Absent
As . <gppm’ - B “In .. ) ‘Abseﬁt\‘
Auw . Absent - ‘Mg - <10 ppm
B <1 ppm, . . Mn Abgent
" Be ‘Absent Mo, Abgent - -
Bi Large amount ©.Ni Absent "
Ca 100 ppm P Absent
,Cd <0.2 ppm Pb " - _ <1 ppm -
. Co Absent . Pd - - Absent S
i Cr- . Absent . Sb " 5+3 ppm
Ccu .- <10 ppm si. N Absent’ -
g Fe - <5 ppm Sn - Absent
" Ge - Absent Ta" > Absent

(b) Preparatzon of stmuth f

oY Irradtatzon Blsmuth for 1rrad1at1on )

._purposes was used in

two gener

al forms, bricks and slugs. The bismuth

brlcks ‘which were 1rrad1ated in the Clinton reac
o 3%, in.-in size, and each weighed apprommately 58. 1b The br1cks were
;‘placed in exper1menta1 “holes” .in the. reactor ’
B1smuth brxcks were also’used for gamma-ray shleldmg around the

tor- were 12 by 3

oy

% by

l .. Chnton reactor These bricks were exposed for 1ong perxods of tnne,

-




LTI

4

ool

Y

;e

14
i

. %)

[

151

but the neutron flux was of such a low value that the polonium content
in the brlcks was small. Although they were considered as a possible
source of polomum they were never used because of the volume of
material to be processed.?

The slugs were cylindrical rods of bismuth approximately 1Y% in. in

- diameter (although other slug diameters were used) and were used in

two different lengths.

(c) Bismuth Canm‘ng. The first bismuth to be irradiated in the Clin-

. ton reactor was in the form of bare slugs. The use of unprotected bis-

muth for irradiation purposes proved to be undesirable. When the first
irradiated slugs were discharged from the reactor, one slug was broken
and chips fell into containers of uranium slugs from which the bismuth
chips had to be separated by hand at considerable hazard to personnel.
It was feared that movement of the bismuth slugs in and out of the re-
actor, with the associated mechanical wear and chipping, would lead to
an accumulation of foreign matter within the reactor and necessitate

frequent decontamination of the reactor. To reduce the danger of con-
tamination of the reactor and surroundings during irradiation and-sub-

- sequent handling of irradiated material, a protective aluminum ]acket

or can, was provided for the bismuth.?
The bismuth slugs were cast slightly oversize and machined to fit

~closely into aluminum jackets. After the bismith slug was inserted into

this aluminum can, an aluminum plate was placed over the exposed end
of the bismuth slug and the plate was welded to the can with a heliarc
welder. Some slugs are jacketed with tubing to which suitable ends are
apphed and are securely welded to the tubing.

. The aluminum used for the can is 2-S aluminum, whlch may contam
the following impurities: iron, manganese, copper, lead, tin, zinc, !
silicon, titanium, nickel, -magnesium, chromium, vanadium, bisr_nuth,

_ and gallium. From the standpoint of radiation hazard, iron is of signifi-
. cance, producing, upon exposure to neutron irradiation, a gamma-active

isotope which has a half life"df 45 days. The ‘other impurities are of
little 1mportance because the half lives of the radioactive materials
produced are s0 short that these materials decay to, safe values in the
slug coohng off period.: An exploded view of a 4-in, slug and can as-
sembly is shown m Flg 7.4. : .

3. 'HANDLING AND STORAGE OF IRRADIATED BISMUTH;

3.1 Geneval. The storage and handling of irradiated bismuth is not
difficult when the concentration of polonium is less than 0.1 ppm: "As
the polonium concentration is increased, the beta and gamma radiation
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from the irradiated slug becomes apprec1able and constitutes a health
" hazard to operating personnel.?* :

3.2 -Shipment. The shipment of irradiated bismuth can be made by .
truck,.air transport, or railroad car. The radiation intensity at the
surfaces of packages of radioactive materials and the amount of con-
tamination on these packages must not exceed limits estabhshed for
shipment of radioactive substances.®

Fig. 7.4— Exploded view of a 4-in. slug and can assembly.

B1smuth brlcks 1rrad1ated in the Clinton reactor were shipped in in-
d1v1dua1 wooden boxes which were constructed to closely fit each brick.
The concentration of polonium in each brick and the number of bricks

in each shipment were such that no difficulty was experienced in trans- .

porting them. |
Irradiated bismuth slugs may be transported in containers, or casks,
_which:are cylindrical:in shape and which are fitted with a nest of

tubes, each tube being large enough to loosely hold one slug. . The space

between the tubes may be filled with lead to absorb gamma radiation -
from the slugs. These casks should be Securely fastened in a second
box such that radiation measured at any surface of the box is within
-the permissible limits specified by shipping regulations.

4

£
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3.3 Storage. B}}!smuth bricks which had been irradiated in the Clin-
ton reactor were réceived at the Dayton PrOJect and were stored tem-
porarily in a small tile-lined cav1ty in the floor near the area where
they were to be processed. When irradiated bismuth slugs became
available to the Dayton Project, this method of storage was inadequate.
A method of storage for irradiated bismuth slugs was developed26 which
would provide health protectlon for personnel.

A steel safe, or storage cabinet, was built which was provided with
doors on the front and back sides. Tubes of somewhat shorter length
than the depth of the safe were positioned horizontally in the storage
cabinet, and the space between the tubes and the inner cabinet wall
was filled with lead. The tubes were large enough to receive slugs
loosely, and the doors of the cabinet afforded access to the tube ends.’
Consequently slugs were easily inserted or removed from either side
of the cabinet. Each tube was provided with a removable lead plug
which reduced radiation effects from the stored slugs. -

Another storage method was developed wherein irradiated slugs
were stored under water, and as'a result radiation from the slugs was
reduced to a value which would offer no hazard to personnel. A tile-
lined storage pool.was constructed, and an inclined storage rack was
installed in the pool. This rack was provided with holes into which slugs
could be inserted or removed by tongs. A periscope was installed in the
pool; therefore any slug could be inspected and its identification mark-
ings could be examined without lifting the slug above the surface of the
water.

, 4, ASSAY OF IRRADIATED BISMUTH SLUGS

4,1 General, The quantlty of polonium in irradiated bismuth may be.
calculated by the methods described in Sec:. 2, but such calculations are
time-consuming, and complete data for making the computations fre-'
quently are lackmg A direct method for determining the quantity of

polonium in each piece of irradiated bismuth is desirable for computing .

material balances.

4.2 - Chemical Assay. The quantity of polonium in irradiated bis>
muth slugs (or bricks) may be determined by taking a representative
sample from each slug, dissolving a known weight of this sample in

. suitable reagents, diluting the solution to a definite volume, and mount-

ing a small aliquot on a suitable slide.’’ This slide is counted in an
alpha counter, and the quantity of polonium contained in the slugs is .
then calculated from the observed counting rate, dilution factor of the

solutlon, and the weight of the- sample used.

4.3 Gamma Assay. A method of slug assay which does not require
the taking of samples of the piece to be assayed is desirable in order
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to reduce the contamination of equipment and the hazards- to personnel.
Gamma radiation?®~* emitted by slugs or bricks of irradiated bismuth
has been used as a means of estimating polomum content. Certain im-
purities in the bismuth, or in its jacket (for example silver), are ren-
dered gamma active by irradiation ih a reactor. For any particular
lot of bismuth and jacket material, thé quantity of impurities may be
assumed to be equally distributed in all pieces fabricated from this
: lot; consequently‘r gamma radiation due to these substances can be con-
' . sidered to be a constant fraction' of the total radiation emitted by the:
“slug. The total.gamma radlatlon from an irradiated bismuth slug is-
caused by impurities in the1b1smuth and by polomum ‘and, because the
radiation caused by the 1mpur1t1es is a.constant fraction of the total,
- the total radlatlon is a function of the polomum content. Thus, in slugs
' fabricated from a particular lot of blsmuth the polonium content of
each slug may be estimated from a measurement of the total gamma
radiation from each- slug , | :
. Gamma radiation may be measured by means of a Lauritsen electro-
'scope as shown in Fig. 7.5. The electroscope is mounted upon a stand
which is provided with one or more V-shaped receptacles adapted to
Y. receive a slug in order that all slugs are ‘measured at a fixed dlstance
from the electroscope With a slug positioned in the stand, the electro-
scope is charged by an electrical.device so thaf the' indicating fiber of
the electroscope is positioned at a predetermined mark on the scale,
~ The time required for the fiber to traverse a. definite number of scale
divisions is recorded, and the remprocal of this value is computed.
This remprocal of the discharge time of the electroscope is used as a
’ measure of the gamma radiation from the slug.
Any extraneous ionizing radiation passing through the electroscope
“will ‘cause the mdlcatmg fiber to move over the scale in a manner
) ' 51m11ar to radiation from a slug. This extraneous radiation must be
', measured at frequent intervals by observing the discharge t1me of the
’ electroscope w1thout any slug in position, computing the reclprocal of
the discharge time, and deducting this value from the reciprocals of
the dlscharge times of all slugs measured durmg the time interval,
v An errof caused by decay of polonium and active. impurities may be
' 1ntroduced unless all slugs from one lot are'measured within a com-
paratlvely short t1me interval (of the order of several hours). A cor-
) rection for this error may be made by selecting several slugs from
e one lot as “standards” dnd measuring the activity from these slugs .
' frequently By determmmg the time rate-of- change of the standard
. slugs, the radioactivity measurements of all slugs can be corrected to
-t . values which they had at any selected time since they were removed
L from the reactor.
K " The reciprocals determined as described are relatwe values- that is,
~ the radioactivity content of one slug is referred to the others in the -
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same lot. If the polonium content of one or more of these slugs is
~ known, the polonium content of the others may be calculated from the
correspondmg relatlve values. Several slugs from each lot may be

‘). 4yt :.”

.“'

1
f

. Fig. 7.5—Measurement of gamma radiation from slug.

taken for analysis (Sec. 4.2) and the polonium content determined.

These data are plotted on coordinate cross- -section paper, and the re-

lation of relative value to polonium content is calculated. From this
the quantity of polonium in any slug in the lot can be computed.
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‘Gamma radiation from slugs may be measured by means .of an elec-
_trometer such as that described in Chap 9, Sec. 3.7. This instrument
‘is adapted to installation in a storage pool of water and is constructed
in such a manner that measurements may be made on slugs without re-
moving them from the pool. Relative values of individual slugs are in-
dicated on an arbitrarily numbered scale, the values of which may be
used to calculate the polonium content of ‘the slug as descrlbed in the -
prevxous paragraph :

4.4 Calorzmetrzc Assay The quantity of polonium in a slug mai' be
determined by ‘measuring the quantity of heat generated by the decay of
the radiocactive’ ‘material in the slug. During a period of approximately
30 days after the dlscharge of slugs from the reactor, substantially all
of the Blm will have decayed to Po210 ‘consequently the calorimetric
measurements made after this “cooling-off” period will primarily re-

" cord the heat generated by the decay of polonium. The polonium con-
v : tent of each slug can be computed from calorimetric measurements
obtained as described in Chap. 10.

4.5 Calculated Values, The quantity of polonium in individual slugs
may be calculated from equat1ons developed in Sec. 2 if the’ reactor
'neutron flux around that slug is known. If the distribution of neutron

" flux along the axis of the slugs in a reactor is known and the polonium
content of any one slug in the lot has been determmed the polomum
content of all other slugs in the lot may be calculated since, as was in-
dlcated in Sec. 2, the polomum formed in a slug is proportional to the
neutron-flux intensity. A method® 3 for calculating the amount of Po?!?
in irradiated bismuth slugs was developed which was based on the as-
sumption that the reactor- ﬂux‘ intensity was a cosine function along the

- axis of the reactor. '

5 DECANNING IRRADIATED BISMUTH SLUGS

5 1 General. Where subsequent processing operatlons' are such that
' substances in the aluminum jacket do not interfere, the jacket may be
dissolved with the bismuth; however, removal of the jacket before dis-
"solution of the slugs is generally preferred. This may be accomplished
by several different methods, but due consideration must be given to
~ the radiation hazards involved. ‘
- .Alloying elements in the jacket material® become radioactive as a
result of neutron irradiation in a reactor; in particular, iron, which
forms an isotope having a 45-day half life, is a radioactive contaminant
which must be considered. Traces of cobalt and zinc may be present in
the jacket, and these form isotopes having half lives of 5.3 years and -
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250 days, respectively. These radioactive elements emit gamma radia-
tion which may be of sufficient intensity to cause a serious hazard to
personnel. The decannmg operation is therefore performed in a suitably
shielded enclosure.

5.2 Mechanical Decanning. The bismuth bricks ir’radia_ted in the
Clinton reactor were enclosed in a thin aluminum can which was fabri-

" cated in such a manner that the open end could be crimped shut after

the brick had been inserted. Unfastening the crimped end of this can
permitted the irradiated brick to be withdrawn.

Bismuth slugs may be decanned* by use of a mechanical apparatus
such as that shown in Fig. 7.6. In the operation of this equipment, a
slug is placed on the lower rollers and the upper roller is forced into
contact with the slug at a predetermined pressure. The lower rollers
are rotated by an electrically driven motor at a constant roller-surface
velocity. After approximately 15 sec of rolling, the slug jacket is loos-
ened and the end caps are separated from the jacket shell; hence the
slug may be removed from the jacket. Figure 7.7 shows a slug which
has been decanned by this procedure.

The rolling operation makes a clean fracture of the joint at which the
end caps are attached to the jacket shell and stretches the jacket shell
so'that the slug may be removed easily. Heavy pressure and long roll-
ing times result in work-hardening of the jacket and excessive flaking
of the bisx'nvut’h slug; insufficient pressure and short rolling times do
not cause complete loosening of the jacket. _

An _apfi'reciable amount of heat is generated in slugs during irradia-
tion in a; reactor, and, to obtain efficient cooling of the slug, heat must
be readily transferred from the slug to the ]acket ThlS requlres a
t1ght ﬁt of slug.and jacket in order that a large metal-to- metal con- '
tact area is attamed Removal of the jacket by means of hydrauhc or
pneumatic pressure applied to one end of the slug, after removal of -
both end caps, is not pract1ca1 because frlctlon caused by the tlght fit of
slug-and ]acke_t is ‘such ‘that excessive pressures are required to cause
relative movement of slug-and jacket. These bre_ssures result in'crush-
ing and breaking of the 'slug and rupture of the jacket. The ¢lose fit at
the ends of the slug makes cutting of the end cap a cmtlcal operation

‘because the. slug must be accurately pos1t10ned in order to properly lo-

cate the cuttmg mechanism. o : e

5.3 Decarmmg by External Heat. A number of bricks irradiated in
the Clinton reactor were decanned by puncturing each end of the jacket

“and placin'g.'thé brick in-a small furnace maintained at a temperature in

excess of the melting point of bismuth. Molten bismuth drained from
the jacket, leaving the jacket essentially free of radioactive contami-
nants associated with the bismuth.3 % Slugs subjected to more intense
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co ' -~ Fig. 7.6—Mechanical slug-decanning apparatus.
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' thla reagent 37 The equatmn for this reactlon is.

- '_ 1rrad1at1on have not been successfully decanned in th:s manner. k) When
: such slugs ‘are subJected to heat (for example heat from a- h1gh fre-" R
" 'quency mductxon heater) a’ layer ‘of moltén bismuth clmgs to the. 1ns1de

i surface of the ]acket This" appears to be due to the formatlon of an al- S
' loy (or a mxxture of alummum and, b1smuth) at the surface between the

slug and the ]acket durmg 1rrad1at10n of the b1smuth

S N

5.4 Decanmng by Caustzc Alummum is soluble 1n caustlc solutlons

; whereas bismuth is insoluble. Consequently Jackets may be removed in .
- accordance ‘'with the react1on : -

2Al + 2NaOH + 2H20 = ZNaAlo2 + 31-[2 L . .

PR _,,.

iy Slugs may be loaded into'a basket fabrlcated from a su1table materlal

(such as stamless steel) ‘and- immersed in a dilute solutlon of“caust1c
soda unttl the )ackets are dxssolved The slugs may be rmsed in water
and processed as, des1red ‘

S v An apprec1able arhount of hydrogen is evolved durmg this reactlon L
- and durmg the reaction described: in. Sec. 5.5; " hence appropriate meas- .
: ,.ures- must be taken to prevent formatlon of an exploswe mlxture of thlS

i

‘_'-gas.;. o B

5 5 Decannmg by Aczds.
mg about 17 per cent hydrochlonc acid whereas bismuth is msoluble in

1

2Al+6HCl—*2AlCls+3H2 e

i t‘.

: 1Slugs may be decanned by 1mmers1on ina dxlute solutton of hydrochlo- -
r1c acid until the Jackets have ‘been d1ssolved whereupon the slugs may - -
“be’rinsed and processed as des1red ’ oo

‘If irradiated b1smuth slugs are to be processed by a.wet chemlcal

'.: method it 1s'conven1ent to do.the decannmg operatlon in the’ same ves-~

h sel that is used for. the further processing of the slugs (for example,
glass vessel) Care must be exercised in loadmg slugs into a glass ves-

_ ' sel to prevent mechanlcal damage -One’ method of protecting the glass,

. durmg the loadmg operatmn is to spread.a layer of 11me over the bottom

. of the vessel and to.place the slugs on this lime Water, added slowly to . ‘

) "the vessel, will form'a slurry with the lime, and as the: hme is hquehed :

" the slugs are gently’ depos1ted on the bottom: of the vessel The, 11qu1d ’

“ slurry may be’ w1thdrawn from the vessel or:acid may be added and the _

- Z-slurry dlssolved along with the slug ]acket s .

Another method of loadmg may be employed in- wh1ch a layer of

it 'crushed sohd carbon d10x1de (dry ice) is spread over the bottom of the

\.av, \

Alummum is soluble in a solution contain-

‘,‘J‘.

2
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R vessel and the slugs are placed upon th1s layer: The sohd carbon d1- o
T ox1de may be permltted to evaporate naturally, or the evaporatxon may "
.. be accelerated by heat applied to the vessel or by the add1t1on of water

" to the carbon leXIde and ‘slugs-in the vessel. -

¢

, " The’ decanmng operatlon may be done in'the apparatus shown in : "';/ .
-~ & . FigiT 8. This apparatus consists of a glass jarj 12'in. in- -diameter by,
. o 24inT high, fitted with 2 cover through which pass fittings. connected to
, .a glass heating- c01l -These fittings serve to introduce a heat- transfer o
- P -medium, such as Dowtherm A (Dow Chemical Company), into the heat--‘
- ing coil to permit the solution in the jar to be heated. A circulating:
pump with a su1table control mechanism is prov1ded to c1rcu1ate the
) » " hot heat- transfer medium' through the glass coil. ST
.7 . Passing through ‘the ‘cover and rigidly attached thereto are onéor -° M\ oy
- ' more glass tubes-which are partially closed at the lower end and which: .
. \extend almost to the bottom of the jar..This lower end is prov1ded with.. . ;|
.a perforated plug adapted to perm1t solution to pass through freely and . L
2 retain solid material of apprec1able size. Holes dre formed in the ver- '
. t1cal tubes about midway of their height, and removable covers dre at-
tached.to the upper ends of the tubes. The reactor jar is filled w1th acid
solutlon to a depth slightly above the holes in the vertical tubes, the -
’ covers are removed from these tubes, slugs are dropped into the tubes
¥ . . until the upper ends of ‘the slugs are about even thh the surface of the
solutlon ‘and the tube covers -are replaced e ' :
- The cover is prov1ded with a water- cooled outlet adapted for connec- SRS
A tion to-a. velnt line; the outlet forming a condenser whereby condensable o
- substances qn the vent gas are hqueﬁed and returned to the reactor. ]ar i

- A water-cooled heat exchanger is fitted to a d1p tube so- that SOlllthl'l . “ :
> from the’Jar may be cooled as it is mthdrawn.; ’ : LT e
" Hot heat! transfer nedium is circulated through the heatmg co11 unt1l
the solutxon reaches the desired temperature which is then mamtamed
bya control mechamsm associated with the c1rculatmg apparatus A
v1gorous reactmn occurs around the slugs in the vertical tubes and
. R ‘gas evolved during the; reaction rises in the tube and escapes through
- e the holes 1n the;side of the tubes. .This gas acts as a gas-lift pump,
s drawmg fresh solutlon into the bottom of the-tube and dlschargmg the‘ .
e spent solutrlon out of the side holes. Thus the solutlon in: the reaction ' PN
. " zone is renewed contmuously so that dissolution of the ]acket is rapidly Y
. R effected The decanned slugs may be subjected to further processmg .
’ operatxonsJ w1thout removmg them from the reactor N :
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6. DISSOLUTION OF IRRADIATED BISMUTH '

6.1 Genéral.
rad1atedf bismuth angd- other impurities by wet chemical methods, the:
irradiated bismuth must be dissolved in a sultable lxquld from Wthh

.polonium may’ be recovered substantially free from impurities. Bis-
muth is relatively. insoluble in most solvents, and special methods are
requlred to effect the dissolution of bismuth in materials from which
polonium may be easny recovered :

6.2 Electrolytic Method. Irradiated blsmuth dxssolved in hydrochlo-

In order to effect the separation of polonium from ir-;

ric acid is one solution from which polonium may be recovered. "Bis- - ‘

muth is not easily dissolved in such a medium, but, if a pos1t1ve poten-
‘tial is apphed to a slug immersed in hydrochloric ac1d dlssolutlon
can be effected. An apparatus which may be constructed for this pur-
pose consists of af anode compartment containing hydrochlonc ac1d
which is separated by-a barrier from a cathode compartment contam-,
inga su1table electrolyte. A bismuth slug is placed in the anode com- .
partment and connected to the posmve termmal or anode of an elec-
trical circuit. The negative terminal, or cathodé, of the c1rcu1t is '

connected to a plate of suitable material (such as carbon) in the cathode ’

compartment.. Upon application of the proper potential to the’ circuit,

the bismuth will go into solution in the anode compartment. . R
- The barrier must be constructed of a material such that diffusion of

the anode solution into the cathode solution is prevented and it must be

of low electrical resistance so that excessive heat will not be generated

by passage of the electrical current: required to dissolve the slug. If

diffusion of. the anode solution mto the cathode solution occurs blsmuth ;

"will be plated onto the cathode along with any polomum which may be in
the solution. Barriers which prevent d1ffusxon of the solutioris have an

- electrical resistance of; such a value that considerable amounts of heat -

L

-

are produced as .a result of the large electrical currents requlred to ef- '

fect: rapid dissolution of the slug; hence efﬁclent ‘cooling of the equxp-“ :

ment must be provxded L R . .‘.' -

H

6.3 Dzssolutzon in Acids. ' Irradiated bismuth may be dissolved in a-

- mixture of aclds ‘such as a mixture of ‘hydrochloric and nitric.acids.

To effect rapld dissolution, the b1smuth should be of small partlcle size

in order to offer. a large surface area to-action of the acid mixture.,
The large brlcks 1rrad1ated in the Clinton reactor were melted 40 and

the melt was run into a vessel of water. This procedure resulted in the

formation of small bismuth globules resembling shot. The melted blS- -

" 'muth may be run directly into a glass vessel contammg concentrated

hydrochloric acid, nitric acid is added, and a vigorous reaction occurs.
The dissolution of bismuth may.be represented by the followmg reac-
tions:¥®
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eratmg personnel

‘ atlon may be: evaporated:in. steam heated open vessels whlch are

B1 ¥ HN03 + 4HC1 ~ HB1C14 L NO +'2H20 e
‘Bi+ 3HN03 + 4HCl }1131014 £ 3NO‘2 + 3H20 w1, 18).

The quantlty of n1tr1c ac1d requlred is mtermed1ate to that mdlcated
by Eqs.'T: 17 and 7:18, the exact quantlty'bemg determmed by condi- -
tlons of the reactlon Generally the quantlty of mtrrc ac1d requ1red w1ll

‘ ‘be nearer’ that mdmated by Eq. 7.17 than that md1cated by Eq 7:18, - ~
Both reactxons occur s1multaneously, and it is quite probable that' other R

reactlons also occur Temperature condmons quantities of reagents
and rates of reagent addltlon must be carefully controlled to ensure
cons1stent performance. D R -

: Polomum probably d1ssolves in a manner s1m11ar to that descrlbed
“-above for bismuth; consequently the equatlons shown for b1smuth are -
assumed to represent the d1$solut1on of polonlum 4; o : o
A Bismuth’ slugs may be dxssolved in the same apparatus as 1s used .
for the’ removal of Jackets (such as_ that descr1bed in Sec. 5). Each in-,

d1v1dual apparatus \requlres dlfferent operatmg procedures and accurate S ["‘ ’

control of process, varlables. Variables include temperature of solu- .-

«

t1on or reactlon quant1t1es of reagents used and the: rate of addltlon of

reagents SN -7 B . N ; S ;

IR 5 DENITRATION '_.4 Roa

7 1 General Excess n1trlc ac1d in the solut1on formed durmg the
d1ssolut10n operatlon should be removed or treated in such a mariner
- that it will cause no interference.with subsequent operatlons. The ni-

tr1c acid may be removed either: by evaporating the solution to’ dryness

and ‘heating’ the residie suff1c1ent1y to expel the acid Jor: by the addition

of reagents which will: combme with the acid and w1ll not; combme w1th~
other substances in the solutlon. Preferably, the reagents ‘used: for this -
purpose should form volat1le compounds wh1ch can be’ removed readlly

fromthesolutmn T R

’.,

7 2 Evaporatzon of.. Solution. The solutxon from the dlssolutlon oper-
}
mounted on electr1cally heated: hot plates Sultable ventllatlon hoods
are requ1red to carry off ‘the ac1d vapors produced durmg the evapora-
t10n \Decrepltatmn occurs when-a crust forms over the surface of -
the solut1on, resultmg 1n loss of mater1a1 and contammatmn of sur— '
roundmgs : , SRR - : v S
-This method of removmg n1trlc acid has the followmg dlsadvantageS°
(1) d1ff1cult1es in providmg an adequate vent11at1on system for removal ,
-of fumes (2) the large quantmes of- steam requ1red for heatmg, (3) the"
danger of contammatmn of operatmg areas and (4) the hazard to op- "
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1. 3 Demtratzon by Urea. The dlgestlon solut1on may be treated by »
the addition of urea 2™ This is not a complete denitration in that. only Sl
oo mtrous ‘acid is destroyed whereas the nitric actd is not affected; ‘how- . .. T
e ever, b1smuth one of the reductton-deposmon ‘media used in succeed-

% ' :Q'\ ing operatlons, dissolves. very slowly in mtrxc -acid whlch is'free of -
-::’;’, Lo mtrous acid. Hence, the urea treatment allows subsequent operat1ons to
% be done without major interference by the nitric ac1d . .
- ) The urea treatment has the advantage of not requ1r1ng heat p
o Ve Demtratzon by Formaldehyde Demtratxon can be effected by- L ~

.- ra1smg the temperature of the solutmn to 85°C and adding formalde~- -
. hyde.- The. reactlon probably proceeds as

HCHO + 4HNO; - co2 + 2,0, + 3H20 e
: 3HCHO +4HN03 = 3C0, + 4NO + 5HO

w1th the f1rst reaction predommatmg : - N
‘ The- solutlon should be heated to about 85 °C prior to the- addltlon of
the formaldehyde because,. if the, formaldehyde is added to “the. cool
" - solution, the reactlon may become violent.when the temperature of the
solution is raised.” The formaldehyde is added in: small portions, and
the solution is contmuously agltated The reaction is complete when ) o
i the evolutlon of brown.fumes ceases. : E
A disadvantage of the formaldehyde-method of demtratmn is the fact-b R
' ‘that some’ polymenzatxon of the formaldehyde. occurs The: polymer S
R - causes, no mterference in ‘certain of the alternate subsequent opera-
=77 tions; in others 1t s necessary to: penodxcally remove the: polymer AL

“l
s b

4

I L 5 Demtmtzan by. Formzc Acid. Formlc ‘acid may be used as a R
R demtratmg agent through reactions havmg the same end products as the . . .

I

. formaldehyde reacttons M LT

e HCOOH +; 2HN03 "'Coz + N204 + 2Hz° R T A
3HCOOH + zuNo, —~ 3coz +2NO + 4H20 el
x' B s, ey #

E - . ot

VThe f1rst reactlon predommates '
% * . "Thé treatment may bé carried out in the vessel whlch is. sultable for .
L ’ denxtratlon by formaldehyde The temperature required for a reason-; 2

2> able reactlon rate .is 90’ to 95°C, whlch is only shghtly higher. than for . " 4
N :.the formaldehyde 'treatment The end’ point may be observed by a sharp
. " color change of the solution. from orange-yellow-to greemsh Zyellow,
> There is essentlally no difference in the reactlon tlmes of the formal-

= dehyde or. formlc acid demtratlons
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Yo g CONCENTRATION AND PURIFICATION

8.1 Cehérdl After demtrat1on~ the polomum isina 6N to 10N hy- °
drochlor1c acid solutlon wh1ch is nearly saturated with d1$solved bis-
muth Three processes and- varlatxons thereof have been’ employed to
*1mprove the polomum -bismuth ratio. Th1s rat1o can ‘be 1mproved by
these processes by a factor of approx1mately 500 000 -

7'~ "The. first two descr1bed processes, the bismuth process and the .

" silver process, make use of the fact that polomum bemg more noble -

than. e1ther bismuth or. silver, can'be displaced from solution by these

: materxals and deposxted upon these materials as the reduced metal. In

:the tellurmm process the polomum is removed from: solution by copre- ',

“cipitation thh tellurmm by means of a reduclng agent o o

.

8.2 stmuth Process. (a) First Reductzon and Deposztwn on, /st-
.muth, (1) General Bismuth has the approximate redox potential nec-.

. _essary to reduce ionic polonium w1thout reducing ionic bismuth. One

"

> . immediately apparent advantage of using bismuth.as a reduction-and

deposmon medlum is the-fact that (using blsmuth from the same lot as”
‘was used for 1rrad1at10n) no new, 1mpur1t1es are introduced-into the

- -process.. Only those elements ‘more hoble than bismuth. will deposit to
any. degree on the. b1smuth hence less-noble-than- bismuth metals are’

: separated by this. reduct1on and depos1t10n process. By mamtammg a

w

hlgh normality of chlorlde-lon concentratmn (greater than 9N) good
.separation of :silver is also attained. - .

‘The rate of deposmon of polomum onto the b1smuth reductlon deposi
tion medium is a function -of the surface area of the bismuth, the speed
-at which this surface is.brought into intimate cortact: with the solution, -

" the concentrations of 1nterfer1ng impurities; and other factors whose

“effects cannot be completely evaluated Considerable work has been
done to- ascertam opt1mum part1cle s1ze when the blsmuth for, reduc-
tion- depos1t10n is in powder form, and to develop ways of spreadmg

: small quantities of the bismuth over large areas.

Four general methods, and varlatwns thereof, of. the first reduct1on
and depos1t1on of polomum from a hydrochlorxc acid solutlon onto bis- °
muth have been used: (1) agitation reductlon-deposmon (2). bed reduc-

. tion- depos1t1on, (3) flotat1on reduct1on-depos1t10n ‘and (4) column re- .

duction~ depos1t1on The first three methods use fmely divided b1smuth

. powder' thé fourth method uses blsmuth-coated glass rods. An im-

provement of the polomum-to blsmuth ratlo by a factor of about 50 is
effected by any ‘of these four methods ’ :

(2) Agztatzon Reductzon-Deposztzon. . Agitation reductmn deposxtmn :

: >may be accomplished by placing:the solution- ina glass vessel,

adding bismuth powder (150 to 200 mesh); and ag1tat1n_g the slurry by
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means of a motor-driven glass-enclosed stirrer. Samples for alpha
assay of the solution may be taken periodically to ascertain the com-.
pleteness of the reaction. The supernatant solution may be withdrawn
by means of a dip-line, while the bismuth powder, how containing the
polonium, remains in the vessel. Disadvantages of this method are the
facts that it is difficult to remove the supernatant solution without also
carrying away some of the powder and that the taking of samples for
analysis is hazardous. '

(3). Bed Reduction-Deposition. Bed reduction-deposition may be ac-
complished by passing the denitrated solution through a vertical piece
of glass pipe or glass tubing which contains fine (150 to 200 mesh) bis-"
muth powder held in place by a filter disk or a glass-wool plug. Pas-
sage of the solution through the tube may be facilitated by applying a
constant vacuum below the bed. The thickness of the bismuth-powder
bed will also affect the rate of flow. This method has an advantage over
the agitation method in that it may be remotely operated and samplers
for alpha-assay may be readily installed on either side of the bismuth.
In addition, the filtrate cannot carry away with it some of the powder
as is the case with the agitation method. On the other hand, any insolu-
ble material, such as polymers from a formaldehyde denitration, will
be filtered out by the bismuth bed and the retaining medium, and pro-
hibitively slow flow rates may result. '

(4) Flotation Reduction-Deposition. In the flotation reduction-deposi-

tion method, the solution is made to flow upward through a tube, Fig.
7.9, causing the bismuth powder which is contained in the tube to be
suspended and dispersed throughout the solution.*® Two or three of
these towers may be connected in series, and the flow rate of the solu-
tion through these towers should be carefully adjusted to be fast enough
to cause the powder in each tower to be suspended and yet slow enough
so that the powder is not carried over from one tower to the next. Pow-
der of 200 to 325 mesh is normally used in this apparatus.

(5) Column Reduction-Deposition. Investigations of column reduc-
tion-deposition of polonium phto bismuth came. about somewhat inci-

"dentally during the development of the silver process (Sec. 8.3). At-

tempts to plate bismuth onto silvered glass beads were not successful,
but a method was developed for the electrodeposition of bismuth onto
silvered glass rods. These rods were placed in a glass column through
which the active solution flowed. Deposition of the polonium onto these
rods was substantially complete after about three passes of the solution
through one column or oné pass through three columns in series; how-
ever, some difficulty was encountered in removing the bismuth and the
polonium from the rods.

PR
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- Fig. 7.9—Flotation reduction-deposition apparatus.
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_ it is desirable that the vessel in which the powder is placed, and
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(b) Dissolution and Denitration. The end product from any of the four
described reduction-deposition methods is very similar in composition
to the original unjacketed bismuth slugs except that the amount of bis-
muth has been reduced by approximately a factor of 50, and some sepa-
ration of less-noble-than-bismuth metals has been effected.

'The bismuth powder may be dissolved as described in Sec. 6.3, and
this solution may then be denitrated by any of the methods descmbed in
Sec. 7. The amounts of reagents necessary, both in dissolution and in
denitration of the powder, are considerably reduced from the amounts
required for the slugs, owing to the smaller amount of material in-
volved.-

(¢) Second Reduction and Deposition-on Bismuth. A second reduc-
tion-deposition operation, similar to that described in Sec. 8.2a, fur-
ther improves the polonium-to-bismuth ratio as well as effecting
further separation of less-noble-than-bismuth metals. In addition,
maintaining a high chloride~ion concentration in the solution keeps
much.of the silver in solution. By using approximately Y100 as much
bismuth in this second reduction-deposition as is used in the first re-
duction—deposition, the polonium-to-bismuth ratio is improved by a
factor of approximately 100.

Agitation reduction-deposition may be performed in an identical .
manner. to that described for the first reduction.. Smaller size equip-
ment may be employed as a result of the decrease in the amount of
bismuth powder to be used. Agitation of the slurry by means of a
motor-rotated stirrer has been used, and, in addition, gas agitation
has been successfully employed.*®:*® Bubbling a gas such as carbon.
dioxide through the solution serves 'not only to suspend and stir the’
powder but also to remove any dissolved oxygen. -

Bed reduction-deposmon may likewise be performed by a method .
identical to that described for tlie first reduction. If it has been deter-
mined that the volatilization step, described in Sec. 8.2d, is to.be used,
through. whlch the solution flows, be suitable for use in the volatiliza-
tion step This eliminates the necessity of 'moving the powder from
one container to another. Figure 7.10 shows a porcelain crucible which
is suitable for bed reducuon-deposmon and for volatxhzatlon b

@ Volatilization. The blsmuth powder, from any of the reductlon- '
on-bismuth methods,,is normally further purified by one of two® alter- -
nate methods:" (1) volatilization or (2) reduction with stannous ‘chloride.
The stannous chloride step is described in Sec.: 8.2e.

The volatility of polonium was observed by early workers, and ad-
vantage was taken of this property during concentration and purifica-
tion studies (Chap. 2, Sec. 3.1c). Some effort at Mound Laboratory
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has been directed toward the utilization of distillation as a means of
separating:polonium from irradiated bismuth. The work on dlStllla.tIOIl
is described in Chap. 8.

The removal, by volatilization, of polonium from plafinum foils onto
which it had been electrodeposited (Sec. 9) has been widely used be-
cause some platinum usually came off with, and hence contaminated,
the polonium if removal were effected by chemical stripping.®? This
procedure led to the use of volatilization as a means of further separat-
ing polonium from bismuth.

PORCELAIN
CRUCIBLE

60-MESH . ‘
QUARTZ POWDER
. _ Je 45-MESH

PLATINUM SCREEN

© BISMUTH POWDER

\_ S _7\200~MESH PLATINUM
FILTER DISK
FILL WITH

GLASS WOOL

Fig. 7.10—Crucible suitable for both bed reduction-deposition and vo{atilization.

K

_ Volatilization of polonium from a crucible, such as the one shown in

Fig. 7.10, may be carried out in a quartz volatilization tube and an
electric furnace similar to those shown in Fig. 7.11. The crucible may
be the one in which the bed reduction-deposition was carried out; if
agitation reduction-deposition was used, the powder will have to be
transferred to a vessel which will fit the volatilization tube.
- It is necessary to wash the bismuth powder free of all chloride ions
since volatilization is ineffective in removing certain metallic impuri-
ties if present as chlorides. An effective wash is hydrochloric acid
followed by distilled water. -

The crucible contamlng the washed powder is carefully transferred
to the volatilization tube which is then inserted into the furnace. The
volatilization tube is equipped with a cover which has a connection by
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means of which the tube may be evacuated. The powder is heated for a
few minutes under vacuum, at a temperature -of about 150°C, in order
to dry the powder. The system is then vented to pure oxygen, and the
temperature is raised to about 650°C and held thére for a few minutes.

Fig. 7.11~—Volatilization tube and furnace.

.
i

This step converts the bismuth (melting point 271°C) to bismuth oxide.
(melting point 820°C) and the polonium to polonium dioxide. (This oxi- -
dation is performed for two reasons: (1) metallic polonium is not’
readily volatilized from the molten bismuth, and (2) the vapor pressure
of the bismuth is materially reduced by conversion to the oxide. Fur-
thermore, polonium dioxide decomposes readily at the temperatures o
and'pressuz:es used, and the metallic polonium readily vaporizes from
the bismuth oxide if the volatxllzatlon temperature is kept below the
melting point of the’ bismuth oxide.) The pressure in the volatilization
tube is then reduced to about 100 p, and the temperature is raised to
800°C. Under these conditions the polonium will be removed from the
bismuth in 30 to 60 min, depending upon the size of the batch being
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processed. The polonium deposits as'a. metalhc ring around the 1ns1de
of the .cool. end of the volatlllzatlon tube. Approx1mate1y 1 perfcent of .
the bismuth will volat111ze along with the polonium; thus this step rep-

resents a further improvement in the polonium- blsmuth ratio of about

100

* () Reduction with Stannous Chloride.’ The reductlon of polomum :

w1th stannous chloride is a concentratlon-purlhcatxon step alternate to
the volatlhzatlon step. The solubility of polonium in most solvents is
low 3anda pur1f1cat10n step based upon the prec1p1tat10n of polonium
from’ a’solution containing the impurities, rather than the reverse ‘pro-
cedure seemed feasible. Stannous chloride was recognized by early
Workers“"58 as an effective reagent for -separating polomum from solu-
tions."Stannous’ chlorlde has a particular advantage as a reducmg agent
for poloniuin; it is a solution in either its oxidized or reduced state,
and hence: metallic polonlum may readily be filtered and washed free
of it,%3

The blsmuth powder from any of the reduction- depos1t1on methods .

' may be. dlssolved as descrlbed in Sec. 6.3 and the solutlon denitrated

as. descr1bed in Sec. 7. The powder may also be dissolved in a mixture
of concentrated hydrochlorlc acid and hydrogen peroxide. The excess
perox1de should be destroyed by boiling. Addltlon of a 10 per cent stan-
nous chlorlde solution to. the polonium solutmn will reduce the polomum
to a fmely divided black powder Agltatlon fac111tates th1s reduction and
may be accomplished by bubbling n1trogen through the solution or by
boiling the solution. After a short t1me the fmely divided suspension
will, coagulate, and the solution may be filtered. The precipitate is then
washed with a 1 per cent stannous chloride solut1on followed by a wash
in dlstllled water to remove the bismuth and tin ions still with the
polonium.

() Precipitation with Ammoniwm Hydroxide. Reduction-deposition
prdéé"sé’éfs""s"eparate polonium from those metallic impurities less noble
than bismuth:: The bismuth’is further separated from the polonium in*
eithér-the volatilization or the reduction-with-stannous chloride step. " -

. It'igistill‘necessary-to separate‘those elements which‘are -more néble -

than’bismuth. ' These would plate out with the polonium in the ensuing -

. electrodeposition operations (Sec. 9) which represent the final purifica=

tion ‘of poloniiim.” Silver is.generally the chief impurity at this point; it
can be separated from the polonium by precipitating the polonium with -
ammonjum hydroxide; the silver-remaining in solution as the.ammo-
‘nium complex. Other complexing agents may be added at this point for-
‘the; removal of other noble impurities. if:they are present. - For example,
'potassium’ cyanide: will ‘act as'a complexing agent for gold, and hyd'rogen
perox1de ‘will reoxidize any metallic gold which might prec1p1tate at’
this pomt 53
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‘leaf, and fine silvér powder have also been used in such columns. A
The beads may be’ silvered by first roughening the beads and.then sil- .
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The volatilized polonium (if the volatilizafion step 'was 'vus'ed) in the
volatilization tube may be dissolved by carefully pouring nitric acid
'down the sides of the tube; refluxing may be necessary to completely
dissolve the polomum ‘'The washed polonium from the stannous chloride
step (if this step was used) may also be dissolved in nitric acid, al-
though a mixture of concentratéd hydrochloric acid and hydrogen perox-
ide is somewhat more effective. (The excess hydrogen peroxide in the
solution must be decomposed prior to the dddition of ammonium hy- oo
droxide.)

‘Ammonium hydrox1de may then be added to the nitrate or the chlorlde ,

solution (whichever it happens to be), and polonium will precipitate as
the hydroxide. Boiling will aid in coagulating the precipitate. The pre-
cipitate is filtered and is then washed several times with ammonium
hydroxide and then with dxstxlled water. The precxpxtate may now be .
d1ssolved in whatever medium is desired for electrodeposmon (Sec. 9)

8 3 Silver Process.’’ (a) Reductton—Deposmon The spontaneous

deposition of polonium on silver has been used by several mvestxga-x
tors®—%3'as a convenient method for separating polonium from other
elements. Reduction-deposition on silver will accomplish good separa-
tion of the polonium and bismuth because silver is'more rioble than bis-

muth, and the bismuth will not be reduced by the silver. The separation’

of the polonium from the silver on which it was deposited will also
effect separatmn of the troublesome radioactive silver impurity (Sec.
2.9).

The silver process may be used with the denitrated solution of the
irradiated bismuth slugs as the starting material. This solution can
be circulatéd through an apparatus such as is shown in Fig. 7.12. The :
apparatus consists chiefly of column A (packed with silvered glass =~ *
beads) through whlch the soluﬁlon may be circulated by means of a |

carbon dioxide —operated gas lift. Silver-coated glass wool, silver
' 64,85

vering them by Brashear’s méthod®® (the reduction of ammoniacal su- :
ver solution with glucose) It is necessary to roughen the beads to’ pre-
vent strippmg of the silver by the hydrochloric acid solution contaming
the polonium.

The solution is cu‘culated through the column as many times as are’

necessary to remove the polonium. The depletion of the polomum from. -
the solution may be determined by alpha countmg a sample of the, solu- ‘

tion. :
Ferric ions present in the solution cause consxderable trouble by

stripping the silver from the beads, and attempts to keep these ions re- -

duced to the ferrous state have not been too successful. Stannous chlo-
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. Gas lift 2
.-Adsorption column 3
. Exhaust traps confaining HCI1 4
. Solution reservoir ‘
. Trap for gas lift 5 and 6.
. Enameled pan . 7.

Stopcocks

. Vent for reservoir )
. Gas-lift pressure control
. Solution inlet )
. Inlet for active solution and washes

and drain for apparatus
Bypass for adsorption column
Gas control for gas lift

. For measuring flow rate
. Vent for column

Fig. 7.12-—Silver-process apparatus.
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ride will keep the iron reduced, but it also reduces silver chloride if the

" silver chloride is present in too high a concentration.

(b) Dissolution of Silver and Polonium. The silver coating, upon
which the polonium is deposited, is best dissolved off the glass beads
by refluxing two portions of 7.5N nitric acid in the column for about 30
min each, followed by a similar refluxing with 6N hydrochloric acid and
one with distilled water. Filling the column with concentrated hydro-
chloric acid and allowing it to stand overnight assures-the dissolution’
of all the silver and the polonium.

The silver can also be dissolved off the beads by passing chlorine -
gas over the beads, which have been previously wetted with ammonium
hydroxide, and then passing concentrated ammonium hydroxide over
the beads several times.

(c) Separation of Silver and Polonium. If the silver has been dis-
solved in ammonium hydroxide, the polonium may be separated from
this solution by passing the solution through an adsorbiné medium, such’
as alumina, which is placed in column C of Fig. 7.12. Three passes of
the solution are generally sufficient to remove almost all the polonium.
The polonium may then be removed from the adsorbent by elution with

‘hydrochloric acid. Mixtures of 50 per cent Celite (Johns-Manville} and

magnesium carbonate, barium carbonate, or calcium carbonate are
also effective adsorbing media.
If the silver has been dissolved in acids, these acids are neutralized

~ with ammonium hydroxide. Polonium precipitates as the hydrated oxide,

+

and silver remains. in solution as the complex ammonium ion. Separa-

" tion may be effected by filtering through a sintered-glass filter. The

hydrated oxide of polonium may be dissolved in whatever ‘medium is de-
sired for eleétrodeposition (Sec. 9).

8.4 Tellurium Process.’’ (a) Coprecipitation of Tellurium and
Polonium. The tellurium process, like the silver process, has been
used either with the denitrated solution of the bismuth slugs or with the
denitrated solution of the bismuth powder from the primary reduction- .
deposition on bismuth as the starting material.

The coprec1p1tat10n of polonium and tellurium was reported by Marck-
wald54 who reduced the two materials in a hydrochlorlc -acid ‘solution by
means of stannous chlorlde This is the first step in the tellurlum
process. .

Telluric acid and stannous chlomde are added to a demtrated solutlon
of bismuth which contains polonium: ‘The solution is then heated until
the tellurium precipitates and coagulates; the polonium is precipitated
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with the tellurium (Fig. 7.13a). Agitation of the solution by means of a
stirrer is helpful. (Hypophosphorous and hydrosulfurous acids have

" also been used as reducing agents, but the results using these reagents

- were not as good as those obtained with stannous chloride.) The so-

lution is filter'ed, and the precipitate is washed with hydrochloric acid
(Fig. 7.13b). The precipitate is then dissolved (Fig. 7.13c) in aqua

f

regia, and the solution is denitrated (Fig. 7.13d) as described in Sec. 7.

(b) Reprecipitation of Tellurium and Polonium. It has been found®®
that the amount of bismuth precipitated by a given weight of tellurium
in the tellurium-polonium precipitation is a function of the concentration

‘of the bismuth. If the starting material for the tellurium process is the

denitrated solution from a bismuth 'reduction-deposition operation, the
bismuth concentration is so small that the amount precipitated is not
harmful. However, if the starting material is the denitrated solution
from the dissolution of bismuth slugs, the amount of bismuth precipi-
tated is so great that a separation must be made. This can be ac-
complished by reprecipitating the tellurium and the polonium.

The reprecipitation is carried out in the same manner as the first
precipitation except that the precipitate, following filtration, is washed

- with hydrochloric acid to which has been added a reducing agent such

as hypophosphorous acid. This is necessary to prevent loss of a con-
siderable amount of polonium in the hydrochloric acid wash. The dif-
ference between the behavior of the polonium in the washing operation
of ine first precipitation (no loss of polonium occurs) and the washing
operation of the second precipitation (considerable loss of polonium
occﬁrs) may be exblained as follows: In the first precipitation the tel-
“lurium\ is added as telluric acid. In the second precipitation the tel-
lurium is probably in the form of tellurous acid since it seems im-
probable that a solution which is obtained by dissolving tellurium in

‘aqua regia, and which is then denitrated, could contain any telluric acid.

The tellurium formed by reduction of the tellurous acid contains some
hydrochloric acid—soluble tellurium, probably tellurium dioxide. Any
polonium oxide formed in a manner similar to the formation of the

“oxide of tellurium will also be lost in the hydrochloric acid wash.
‘Laboratory experiments have confirmed the fact that this phenomenon

will occur when tellurous acid rather than telluric acid is used.®
' The precipitate from the reprecipitation operation is handled (fol-
lowing the wash) by a procedure identical to that used for the precipi-

" tate from the original pregipithtion~operation;

) Separation of Silver. A separation of silver, which will also
precipitate with tellurium and polenium, may be necessary, depending

- upon the silver content of the starting material and the allowable silver

content of the final product. If such a separation is to be made, the




iy -

in

de T

[

¢

RYNE

\ i
\\ '

e H

(c)

(e)

(a) Coprecxpltatlon of tellurium and polonium

(b) Filtration and washing of tellurmm and
polonium

(c) Dissolution of tellurium and polomum :

(d) Demtratxon of tellurxum and polonium by
evaporatlon B . )

{¢) Precipitation of tellurium

(f) Separation of tellurium

'

Fig. 7.13—Diagrammatical representation of the tellurium process.
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starting material is the aqua regia solution of the precipitate from the
first precipitation (or the second precipitation, if it is used) of tel-
“lurium and polonium.

To this aqua regia solution is added an excess of ammonium hy-
droxide and a little hydrogen peroxide. The tellurium precipitates
{probably as tellurium dioxide, formed by the action of hydrogen per-
oxide), and the polonium precipitates with the tellurium. The silver re-
mains in solution as the ammonium complex. The solution is filtered,

"+ and the precipitate is washed with ammonium hydroxide. The precipi-

tate is then dissolved in hydrochloric acid.

(d) Separation of Tellurium. The hydrochloric acid solution of tel-
lurium and polonium, from either precipitation.of tellurium and polo-
nium or from the silver separation, is the starting material for the
fi_lial step of the tellurium process, the separation of the tellurium.

Hydrazine dihydrochloride is added to the tellurium-polonium so-
lution, and the mixture is heated under reflux conditions. The reduced
tellurium will precipitate and coagulate (Fig. 7.13e}; the polonium will
- remain in solution; separation may be effected by filtration (Fig. 7.13f).
The solution can then be converted to whatever medium is desired for
electrodeposition.

Formic acid, oxalic acid, hydroxylamine hydrochlorlde thiourea, and
sodium thlosulfate have all been tried as reducing agents in this step of
the process. None of these reducmg agents is as effective as hydrazine
in this process.

8.5 Factors Affecting the Choice of Operational Procedures. It
should not be deduced that one of the described processes should be used
in its entirety to the exclusion of all operations in the other processes.
For example, it has been pointed out that both the silver and the tel-
lurium processes have been used with the denitrated solution of bis-
muth slugs as a starting material and also with the denitrated solution
of bismuth powder from a reduction-deposition on bismuth as a starting
materlal Likewise, many other variations of procedures of all the
processes are possible.

Several factors would affect (to varying degrees) the exact procedure
" used to chemically separate polonium from irradiated bismuth. The
equipment available will influence the decision as to which separation
procedure will be used. The purity of the irradiated bismuth may affect
" the choice of procedure.. At one time silver was a very troublesome
‘impurity, and much effort was directed toward perfecting methods of
separating it from solution during processing. Such separation methods
.were achieved; however, at about the same time, the silver content in
.. the original bismuth was reduced to a level such that some of the puri-

»
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fication from the standpoint of silver depletion might not have-been
necessary. :

The most important factor affecting the choice of operational pro-
cedures is the purity ‘requirement of the polonium. This may vary
widely depending upon the intended use of the polonium. The omission
of any step, or steps, designed to remove a particular impurity which
is not objectionable in the final product will simplify the recovery of-
the polonium. '

9. ELECTRODEPOSITION“

9.1 General. The electrodeposition of polonium from a solutlon
onto a metallic electrode represents the final step in the separatlon and
purlﬁcatlon of polonium. In addition to the further purificdtion which
can be attained by electrodeposition, the polonium will be ina solid.
metallic form which is much easier to handle than is a solution. The
purity (welght) of the polonium after electrodeposition can approach
98 to 100 per cent.

Spontaneous deposition of polonium onto copper and onto nickel elec-
trodes has been used (Chap. 1, Secs. 3 and 4.2) as a method of final

separation of pblonium. Electrodeposition has been in use since early

in 1944. The solution-cathode potential was at first manually controlled;
automatic controllers (Chap. 9, Sec. 4.4) which will control the solution-
cathode potential for four simultaneous plating operations are presently
in use.

The electrodeposition of polonium has been, and can be, done on many
different materials and can be dqne on either the anode or the cathode of
the electrodeposition apparatus. Likewise, electrodeposition can be done
from many different media, both acidic and basic. The choice of media
and mater1al will usually depend upon the ultlmate use of the polonmm

9.2 Deposition from Nitric Acid. Nitric acid is a satlsfactory me-

- dium for the plating of high concentrations of pure polonium. It has bee'n‘

investigated more thoroughly than any other medium.

The electrodeposition of polonium from nitric acid can be done in a
beaker such as the one shown in Fig. 7.14. Two cathodes, made of
platinum gauze, are suspended between two platinum anodeés. The so-
lution is stirred by means of a glass-énclosed iron bar which lies on
the bottom of the beaker, and this bar is rotated by a rotating magnetic
field beneath the beaker. Leads from the-anodes, the cathodes, and the -
normal calomel electrode are attached to an automatic controller (Chap.

9, Sec. 4.4) which maintains a constant solution.-cathode potential.

Plating is normally done at 0.0 volt with respect to the normal calomel
electrode; 1.5N nitric acid is quite satisfactory for this operation.
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Fig. 7.14 —Electrodeposition apperatﬁs.

B -

) ’Deposition may be done on cathodes fabricated of gold, provided that -
“.platinum anodes are used. Gold anodes dissolve and will deposit onto ..
the cathodes along with the polomum. Deposition has also been done on

tantalum molybdenum, carbon, and, under certain COndlthl’lS nickel ) &

electrodes. ' ] p
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Depletion of the polomum from a solution .is more rapxd 1f a gauze
is used for the cathode, rather than a solid foil. . ‘ o
Polonium oxidizes readxly, and the plated foil or gauze must be pro-
tected from air. This may be done by keeping the material immersed
in a solution such as acetone, petroleum ether, or absolute alcohol or

the foil may be sealed m an inert atmosphere. o g

A

9.3 Deposztzon from Other Inorganic Acids. Deposition can be ef-

_fected from a hydrochloric acid solution, although special precautions

must be taken. For example, platinum anodes dissolve in the solution

Wwith subsequent deposition on the cathode along with the polonium. The

quantity of platinum which dissolves increases with mcreasmg acidity
and current density. Graphite anodes are satisfactory prov1ded they

~ have been l')o'nded to prevent flaking and have been treated to prevent

the absorption of polonium. Bonding of this type of anode may be ac-
complished by exposing the graphite to a 1IN hydrochlorlc acid solution
and an electrolyzing current of 5 ma for about 1 day. The absorption of
active solution by the graphite anodes can be prevented by soaking the
anode in a hot kerosene-paraffin solution, removing the kerosene with

‘lead-free gasoline, and then soaking the anode overnight in 6N hydro-

chloric acid to remove organic solvents.

Some electrodep051t10n of polonium has been done from sulfuric acid .

solutlons The solublhty of polonium in 1N sulfuric acid is low, and the
quality of the. deposits is low. Good polonium-plated electrodes may. be

‘obtained from a sulfuric acid solution to which some citric acid is .

added. The addition of the citric acid increases the amount of polomum
dissolved. : ' :
Hydrofluorlc acid works very well as an electrodepos1t10n medium.’
Smooth adherent. deposits can be prepared, up to a density of-about 30
curies of polonium per square centimeter. Good separation of polomum
and bismuth is possible; the deposmon potentials for bismuth and po--

polystyrene,.or polyethylene beakers should be used .in this electro-

' deposition process; however, it is possible to use standard micro-

pipettes for assaying the soluuon for its polonium content, provided that
the pipettes are 1mmedlately and thoroughly rinsed with nitric acid.

- Satisfactory pipettes have also been made from polystyrene tubing.™

The numbér of neutrons emitted (per unit foil area) from foils plated .
from hydrofluoric acid is usually greater than the number of neutrons -
emltted from foils plated from other media; however, some work™ in--
dicates that very careful operational and handling techniques will keep
the neutron emission of foils plated from hydrofluoric solutions com-
parable to the neutron emission of foils from other plating solutions.

Only a few attempts have been made to plate pglonium from per-
chloric acid. The behavior, in general, of perchloric acid is similar

-lonium in 1N hydrofluoric acid appear to differ by almost 1 volt. Lucite, .

)
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" to sulfuric acid; it-is difficult to get the polonium into solution. Long
plating times and poor deposits characterlze perchlomc acid plating
solutlons E -

Unmodified solutlons of phosphoric acid were not satisfactory for
plating because polonium precipitated out of solutions whose.acid con-
- Centration was as high as 4M. The addition of either citric or oxalic
acid increased the solubility of polonium, and smooth adherent depos1ts
could be obtamed :

9.4 Deposition from Organic Acids. Attempts have been made to
electrodeposit polonium from aqueous solutions of the following organic
acids! oxalic, tartaric", citric, and acetic. In general, the plating times
are-long, and the deposits are rather porous. Fairly satisfactory depo-
sition can be made from citric -acid solutions onto nickel electrodes.

9.5 Deposition from Alkaline Solutions. Sodium hydroxide and
sodium cyamde solutions have been tried as electrodeposition media.

" . Good deposition can be obtained, although the plated dep051t is no better

-

‘than that obtained when plating polomum from nitric, acid. 'One dis-
advantage resulting from the use of these alkaline solutlons is the slow
rate of deposition,

10. QUANTITY ASSAY

10.1 General. Frequent assays in the purification of poloflium
process are necessary in order to determine the progress of certain
reactions, to determine the quantity of activity for material balances,"
and to determine the polonium content of a final product solution or
plated foil. Both the alpha emission and the gamma emission of po-
lonium have been utilized for assay purposes. Polonium has a half life
~of 138.4 days (Chap. 2, Sec. 2), and the loss of polonium due to radio-
. active decay must be taken into account in any assay determination.
The decrease in the quantity of polonium that is attributable to decay
" is of the order of 3 per cent per week.

10 2 Assay by Alpha Emission. Polonium emits a 5.298-Mev alpha ~
. particle (Chap. 2, Sec. 3.1a) which is usable for quantity assay purposes.
Solutions of polonium can be sampled (the sample diluted if necessary)
mounted on a glass or metal slide, dried, and counted in standard com-
mercially available alpha-counting instruments. The counting range of
‘such instruments may cover an activity range of 0 to 300,000 cbunts/min
at a nominal particle-counting geometry of 50 per cent. In addition to

. such standard instruments, special low-geometry attachments have been
~. devised at the Dayton Project and at Mound Laboratory which will allow
“alpha-particle counting to be done directly on samples whose activity is
as great as 10! dis/min. These attachments are described in Chap. 9,
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Sec. 3.1. ’Teehniques for the mounting of radioactive samples and a
summary description of the mstruments available .at Mound Laboratory
have been presented by Dauby.™ - : : :

An assay:by the samplmg of a solution is a very convenient method of
following the depletion of a solution by electrodeposition. For the as-
say of plated foils calorimetric technigues are useful because the entire
sample can be -inserted into a calorimeter which will measure the
quantity of heat produced by the radioactive decay of the sample. Calo-
rimeters are:available_ which will measure alpha-particle-emitting
§ainp1é‘s covering a wide range of activity.. A complete discussion of
calorimetry principles, as used at Mound Laboratory, is given in
Chap. 10. . : :

10.3 Assay by Gamma Emission. Polonium has associated with its
radioactive decay a 0.8=Mev gamma ray (Chap. 2, Sec. 3.2)which has
been used in certain assay procedures. Gamma-radiation assays may
be as accurate as alpha-particle assays; however, it may be somewhat’
difficult to' maintain a constant counting geometry in many instances.
Any radioactive silver associated with the polonium may cause in-
correct assays, although with proper care assays can be carried out in
the presence of this contaminant (Sec. 4.3). Nevertheless, gamma-
radiation assays are very useful for rapidly obtaining information wh1ch
is reasonably accurate, although they are not generally used at Mound .
Laboratory for a final product ‘assay.

A gamma-radiation assay is particularly useful for monitoring a
solution in, for example, a reaction vessel or a reduction-deposition
tower, where the taking of a sample for an aipha-particle assay is in-
convenient (if not impossible). A gamma-ray-sensitive detector, such
as a radioelectric cell (Chap. .9, Sec. 3.2), may be placed in proximity
to.a vessel which contains the solition to be monitored, while the in-
dicating unit may be remotely located. Radioelectric cells may be de-
signed in a variety of configurations in order that assays may be .
performed during the course of a particular process without in any. ‘
manner interfering with the continuation of the process. Constant as-
say geometries and the.attendant. constant assay accuracy can be-at- -
tained through the use of radioelectric cells. :

Geiger-Mueller tubes are not as suitable for such an mstallatlon Co
because they.are more sensitive to small changes in geometry than are
radioelectric cells. :

A four-input gamma counter. (Chap. 9, Sec 3. 4) and a- rotatmg source

gamma counter (Chap. 9, Sec. 3.5) both have been used for the gamma | ’

assay of plated foils or gauzes prior to a final assay in a calorimeter.
At the present time the radioelectric-type’ counter is used almost ex-
clusively for this assay because of its inherent stability, accuracy, and
ease of opei‘ation. Such a preliminary gamma-radiation count provides
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* information for adjusting the calorimeter so that it will operate nearly
at balance (Chap. 10, Sec. '3.4). Any dlscrepancy between the amount of

' . polonium indicated by a final gamma-radiation count and that indicated
" by a calorlmetrlc measurement might mean that the polomum is con-

tammated with radxoactwe silver.

‘11." QUALITY ASSAY

11 1 General One of the first problems assomated W1th the puri-

’ flcatlon of polonlum was, the development of a satlsfactory method for b

' determlmng the purity of the poloniim on the pla.ted foil or gauze. The .
purlty to'be expected of polonium plated from a glven solutlon can be’
"determmed through the followmg procedure:
1. Weigh a small foil. ¢
2. Plate polomum onto this foil from an aliquot of the solution in

. question under conditions which duplicate as nearly as possible those

condltxons under which the final plating will be done."
‘3. Rewelgh the foil, determining the quantity of material Wthh was
- plated. :
4. Measure the alpha radiation from the plated depos1t . L
' The relation between the weight and the alpha act1v1ty of the dep051t ’

-~ will indicate its purity,

‘The quantity. of alpha radlatlon can be measured calorlmetrlcally or
by counting; counting is generally preferable because it is more rapid.

‘The detection of gamma-ray-emitting 1mpur1t1es associated with the
polomum solution (or plated foils) was discussed brleﬂy in Sec. 10.3. )
A’neutron count may also be made on the final foil, or gauze, to detect
hght element 1mpur1tles

11.2 Determmatzon of Purity. Sat1sfactory determmatxon of the
purlty, with respect to’ polonium, of a solution from which the polomum
is to be electroplated can be made by plating and analyzmg a small '
:percentage of this solution.

“The polonium content of a small sample- of this solutxon is depleted
by the use of apparatus similar to that shown in Fig. 7. 15, A welghed
small foil (microfoil) of the ‘same material that is to be used for “the

- final plating is plated in this apparatus. The microbeaker is rotated to

effect stirring the solution. Platmg conditions (solution-cathode po- -
tential, cathode and anode materials, etc.) must be kept identical to
-those conditions which will be maintained for the plating of the solution
proper. Reweighing the microfoil following the plating operation will
give the weight of the material which has been deposited on the micro-
foil. .Weighings are done on a quartz-fiber microbalance as described
in Chap. 9, Sec. 4.2. ‘
"The. alpha activity associated with the deposn may be convemently
measured in a special low-geometry alpha counter (Logac- L) as de-
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Fig. 7.15—Microfoil plating apparatus.

scribed in Chap. 9, Sec. 3.1. Both sides of the foil must be counted to
measure the total plated activity. The ratio between weight-microgram
equlvalents and count-microgram equwalents determines the purity
percentage of the polonium.




186
. Purity (weight) determinations of this sort have been made on as little
.as 0.5 per cent of the total solution. The purity of the plated polonium
can approach 98 to 100 per cent. A closer examination of these values
‘is somewhat more reveahng Ifa partlcular electrode or gauze is
,plated with 20 curies of polomum which is 98 per cent pure, the welght
" of the 1mpur1t1es associated with that polonium is less than 100 pg.
Furthermore the total weight of the polonium that would be on‘the =
microfoil which was used to determine this. purity would be about 22 pg,
and the weight of the impurities assocmted with this polomum would be
less than 0.5 ug.

"It may be adv1sab1e to plate two or more m1cr0f01ls in order that
reliance is not upon only one check of ‘the purlty The polonium on the,
.microfoils can be recovered so that, essentlally, no-material is lost in
the analysis procedure. Microfoils may also serve as a source of small
amounts of polonium. :

" It should be emphasized that the descrlbed method: of purity deter-
mination is indirect in that it does not give the purity of the polonium
on the ‘final foils or gauzes; it does indicate the probable purity of this
polonium. However, experience has indicated that this method is sat-
isfactory. : ‘

11.3 Neutron Counting. Light- element impurities may be detected
by neutron counting the final plated foil or gauze. ‘Neutrons result from
the bombardment of the light-element 1mpur1t1es by the polonium alpha
particles, as described in Chap. 12, Sec. 1.4. L

Neutron counting may be accomphshed by the use of BF; or boron-
wall neutron-counting tubes in conjunction with a suitable moderator.

- The two-input neutron mixer described in Chap. 9, Sec. 3.4b has been
used for neutron counting of plated foils.

12, CONFINEMENT OF RADIOACTIVITY -

. The processing of any radioactivity requires the observance-of cer-
‘tain rules pertaining to the protection of personnel. Dry-boxing tech-
niques have been widely employed in the processing of polonium. Ven-
tilated hoods similar to those shown in Fig. 13.1 are very useful and
adaptable for these processing operations. Chapter 13 discusses the
general health physics problems and program at Mound Laboratory;

, Chap. 13, Sec. 3.1 discusses the problem of confining radioactivity.
Although hoods, such as those shown in Fig. 13.1, were developed
for the purpose of confining radioactivity, they just as adequately con-

fine any material which may be used in the processing of the polonium. "
" This confinement is of importance where some of the reagents are -
" highly toxic. It is particularly important to the tellurium process be- -

0
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cause of the ob]ectlonable physwlogwal effects (garlic breath) of tel- -
lurium in addition to its toxicity.™

13. RECOVERY OF BISMUTH"

13.1 General. The first bismuth used for irradiation in a reactor T
had such relatively high silver content that serious health physics
problems resulted.' One method for obtaining bismuth of lower silver '
content would be the recovery of irradiated bismuth from which the

polonium had been separated. A process has been worked out whereby

such bismuth may be recovered for reuse. The purlty of the recovered
bismuth, with respect to elements other than polonium and silver, can
be as good as the purity of virgin bismuth used for irradiation.

The starting material for bismuth recovery is the denitrated solution
of bismuth slugs from which the polonium has been removed by the -
bismuth process (Sec. 8.2), the silver process (Sec. 8.3), or the tel-
lurium process (Sec. 8.4). Either of two general methods might be
applicable to the recovery of this bismuth: (1) chemical reduction of
the bismuth chloride to metallic bismuth or (2) electrodeposition of the
bismuth onto suitable electrodes. After some preliminary studies, o
electrodeposition was deemed to be the most promlsmg method for
recovering bismuth.

13.2 Electrolysis of Bismuth. Because of the highly corrosive
naturé of the hydrochloric acid solution and the chlorine generated
during electrolysis, the major problem in the recovery of bismuth would
be the selection of the materials for the construction of the bath and the
components of the plating cell. .

A plating setup such as the one shown in Fig. 7.16 has been used suc-
cessfully for bismuth plating. The graphite anodes are surrounded by - "'
alundum furnace cores to keep the chlorine gas, which is liberated at . -
the anodes, from reacting with the bismuth which is being deposited-on
the cathodes. Various grades of Owens-Corning Fiberglas also function

- well as diaphragm material.

A number of metallic cathode materlals such as tantalum, platmum
copper, and bismuth, have’ been tested. A smooth adherent plate can be
obtained on copper, but the copper contaminates the bismuth upon.re-
moval of the bismuth.” Bismuth cathodes have been used bothi as the
pure metal and asa coating'on various backing materials. _Cathodes
prepared by spraying bismuth onto glass, Vinylite, or ashless filter »
paper gave satisfactory results. The bismuth plate can be peeled off =~ -
the glass or Vinylite backing. "ho ashless filter paper will burn com-
pletely during subsequent meltmg of the bismuth without adding any
impurities to the bismuth.
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. The best quality of plate.is obtained when the concentration of bis-
muth is about 200 g/liter. The maximum current densify that can be
used is 20- ‘amp/sq ft. Above this current concentration, “treeing”
occurs to'an excessive degree with the formation of a spongy deposit

" out 95 per cent of the bismuthi in solution. The.average current ef-
f1c1ency for this degree of depletion is 75 per cent.

of blsmuth Under optlmum conditions of platmg, it is possible to plate

© .. 7 Fig. 7.16-—'—Apparatu§ for the electrolytic -plating of bismuth.
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SEPARATION BY DISTILLATION

L : L . 4

R L-', 1 INTRODUCTION L e

.

-,

The separatxon of polomum from neutron IrradIated b1smuth may be

d1st1llat10n over/chemlcal methods include a reductlon in the-require:
ments for space, manpower -and equ1pment the v1rtual ehmmatlon of.

R reagent expense and ‘a reduction in the amount’ ‘of- radxoactwe thId and )

gaseous wastes. Early experIments ‘at the Dayton PrOJect and at Mound

‘Laboratory were dlrected toward the development of a feasible method

for d1st1111ng polomum from IrradIated ‘bismuth. Practlcable distilla-
: tlon methods for separatmg polomum from bismuth have been achieved.
Dlstﬂlatmn is.an estabhshed metallurgxcal process""‘ that is apph- .
fcable at both atmospherlc pressure and in vacuo. Many scientists 1!

S centratlonlof polomum from’ the less volatIIe matemals w1th ‘which it °
was found In 1949 a blsmuth—d1st111at10n program was 1n1t1ated at
*Mound Laboratory Some of the phases of: the Moéund. Laboratory dis-
tlllatlon program 1nc1uded equ111br1um studles of polomum—blsmuth '

ie

: mlxtures, the study of still’ types and the’ effect of agltatmn upon- dxstIl— -

latxon rates, pxlot—plant studIes and 1nvest1gat10ns of the matenals of
st111 constructwn.“ o : :

-’

N T R z EQUILIBRIUM STUDIES
HER "~_ByEFJoy'

Ials by d1st111atmn Is w1th the’ degree of separatlon wh1ch can be. ., -
aehIeved If the vapor pressures of the two pure components are known,,

vt . . 1 . . PP

noted that’ the volatxhty of’ polomum could be’ employed to effect the con- .

ByP M Engle R w Endebrock andG c Cox R

effected by direct dlstlllatlon methods. Some of the advantages of usmg‘ .,: -

=5
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separatlons which can be achieved'in practice. In the case of. most
: solutions the. behav1or is not ideal. The relative volatility of the two -
components must then be. determmed expemmentally ‘After. the rela-

relatlve volatxlxty of. the two components ‘It mlxtures of the two glve«
1deal solutlons the’ calculated relatlve volatility will nge the ‘actual

-tive volatxlmes are determmed they can-be used {0 predlct the con-
centratwn factor for -any size cut.or for any de51red recovery The; .
relatlve volatility is ‘often constant over a wide. range- of concentratlons,
and it is.a; convement measure of the separation to.be expected The
determlnatlon of ‘relative volat111ty, is the usual approach in- ordmary
equxhbrant d1stlllat10n carried out at or. near atmospherxc pressure.,, ]
However to attain apprecxable dlstlllatxon rates and: satlsfactory sepa— E
ration. factors vacuum dxstlllatxon is necessary thh polomum -blsmuth
mixtures. * L SR S o e Voo LT
The condxtlons durmg hxgh vacuum. dlstlllatlon are qulte dlfferent
‘from ordmary equuxbrant distillation: At low pressure there is no
apprecmble mterchange of molecules between the vapor and hqu1d .
~ Evaporatlon takes place at the hquld surface, -but condensatlon of- vapor

: -, :on-the hquxd is. negligible.. The eévaporation.rate is governed/by Lang-‘_ i =

.

T

[

i apphed to"the mstulanon of polomum from bxsmuth

) Ppo and PBI

_muir:s equatxon“’ which relates the.rate of - evaporatlon- of a pure metal
in vacuum;‘ to its;vapor. pressure. Langmuir’s equation was: apphed to 5
the bmary bismuth- polomum solutlon making approprxate assumptlons
regardmg the partxal pressure:as-a functlon of. concentratmn for each
metal The equatlons for- the two metals were combmed and mtegrated

3 ) L, R Pt . o T
S 1>o2 : Bz R R
; ='‘alo T T

P

%

«

= the relative volatﬂlty and is -ypo Ppo /PB1 o K
N - P 01 = the amount of polonmm in the orlgmal mlxture e
. "JPoz‘= the amount of polomum inthe residual hquld
Bl % the amount of blsmuth in the or1ginal mixture"
le, = the,amount of bismuth in the res1dual liquld o o
_.ypo the. actlvny coefﬁc:ent of- polomum in the: dllute solut on -
: the vapor pressures ‘of pure polomum and blsmuth ‘T€xz;.
SR D 4spect1vely fo : : 5 :

r,. - . . \

I" 'II~

dxstﬂled - ‘,

. 3
‘\

v log(l—Y)—alog(l—X)
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The exper1mental data -on the ’dlst1llatlon of polomum from dilute solu-"

tlon 1n b1smuth have been’found to fit these relations. The relatlve )

volat111ty was found to be constant-over at least a 10, OOO-fold range of
concentratlons ‘The 'value found was '1éss than that calculated from the
vapor pressure of the pure metals 1nd1cat1ng negatlve deviation from

- Raoult’s law: (y py'less than 1).1% Polonium does follow Henry’s law,’

.as shown by ‘the constancy of the relative: volatlhty This. would be ex~ .

pected for the mmor component in. the dilute- solution range.
) The éffect of temperature on the relative volat1hty was mvestlgated
over the range-of 450 to 850°C. The efféct of. change of - or1£1ce size .

. from essentlally unrestncted distillation down to the Knudsen ‘condi-

7

e

tlon for effusion- (ormce diameter less than /10 the mean free path)

) was followed Equ1hbr1um cond1t1ons g1v1ng a-maximum: volatlhty were-
" achieved over a widefrange of orifice sizes. The Tates. of d1st1llat10n of
e blsmuth for ‘both the Langmu1r and Knidsen conditions were used to
L calculate the vapor pressure of bxsmuth The close agreement of’ the -
. vapor.pressure with the literatire values in the range in which it has’
" -, been previously measured is evidence for the vahdxty of the experi-

mental approach used. v TN A

! Irradlated slug bismuth was g1ven a prehmmary treatment to ob=" - ‘

tamtreproducxble samples for the d1st111at1on studies. Samples of ir-.

,' radiated bismuth (3 to. 4 g)- were melted in vacuum to degas the metal -

_and were then’ flltered through a 1.5-mm bore cap1llary to remove the
surface oxide. The polonium content was determmed by dissolvmg a

.

representatlve sample in nitric. ac1d and making an alpha-particle as- o

*say. ‘The startmg concentratlon was about 10‘“M in polonium.

tiorni. of the’ orlgmal blsmuth distilled. and the fraction of.the orrgmal
polomum d1st111ed X and Y respectlvely, ‘were determined by differ-
. ence for each- success1ve d1st111at1on 18 These values were used in Eq
8 3 to calculate the relative volatlhty Y T R
The constancy of. the relative volatility o at various. size cuts for
dxstlllanons at 500°C 1s showrn’ in Table 8.1. These cover-a 10 OOO fold

" rarige in. the startmg concentratlon of polomum and show clearly that

there is no trend in relatlve volat1l1ty as the dxstlllatmn progresses
An average o of 199, 3" 'Was obtained. - . -~ -

Slmllar results were obtamed for open cup dlstlllatlons at other
temperatures in the range -of 450 to: 700°C 'To_obtain measurements’ at
h1gher temperatures (550 to 850 C), dlstlllatxons were made from a ’

; ;“ s Dlstrllatlons were, madé in the’ apparatus shown in Fig. 8.1. The frac— .
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) excesswely short dlsnllatlon times. The results. of ‘the two Sets: of Xt

e e oo : LW
. ’ N -

quartz cup. havmgya restnctmg orlflce The orxflce reduced the rate of
distillation. so that measurements could be made thhout havmg_ "t 1

perlments are g1ven in Table 8. 2 The data show a regular trend ‘of de- "
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\}olat111ty with hlgher temperatures This would be .
the vapor pressure of polomum does not mcrease as .

creasmg rellatlve
-expected because

rapidly’ thhfmcrease of témperature as does that of blsmuth The re-. 'f'

strlcted orifice. dlstxllations gave higher relative volatilities ‘than the'-

" open-cup dlstlllatlons for the same temperature. 1t is believed that the .

effect of surface depletion of polonium by too rapid evaporatlon should

be elxmmated in the restricted-orifice experlments and. that more R
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Table 8‘ l—Vanatlon of Relatlve Volatlhty w1th Slze of Cut i
T Unrestmcted Dlstlllation at 500°C S AR

! ~Table 8 2—Var1at1on of Relative Volatlllty thh Temperature Cr

,Unrestncted dlStlllathn' o Restncted oriﬁce distiliation

‘ Relative volatillty Relatxve volatxlity h

aT v T af
‘ _,,282‘3’ :- i 172 8
1993’ '96.5 .
~ 105 2 N . 8.5, ) ,
"58:2° e BT : ¢
346' o

. TThe values of @ are averages of several- expenments at each tem-
) perature. T . . .

v

' i range of orlflce 51zes again md1catmg that equ111br1um cond1t1ons are
; obtamed in the restrlcted or1f1ce measurements : :

o i oressure of blsmuth In1t1al expenments w1th pure b1smuth gave re—
S sults 1dent1cal to those w1th slug b1smuth contammg polomum at 10~ sM—

y least skquares reductlon of the&data 1s g1ven \m Eq 8 7 The open-cup
'(Langmmr) and restncted or1f1ce (Knudsen) exper1ments gave no sig+

h“,\- “'* b . R .~ s
" Bi: dastllled Po dlstllled Relatlve volatility’
. i 70:335 L w81 o 1ea
o 2 L J0.5497 L " 64, 86" .7’ 189.6. .
i’ 3 00968 - - 85.47: . .o <1987 .,
3 Coac 0 st lea3a . ges
S8t L 1508 Lo 98B L LT 2042 ¢
65 .. [ 218 S 98797 . " 7200.2
7., .~ 2935 o 89:m9 Y2071 R
8 .. .. 4,509 09988 r. o 199:6 : -
9.’ . 5.624 " 9999 , 2035 " '
o Ve UVl Average C 199.3
N ool i R - o 1 : ‘\“‘ , \’-. }
: .,v'“ o i ’ \ . ,1. N " "; '.“‘\‘

B b Table 8 3 The r lauve volatlhty is. essentially constant over a wxde . :
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and the, act1v1ty coefflcxent of polomum asa functxon of temperatur‘

oha

ok

', peratures (above ‘600°C) and extend the range downward to 450°C where

R The partlal pressure of polonium in 107*M to 107'?M. solution in bis-

X o T‘_ sq mm Area ratiof :Belative .irolatility, at' .
SUoooe o Toastz 0 ooz oers T LT
- S el 0.33047 0.00284- - . 96.6 ;- . oo Ll T
. 0915- - . 0.00768 . TR - A
S Le? 9225 70 - 0.0189 .. ' 97.0- ... .-,
LN, BT T 00467 - B L2 AR U T
TArea rauo is the ratxo of t.he area of the onnce to t.he R ;-""
R area ‘of the distilling surface ‘which is'119.2 s¢mm. . SR
IThe values of a are averages of duplicate experl- R .
T - ments. . . . ‘ Sew e o
; ,. St ".-'7,‘ Lo ' i

accommodatxon coeff1c1ent for bismuth. 1s close to l. The vapor pres :
sures obtamed agree well with the hterature values at' the h1gher tem- )

rehable measurements have not. been made prevmusly T 5

muth was calculated from the mstantaneous rate of dlst1llat10n of polo- o
mum obtamed in the Knudsen effusxon expenments and was found to B ’

1 B . -

L L Table 8. 3—Effect of. Ormce Area on. Relative Volahllty ]
T :-"- ; . . = ata Temperature of 650°C -

Orifice area,

PO

follow Henry s law in these dllute solutxons. The avolatllzty of polomum,‘ »
" e, the’ partlal pressure divided by the mole’ fraction.of polomum, was P
calculated and was-found to be: much less than the" ‘vapor- -pressure of_' o
pure polonmm found experimentally by Brooks.19 The deviation of po-
lomum from 1deal behavior in these dllute solutxons was expressed as- g
‘the act1v1ty coefficient, S Lo r

b volatilityof'Po'v_-'- o o
vapor pressure ‘of purePo -

-

n; " e - . i ' R AR

Equatlons expressmg the volatxhty, the vapor pressure of polomum

‘are glven bellow.l : : Lo :
' The va.por),L liquid equxlxbnum of dilute soluuons of polomum in llq- '
uxd bismuth/ ;metal has been investigated over the temperature range of
. 450 to_ 850°Ci Varlables which have been_ investigated are change of
concentrauon, change of temperature, and effect of orifice size. The N _:
: relauve volatllxty of polomum and bismuth has been’ determined as-a .
functlon of temperature and is mdependent of concentration over the o
range studied. The ‘equations. obtamed for the relative volat111ty a-are,
for unrestrlcted dlstlllatlon (maxxmum dlstlllatxon rate) :




AR loga——49828+
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T loga——3 0073+
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R ;-. and for restrlcted or1f1ce d15t1llat1on (max1mum enrlchment),

. 8 s . N SR L - . P “ K
C . ., . B R A . a W

10,350 SR
i F1423) L

where t is the temperature in degrees centlgrade

-The. b1smuth vapor. pressure PBu in m1111meters of mercury, 1s
g1venby T , - o
- | '»ldg Py, =- f°T°51 8.4621 (8._7')
: where T is the temperature in degrees Kelvm From the slope of this:
'f ' curve the heat of vaporlzatlon of bismuth was calculated as 46 0 kcal/®

“mole. . - : T

1 The d1st1llat10n rate w of blsmuth 1n grams of blsmuth per square v

- centnneter per second 1s g1ven by

s oo e LN . - 4

s log w=8. 3878 ~ 10,1951 %“log'T :

¥ . where T.is the temperature in, degrees Kelvin, . -

- The pure-—polonmm vapor. pressure PP0 (as determmed by Brooks“’)
“in m1111meters of mercury, 1s g1ven by ' : o o

Lo IR

ot eg Ppo mi
/where T is. the temperature in’ degrees Kelvm §r e

The volauhty Vof. polomum from"dilute solutlon 1n b1smuth 1n m11-
hmeters of mercury, is g1ven by T o ,

. . e
o 4., ;r, it

log V= _81_To§ F s 3521

......

where T is. the temperature in degrees Kelvm e o
. The act1v1ty coefflc1ent yof polomum in dllute blsmuth solutlon is-
glven by ";; L : ‘

V.

- ST, . 2 . . - ) \; . " . RS i "
s log: y == ‘75,8 3 41 1176 e T Coeay ™
" 'where T 'is"the'“tempe‘rat’ure m ‘degree‘sUKelyiih.‘ »
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. polonium had been plated, and metallic bismuth were placed side by

R . - . oo, - . .. R .
e o . P . P v B ’ et | i
. i ~ . . s ~ o
s . ) . . . .

' From the slope of ihe c'urw}e of log v as a function of T, the partial
molal heat of solution L of polomum in excess blsmuth is L= -12.6
kcal/mole.

’

3. PRELIMINARY DISTILLATION STUDIES

3.1 Experimental-Stills. The fu'st distillation experiments at Mound ’ '
Laboratory were qualitative tests in which platinum foils, upon which

2

side in a small cylindrical nickel tube open at one end.'? A cool Pyrex--

’ glass cartridge extended over the open end of the tube to collect the

vaporized material, and the tube and cartridge were enclosed in a glass
vacuum systém. Slight mirrors appeared on the cooled glass cartridge

" upon heating the nickel tube to a dull red heat. Heating was by induc- .
tion and was carried out at various residual helium pressures. These.

mirrors produced good scintillations on zinc sulfide paper, indicating
that polonium had been transferred.
Five quantitative experiments employing this method of d1st1llauon

‘were completed, utilizing the equzpment shown in Fig. 8.2. Each ex-

periment was run as a series of cycles,!? and the results of these
cycles showed that (1) polonium could not be distilled in the presence
of aluminum, (2) some bismuth distilled with the polonium, and (3) very
little polomum was retained in the melt after the last cycle was com-

" pleted.

In an attempt to improve upon the Pyrex:glass still, a low-carbon-
steel fractionating still was constructed with' a column that was twice
as high as the still-pot diameter. - One complete run of four cycles
totaling 15Y, hr was made, and the data accumulated indicated a high
polonium-~to-bismuth concentration factor but a rather low rate of
polonium recovery for this type of still.

The stripping apparatus shown in Fxg 8.3 was constructed20 in-order.

-to demonstrate that irradiated pismuth could be depleted of its polo- .
. nium content at a rapid rate by distillation. The-irradiated blsmuth

charge was: placed in the annulus formed between the steel outer wall
and the central tube The steel assembly was 1oosely capped and placed

" inthe quartz. housmg The quartz housing was evacuated, and the upper

4 in. of the steel stripper was heated by an induction-heater to about
1000°C. Vaporlzed bismuth and polomum passed up through the an-
nulus and down.through the central tube to be collected in a small col- | '«

_ lector tube:(not- shown) in the cooled bottom of the quartz housing. - After

each heating cycle, the collector was removed and the collected product
analyzed for both polonlum and.bismuth. It was demonstrated that, -
under sufficiently severe temperature conditions, bismuth -can be.de- -
pleted of its polonium content quite rapidly by distillation. The high .
temperature and lack of any fractionation or partial condensauon ef-
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r=— MANOMETER
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7\

PYREX-GLASS
TEST TUBE

INDUCTION
HEATER COIL

1 _~souRCE

AH— NICKEL DISK

Fig. 8.2 —Experimental Pyrex-glass still.

) "fect resulted in large amounts of bismuth in the collected productS'
- hence low concentration factors resulted. ; -
The rates of depletion for the various stills used in the early experi-
ments at Mound Laboratory are compared in Figs. 8.4 and 8.5. These
‘figures show the variation in the concentration factor with degree of- - .
product collection for these experiments.
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. Fig. 8.3— Polonium stripping apparatus.

o T 3.2 Agitation. During some of the early work on the distillation of
polonium from irradiated bismuth, it appeared that-small quantities of
a gas or gases were liberated during the distillation. The effect of the
liberation of gas during distillation was studied and, being apparently
beneficial, was eventually incorporated into the design of distillation
units with sparging inlets.
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. The rate at which polomum is volatilized from the surface of the blS-

. /- muth melt is rap1d at high temperatures; hencé the rate of diffusion of

the polomum from the body of the melt to the surface is assumed to be

STRIPPER STILL
- 90

80 PYREX-GLASS STILL . —

70 H-

Yo

]

60 LOW-CARBON-STEEL STILL —

50

40

POLONIUM COLLECTED

30

20

TIME, HR

Fig. 8.4— Polonium collection rates in experimental stills,

“thé rate-controlling mechanism. ‘Experiments which involved agitating
the melt confirmed this assumption, at least to a degree. Several meth-
ods of ordlnary mechanical agitation weré investigated br1efly, but,
‘owing to the temperature and vacuum requirements, the difficulties ex-

' ,pgrlenced proved this method to be impractical.
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Two test units were constructed to investigate the effect, on distilla-
tion,?! of nonmechanical agitation of the bismuth. One of the stills used
was a cylindrical unit 'divided into four compartments, each compart-
ment being equipped with a separate, identical, product collection tube,
After the first compartment was loaded and the irradiated bismuth was
melted, this compartment acted as a control which allowed distillation

\

4000 80
T T T T T T T T _
PYREX- GLASS '
UNIT 70
4
LOW-CARBON-STEEL UNIT
3000 — —i 60
'3 : x
3 5
2 — 50 &
z |z
2 2000 {— 40 2
< <
@ [+ 4
= =
z =2
W 30 W
%) (&)
z 2
S : 3
© 1000 |— 20 '
—-— 10
o ] IS S S N N Il . 'V S
0O 10 20 30 40. 50 60' 70 80 90 100 .

POLONIUM COLLECTED, %

Fig. 8.5— Concentration factor vs. per cent poloni\im collected in experimental stills.

w1th agltatlon By mampulatmg the pressures in each compartment :

the bismuth was sprayed in turn into each successive compartment o

where further dlstlllatmns occurred. This test indicated an average S

d1st111at10n rate 15 times greater with agitation than without agitation. L
The second still that was used was constructed from a Pyrex cylin- .

der that had a fritted Pyrex disk sealed in the bottom. Helium was B

passed through the disk and into the molten bismuth, and the pressure | |

above the blsmuth was adjusted to permit sufficient gas leakage into S

the bismuth to nge a gentle agitation. The bismuth was. heated by an

induction heater., Based on the depletion of polomum from the. bismuth

melt rather than on product recovery, this test showed that of the orig--

inal 1,480 curies of polomum in the charge, 71.8 per cent, or 1.062

curies, was d1st111ed from the melt. The polonium transfer occurred

during a 60-min distillation period, and the average polonium transfer
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‘from transformer steel because corrosion studies (Sec. 5) indicated

204
rate was 17 mc/min. In the seqond test employing a fritted Pyrex disk,
the rate of polonium recovery was four times faster when gas agitation
was employed as compared to a test wherem no gas agitation was em-

ployed.?

4. PILOT-PLANT STUDIES

N

Three fractionating distillation units were constructed (Fig. 8.6)
which incorporated inlets for helium sparging of the melt. One unit
was constructed of low-carbon steel, the next unit was constructed of

__transformer steel (3 per cent silicon), and the third unit was similar

to the first except for the depth of the still pot. These units were.suc-
cessfully operated for several hundred hours each.

The experimental arrangement of the low-carbon-steel still con51sted
of defining the middle of the fractionating column and the middle of the
still pot as the points where temperature control would be maintained.
Under these conditions of operation it appeared that the column tem-
‘perature controlled the purity of the collected product while the still-- .

. pot temperature controlled the rate at which polonium was distilled

from the bismuth. In these experiments 3-hr distilling cycles were
used. :

* The relation between column temperature and the amount of both
polonium and bismuth collected with the still bottom held constant at
the experlmentally determined optimum temperature is shown in Fig.
8.7. The polonium-recovery curves are approximately exponential,
and the bismuth-collection curves are linear. Readjustments in the
column temperature setting (with the still bottom maintained at opti- ’
mum temperature) will permit an operating point to be found where the

) product concentration is improved; however, this improvement is at-
- tained at the expense of longer distillation times.

Spatterir_lg of bismuth into the still column was minimized by inserting
a baffle into the bottom of the column. Although this baffle constricted

- the column to less than t/8 of its cross-sectional area, diétjliatiori rates

and polonium-recovery yields appeared to be unaffected.

A series of distillation experiments was run without sparging,-and
inexplicably the data indicated that the lack of sparging had little effect
upon the rate at which polonium was distilled from the melt.

A duplicate of the low-carbon-steel sparging still was constructed

that transformer steel was corroded to a lesser .degree by molten bis- .
muth than was low- carbon steel. The data’ obtamed from® experlments

, performed in these units showed that: '

1. ngher product concentrations are obtained from ‘the transformer-
steel sparging still, but lower product recoveries are found.
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Fig. 8.6 — Fractionating distillation still.

1

2. Higher distillation-uni; wall temperatures are required in the
transformer-steel still for comparable distillation rates.
3. Approximately 10 times more polonium reacted with and was re- .

L " tained by the transformer steel than with the low-carbon steel.
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The effects on the dlstlllatlon of polonium from the" blsmuth melt, as

-+ a function of the depth of the melt, were investigated with a low=carbon- .

‘steel deep well still. The height of the still bottom, and consequently

1

»,
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2017,

" the distance between the melt (with equivalent amounts of bismuth) and

the collector, was increased b‘y a factor of 3 over the first low-carbon-
steel pilot-plant still.

~ Still-bottom temperatures of 750 and 850°C, center-column tempera-
tures of 650 and 760°C, and top-column temperatures of 275 and 375°C
were selected as experiment variables, in addition to the increased
depth of melt, because previous experience had indicated that these
temperatures would provide approximately optimum distillation of polo-

nium from the molten bismuth.

The results obtained using this still under the established tempera-
ture conditions showed that:
1. The per cent depletion (total amount of polonium leaving the melt

* vs. total amount of polonium remaining in the melt) is dependent almost

entirely on the still-bottom temperature. However, with either 850 or
750°C as the still-bottom temperature, only a few hours was necessary
to deplete the melt essentially to 100 per cent.

2. The per cent yield (total amount of polonium collected vs. total
amount of polonium leaving the melt) was dependent almost entirely on
the top-column temperature. Only a few hours was required to obtain
100 per cent yields with either top temperature used.

3. The concentration factor (ratio of polonium to bismuth collected
vs. polonium to bismuth originally in the melt) was dependent almost en-
tirely on the top temperature. With this temperature at 275°C, concen-
tration factors as high as 55,000 were attained.

4, The center-column temperature had no noticeable effect on the
results

5. The depth of melt had no noticeable- effect on results.

6. Helium sparging of the melt produced no SIgniﬁcant dxfference in
results. - : *

A purification stlll (Fig. 8.8) was .constructed to supplement the
deep-well still so that the number of distillation steps for obtaining .
over 90 per cent pure polonium could be determined. In this still the’
collector from the deep-well still was inverted and inserted into the
purification still so that it acted like a still bottom. The material from
this piece was then distilled to another 51m11ar collector. located at thé
top of the purification still in the cold zone In this setup successive
distillations could be achieved. It was. determined that only one addi-
tional distillation was necessary to obtain over 90- per cent pure polo-
nium when collectors from the deep-well still were used as feed:

5. MATERIALS OF STILL CONSTRUCTION

The corrosion of metals and other materials by molten bismuth has
been reported.??~?" A number of materials were tested for corrosion
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by bismuth, under specified conditions, to determine their apphcablhty
_ in the Mound Laboratory distillation program. These 1nvest1gat10ns2
covered the static corrosion of many materials by liquid-bismuth at
750 and 850°C. The materials investigated included low-alloy steels,
silicon steels, stainless steels, and heat-resistant superalloys. The

. metals were examined visually and metallographically after exposure
to the bismuth, and the bismuth was analyzed for impurities absorbed

Table 8.4-— Corrosion of Low-carbon Steel by Molten Bismuth

Bismuth Duration Bismuth Iron in Iron in con-

Test charge, Temp., Vacuum, of test, recovered, bismuth, densation ring,
No. g °C mm Hg hr g % %
1 100 - 980 1 24 -8 0.005
2 100 980 1 24 93 0.005 28
3 100 850 1 48 - 13.7 0.006
4 100 850 1 48 - 178.0 0.003 15.5
5 © 100 850 1 8 78.0 0.05
6 100 850 1 - 18 Tube failed when weld . 30

) opened

7 100 850 0.7 « 100 80.0 0.2
8 100 850 0.7 100 85.8 0.24 261
9t . 100 850 0.7 100 97 0.08 0.04

tWeight of condensation ring, 17.5 g.
1In quartz tube, with piece of steel having area of 3.34 sq cm.

from these metals. In fairly long-term tests, Armco iron, low-carbon
steels, and chromium-plated samples were found to be severely at-
tacked by the bismuth; and the chromium alloys, stainless steels; and
superalloys were moderately attacked by the bismuth, A 2.9 per cent
silicon transformer steel and Duriron were the only madterials tested
which exhibited good corrosion resistance to bismuth at 750 and 850°C."

‘Over a perioa of time several other series of corrosion tests of .
various materials by bismuth have been made at Mound Laboratory. '
. Denver Hale reported some early corrosion experiments.” Table 8.4

~ lists his data for the corrosion of low-carbon steel by bismuth:- The;
first eight tests were performed by refluxmg bismuth in a steel cyhn- .
der-in a residual nitrogen atmosphere of about 1 mm Hg pressure. A
condensation ring containing a brittle deposit was found (in all cases).
on the tube wall just above the heated zone. Although this deposit ap-
peared to be a bismuth alloy, heatmg a portlon to 1000°C caused bis-
-muth to flow out of the ring, leaving a residue of the same form as
the original ring. This residue appeared to be a spongy depOSIt of con-
densed iron containing absorbed bismuth.
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" Tests on miscellaneous metals were performed by exposing the metal
samples to bismuth which was contained in a quartz tube.?»28:2® Dyuriron
was more resistant to bismuth than any other material tried. This work
was the first indication that silicon had a beneficial effect on the corro-
sion resistance of iron alloys to bismuth. Additional data were obtained
on the corrosion resistance of high- temperature alloys. These tests in-
dicated that high-temperature alloys (for example, alloy numbers S-590
and 19-9DL) ‘have fairly good corrosion resistance to melted bismuth.

. Little information is available on the combination of polonium with
the materials of still construction.” Investigations by Goode® indicated
that polomum forms compounds ‘with zine, lead, ‘platinum, nickel, sil-
ver and’ sodlum' compounds with gold, tantalum, iron, and aluminum

-were ot found. A test?® performed to simulate still conditions con-

sisted of sealing 1 curie of polonium in a small steel container and re-

"peatedly heating and cooling it. After a number of heating and cooling

cycles, the container was opened and heated to a high temperature to
drive off the free polonium. The container retained 2.6 per cent of the
original polonium. A second test showed that only 0.007 per cent of the
polonium was retained.

¢

6. CONCLUSIONS

Effective methods for the separation of polonium from irradiated bis-
muth by distillation have been achieved. Equilibrium studies of this
method of separation have indicated that this tYpe of purification pro-
cedure should be practicable, and pilot-plant studies have resulted in
the development of suitable distillation equipment for the performance

~of the separation. The feasibility of using distillation methods on a

plant-scale basis has not been investigated. , \
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Chapier 9"
INSTRUMENTATION
By Warren L. Hood and Adrian J. Rogers

1. INTRODUCTION

During the early Srears of the Dayton Project the radiometric assay
of raw matéria}s and polonium process solutions relied on those in-
struments which were available. At that time the Geiger counter, the

‘Lauritsen electroscope, the alpha monitor, and the pulsed parallel-plate

ionjzation chamber constituted the only available equipment. that could

o be used for these purposes. Since that time a-great variety of radiation
‘assay and monitoring equipment has-become commercially available.

This chapter will describe the equipment which was developed (or
modified) at the Dayton Project and Mound Laboratory to satisfy the
existing needs of the polonium purification process.

2, HISTORICAL

)

2.1 General. Among the major uncertainties in the polonium puri-
fication process was the purity of the polonium produced and the effi-
ciency, of the various chemical separation procedures.- Special - instru-
ments were developed to resolve these and other problems. Some of
these instruments were used for only a short time and then discarded

" as techniques of measurement were improved, purification procedures

were changed, and better instruments were developed. Other instru-

_ ments, because of .their versatility and general utility, were retained

and developed to their present state of usefulness. This section will

-describe some of the instruments of historical interest which were
. used in the early days of the polonium project.

2.2 Alpha Monitor. One of the instruments used for the alpha assay

-of active samples of polonium in the early days of the Dayton Proj-

ect:was a large parallel-plate ionization chamber connected to a

_battery-powered électrometer circuit. The response of this instrument
. is'a function of the intensity of the sample up to a disintegration rate of

212
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about 107'dis/min. The lower limit of sensitivity was about 10* dis/min
owing to the masking of weak signals by background noise. This instru-
ment, shown in Fig. 9.1, was designated the alpha monitor.

The alpha monitor, together with the hemispherical chamber de-

- scribed in Sec. 2.3, was used extensively for the assay of active' sam-

ples until the development of successful low-geometry attachments
for the Simpson counter (Sec. 3.1). The alpha monitor was used oc-
casionally through 1952.

The alpha monitor underwent several’ stages of modification! to attain

i greater ‘circuit stability and freedom from microphonics and to-adapt it

to a regulated a-c power supply. The a-c-powered circuit was suffi~
ciently stable to give accuracy and reproducibility to within +4 per cent,!

HIGH-VOLTAGE LEAD
AND INSULATOR

I

X

s M srrs

, . POLYSTYRENE :
R Nz SLETR frr)

AMPHENOL POLYSTYRENE . ZGUARD
CONNECTOR . RING

Fig. 9.1 — Alpha monitor, cross section.

- 2.3 Hemzspherzcal Iomzatzon Chamber (Sopkometer). The- alpha
monitor described in Sec. 2.2, when operated at atmosphemc pressuré - °
with air.as the filling gas, was reliable up to a disintegration rate of
only 107 dis/min’ because of recombination effects. A hemispherical
ionization chamber operatmg at reduced pressures was developed by
Sopka? for assaying millicurie amounts of polonium. This chamber,
which consisted of a 1-liter spherical flask, is illustrated in Fig. 9.2.
The sample was placed near the center of the spherical flask and the .

- counting volume was essentially hemispherical. This flask was pro- = -

vided with stopcocks for- evacuation and filling. The high-voltage elec-
trode was formed by evaporating a film of copper or gold on the inner
surface of the flask. The other electrode was attached to the sample
holder which was mounted on the male section of the ground joint. This
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electrode was machined to hold the 1-in.-square glass slides upon which
_ the samples were mounted. The chamber was operated withair ata
pressure of 15 cm Hg. At this pressure the recombination effects were

INNER WALL COVERED
WITH THIN FILM OF
EVAPORATED METAL

{=LITER FLASK

HIGH-VOLTAGE
ELECTRODE
CONNECTION

METAL ciN/r{
SHIELD L

50/50 FEMALE

- ALUMINUM. CAP AND
SAMPLE HOLDER .

50/y MALE

—CABLE TO
ELECTROMETER
CIRCUIT

Fig.9.2— Airtight spherical ionization chamber,

) ,neghglble, and the chamber response was essentlally linear up to at
least 10’° dls/mm. : -

2.4 Iomzatwn Chamber for Assay of Bismuth Slugs An. alpha ioni-
zation chamber, Fig. 9. 3, was designed for the direct assay of act1ve
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" nonjacketed bismuth slugs.

o ' Co - HIGH-VOLTAGE CONNECTION

. 215

3 The high-voltageelectrode was 4 brass -

. ¢ylinder concentric with.the cylindrical slug. The slug served as the -
second electrode and- was connected to the electrometer circuit, The.,-’
slug was placed in the’ cupllke plug, and both:were inserted into the.

TO ELECTROMETER CIRC_U!T——O\(‘

POLYSTYRENE

—7

- Fig. 9.3.—l.onization chaml?er for alpha assay of bismuth slugs. AN

-
N ~

chamber from the bottom *The counting procedure 1nvolved comparmg

~ the unknown slugs with a number of slugs .which had been chemlcally

%

analyzed for use as, standards The use of thls chamber was fea31ble
only w1th slugs ‘of low gamma flux.. .

TN

) 2 5 Penczl —type Iomzatzon Chamber A cylmdrlcal 1omzat10n cham-
ber? 51m11ar to an end- window Geiger counter was desxgned for. de-

LN
N

/termmmg ‘the rate of depletlon of polomum solutlons during electroly51s v

(Fig. 9. 4). -

The chamber consisted of a length of 18 ~-gauge platinum wire mounted
_in the center of a platmum cylinder. A polystyrene plig-at one end of '
the chamber msulated the electrodes from each other-and served as a.
spacer to -maintain:a concentric assembly.’ The lower. (or collecting)

:

S
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i‘end of the chamber was open. A posmve potent1al of 135 volts was ‘

- trometer c1rcu1t through a polystyrene beaded cable. \This circuif was-

1dent1cal to ‘the two stage a- c-powered amphfler used w1th the alpha
momtor . .

TO E-_LI:ZCTROMETER_ CIRCUIT

POLYSTYRENE INSULATOR

B

/PLA“FINUM TUBE : ;

_POSITION INDICATOR -

v

'

o : Ce
. 3 . L5

SRR - CONTAINING Po e ' * ~ " .

. . l

f{

. - C )
. Fig. 9.4 —Pencil-type ionization chamber.

.A.-: 'j . .

A measurement was made by lowering the chamber to some prede-
termmed height, generally Y in., above the solution level and takmg a
readmg withi the’ electrometer. A polystyrene rod attached to, ‘the. out-
s1de of the chamber ‘and extendmg 1/4 in."below it servedias a chamber-
to solutlon dlstance indicator. Attempts® to cahbrate the 1on1zat1on '

chamber were unsuccessful ‘owing to contammatlon of- the chamber and

dxfﬁculty m mamtammg a'constant geometry

+
3 -

el _'. 3 RADIATION MEASURING INSTRUMENTATION B o

w3 1 Logac-s and Logac-L Alpha Counters. Two low geometry at-
tachments were developeds“s to adapt the methane flow proportlonal

o . . Y N s
. Lo - R .

applled to the. cyhnder. ,The center electrode was connected to.an: elec— o

i

I}
I
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~ samplés'whose activity range falls between the upper limit of the Simp-]
_ son counter and the lower limit of the calorimeter (2 x.1

" The élﬁxqrtér%loxﬁ_—‘geometry attachment,: désighatgd'aé the “Logac
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of a_lbi\a—‘é'mi't"tir‘ig‘ j‘-:'fl S

-alpha"po}xnter~.j(Si'mp$Qn ’cou'nters’) to the measurement
05 to 1010 dis/ - - g

min).
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*covers the range from 105 to 10° dis/ min._ it is designed to Be attached
to 4 proportional counter without alteration of the counter other. than to
. space the cdunting chamber away from the front. p; ‘ﬁelf'o‘f"the"scalér', and’
. to réplace the slide and base plate with similar parts drilled with holes, - =/
‘to define the geometry of the counter. Figure 9.5 shows an assembly o }
drawing of the Logac-S. Figure 9.6 shows the Logac-$ installed on a - o
- Nuclear Instrument & Chemical Corp. version of the Simpson counter.’
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The . Logac -S consists. of seven parts, a'base plate (not shown), shde
sample holder spacer, extensmn cylinder, and plug, as qllustrated in -
. Fig. 9.7, - e : S

Three geometry factors of approx1mately 4% l()2 15 x 103 and 1.5 x
10* can be obtained by changmg ‘the spacing between the sample and the
apertures and by shifting the position of the gate slide with respect to;

: ' o PROPORTIONAL COUNTER
' SAMPLE CHAMBER :

. APERTURE

. './GATE, ' GATE SLIDE

e
nninng)

ZTuBE ,lﬁnmum FINS

<

=7 ¥
N g s iy 7 iy ¢ e 1 1 r v 1 B |

COUNTER™ BASE PLATE-

NE
5

GATE LIMIT
SWITCH

"~ 'GATE DRIVE MOTOR, ' :

{ ’ N .
the base plate to allgn either one or four of the geomeétry- defmmg ap-
ertures m the slide and base plate. A fourth geometry factor 1s possi-*
ble, but it'is essentlally a duplicate of one of the other conhguratlons
The geometry factor for each conflguratlon is calculated by countmg

" A thin sheet of mica (1.5'to 2.0 mg/cmz) is cemented over the four

’ apertures in the counter base plate to obtain- a vacuumtlght alpha- .

transparent seal between the gas-filled counter and the evacuated :
Logac -S attachment DeKhotmsky cement is used to cement the mlca ‘
“in place.: ... i '

. The longer low- geometry attachment de51gnated as the “Logac L ”6
is designed-to count-samples in the range of 10° to 10'® dis/min. The

* very low geometry is attamed by makmg the ‘sample~to-aperture spac-

mg approximately 80 in. and by using an even smaller- aperture area

L B

R —_— R . U . -

: accurately measured: ‘standards. ; e




dlagram ‘of the. Logac -L.is shown in Flg 9. 8 Flgure 9. 9 shows an in-
Dol stallatlon of two Logac L attachments.

v

T . s ;‘7 l'

e LT Fig. 9.§\%Logac-L installation'(loading end)..

The geometry dehmng assembly con51sts of a brass tube 6 ft long

.. and 8 in.. in d1ameter, witha proport1ona1 counter and a- sample chamber.

e :attached-to 1ts opp051te ends. The geometry of this system may ‘be -
‘changed by a factor of approx1mate1y 10 by shlftmg the position of the

) .proportmnal counter w1th respect to the dovetailed: slide to align: elther

": one or four of the’ holes in the shde w1th the correspondlng holes m the

o base of- the counter .

' The Logac L 1s equxpped w1th 1ts own vacuum system and mercury

U manometer A'motor- actuated gate, located between the tube. and the .
;sample chamber and separate solenoid valves in the vacuim hnes to

= at the proport10na1 counter than is used w1th the Logac S A schematic o N

e




AEE " ’the. sample chamber and: the tube make it p0551ble to evacuate either. " R
) "’ the entire Logac -L or the tube alone. Thus the time requlred for-ad-- :

o mlttlng i sample for. countmg is-greatly reduced because the vacoum -~ - o 4

o : may be- malntamed 'in the tube and only the sample chamber will- requlre e
Y ” ' reevacuatlon The: gate is equipped with sthches to limit its travel be- - . :?/f
- tween the open and. closed posmons and to actuate. a. solen01d -valve when o 1 ’

. . .the gate’is closed to admit air into the sample chamber A contact- - ‘,»_'v IR
o - making manometer connected in series with the gate control circuit :
prevents reopemng of the gate until the sample chamber 1s completely
reevacuated. - D - : BN , .
= Countmg operatlons Whlch mvolve the use of the gate are: generally w N
< accomplished by. adm1ttmg samples through a c1rcular port at the rear . .- Ll
-+« ‘of -the sample chamber This port is covéred by, a gasketed cap attached o
T to an over center clampmg device consisting of a commercxal ]1g
‘ clamp The port. may be quickly. opened or closed by rotatmg ‘the clamp
handle: through an angle of about 60 deg. Samples may be attached to
the cap by nmieans of tapped-holes on its inner face. E
s ' -For the routiné alpha counting of polomum dep051ted on platmum <z
mxcrofotls (Chap 7,'Sec. 11.2), the sample chamber is. equ1pped w1th ST
two. mountmg blocks - désigned to receive the special foil holdéfs (Sec. ' .. i
4.6) used in the electroplatmg and weighing of polomum during the ' o Z'..,'..-
‘ purity assay A mountmg block is located on each side of the sample ’ DR
* chamber as showh in Fig. '9.9. A foil holder is installed in the. right- . . 0
-hand: mountmg block of the left-hand. Logac -L of Fig. 9.9. A m1cr0f01l : EA
© - is shown held m the forceps of the foxl holder with. the foﬂ extended in o

- " make it possxble to introduce the m1crofo1ls mto the sample chamber !'ff
w1thout brmgmg the chamber up to atmospherlc pressure. ey it
. The Logac Lis equipped with a lamp (to illuminate the 1nter1or of the ‘.f R
. sample chamber) and a window (located on top of the: chamber) through 2o
Whlch the foil may be -observed when in countmg posmon i R
Gross contammatlon of the interior of the sample chamber and the ‘ el
“tube is prevented 1by l1nmg the sample chamber with a brass. sleeve '
which has a rubber hydrochlorlde window cemented across the end
- toward the tube. ‘The sleeve is provided w1th holes which. ahg-n with™:
e the ports in the nsample chamber. The sleeve is’ easxly removed through .
e ="_ " the large gasketed port at the rear of the sample chamber for sleeve "5
_ - decontammat:on or replacement of the rubber: hydrochlorxde w1ndow« e
RN j In a more hlghly developed model of the Logac L,a rotatmg sample
o holden is 1ncorporated within the sample ¢chamber in order that a sam- .~ 7
ple ‘may be continuously rotated while it is being courited. "This. partlcu-"
s ¥ lar mstrument is also equlpped with a Cartesmn monostat. (Emll Greiner
- _ Co.) which will mamtam a pressure constant to within 0. 1 per cent 7
" within the Logac L for the’ purpose of makmg absorptxon studies. Ce
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Countmg 1naccura01es due to the scattermg of alpha particles- trom
" the surface-of the- tube-are:prevented by. means- of a series of spaced
. alummum fins located within the tube. - ' L F .
. The geometry. factor for the Logac-L-is determmed by comparison -
to- calorlmetrlc measurements of foils, each ‘of which. has«about 3 curies
of polomum deposited upon it. This amount of polomum can be meas— o
dred accurately with:the calotrimeter: o S
The, Logac-L is installed in the laboratory in wh1ch the samples are’
prepared and the proportlonal counter erd extends through the wall- 1nto
. the: countmg room. Contamination of the countmg room by actlve sam-
ples is thus prevented SRR P K -
T 3.2 Measurement of Radzoacthty wzth a Radzoelectrzc Cell ”’"2 ,
(a) ‘Principle of Opemtzon If two electrochemlcally d1ss1m11ar mate-
- rials are separated by a normally nonionized medium, a current will |

e flow through an external clrcmt connected between the two materials,

*when the separating medium is forcxbly 1omzed upon exposure to radia-
tlon "The magnitude: of\thls current depends upon the load 1mpedance
" the type and. intensity of ‘the 1on1z1ng radiation, the: contact potential
dlfference between the materlals the type and pressure of the f1111ng
gas and the geometry of the cell If the 10mzat10n is due'to gamma
radiation, the current also depends upon the gamma absorbmg prop- -
‘erties of the electrodes and the fiiling. gas. If the 1on1zat10n is due-to
neutron rad1at1on the current depends upon the. eftectlveness of the

. electrodes and the flllmg gas in producmg 1on1z1ng partlcles by mterac-

. tion with néutrons. - 2

Although this phenomenon, whlch was des1gnated as the radloelectrlc

- effect,” was dlscovered 1ndependently at Mound Laboratory, it was f1rst

demonstrated by Kelvm 13 .Cells utlhzmg th1s prlnmple for countlng

T radloactlve emlssmns are “called rad1oelectrlc cells.’

-, The rad1oelectr1c cell can'be cons1dered as analogous to an electro- v

. chemlcal cell in wh1ch the open- c1rcu1t potent1a1 is the d1fference in

‘the' work functlons of the two electrode surfaces. and the source of en- -
ergy is the ionizing rad1at1on Smce the formatlon of a posmve ion is
a:loss of electrons and hence an oxldatlon, and since the neutrahzatlon,_

~ o of a posmve ion is a galn of electrons ‘and hence a reductlon, the cur-‘

" rent.from a radloelectnc cell can be considered as coming trom an
ox1dat10n reductmn reactlon. However this 0x1dat10n reductlon in-
volves’ the flllmg gas and does not 1mply any permanent valence change
in the oxidation state of the electrodes themselves. Also, ‘the .energy-tg '

- produce this oxidation and reductlon comes from out51de the cell. .
The radloelectrlc effect may be used for the detection of alpha beta,

- gamma and neutron radlatxon Exper1mental cells have’ been bu11t for

’ neutron detection and several types of gamma detectmg cells have been =

- ' A : ' N
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designed and built with which gamma radiation can be measured with
high precision. ) :

(b) Cell Characterzstzcs Table 9.1 shows.the open- circuit (characL .
terlstlc) potentials of specific cells with an aluminum oxide negative

.
~ ’i‘able 9.1 —Characteristic Potentials of Specific Cells with Aluminum
- ) (Al,04) Negative Electrodes
N Open-circuit voltage,
Test electrode volts
PbO, plated on gold 1.34
- Carbon (aquadag-coated aluminum) 1.01
Copper oxide on copper 0.975
Gold plated on copper 0.95
Brushed gold plated on copper 0.945
Copper - 0.72
. Silver 0.67
v _Brushed copper 0.64
Nickel 0.63
Brass 0.58
Stainless steel 0.57
- ' Brushed brass 0.425
Sanded nickel . 0.41
Nickel, 1% cobalt (plated) 0.41
Sanded stainless steel 0.39
. : Zinc 0.32 -
. ' Lead 0.22
Brushed lead 0.20-
Chromium (plated) 0.18
Cadmium (plated) 0.132
Cadmium 0.06
Sanded cadmium - 0.026
= \  Sanded zinc " - —0.01 B
Alummum (1 min afber sandmg) -0.32 ..

. electrode and various other materials as the positive electrode It w1ll o
be noted- ‘that' the potentxal differences’ ‘generally tend to'fall in the same '
order as the work functions of the elements. There are exceptions, Tl
which would be expected if the characteristic potentials are a measure"
of the difference in the work functions. of the surfaces, since in most ’
cases those surfaces are oxides (or other compounds) rather than the
pure elements. The thickness of the surface’ also affects the charac-

g -
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teristic potential. If the surface is thin; the characteristic potential
may have a value intermediate between the one it would have with a
“thick” surface film and the one it would have with a surface of the pure
element. The characteristic potential is independent of the type of ra-

-+ diation.
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-Fig. 9.10-—Calibration. curve for a simple coaxial radioelectric celi,

. i L
The linearity of the radioelectric cell is shown by the calibration
curve for a-simple coaxial cell with electrodes of magnesium oxide and
lead dioxide, Fig..9.10. This cell was connected. to a smgle -tube elec-
trometer circuit and calibrated with several Co® gamma sources. .
" “The pressure vs. current characteristics of several gases in‘a paral-
lel-plate high-pressure gamma-sensitive radioelectric cell are shown
in Fig. 9.11. The current increases as the density of the filling gas in-
creases.. The lmearlty of curyes of this type is greatly affected by the '
, spacmg between adjacent electrodes .
- The pressure vs,: current characterlstlcs for a neutron sensmve o
~ radioelectric cell with hydrogen as the ﬁlhng gas are shown in Flg .
9.12. The cell used in these experiments was a multiple’ electrode, .
, 'coax1a1 type, similar to the one shown in F1g 9.15. The cell charac-
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teristics using electrodes with polyethylene cores are shown. A control
set of electrodes (aluminum oxide and carbon-on-aluminum) also was
tested in order that an approximate determination could be made of the
contribution of the hydrogenous core material. The addition of the hy-
drogenous core increased the neutron-detection efficiency and the
neutron-to-gamma discrimination.

7
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Fig. 9. 11—-Pressure vs. current for a high-pressure gamma-sensitive radio-
electric cell.

(c) Application. The first practical instfument that was constructed
using the radioelectric effect was a gamma survey meter shown (with
batteries’ removed) in Fig. 9.13. This instrument is approximately -

equivalert to the pistol-type suxjvey meter known as “Cutie Pie.” The

positive electrode was made by plating gold-on copper and coating the:

‘ gold with lead dioxide. The negative electrode was made by platihg

lead on the inside of the brass cell case and evaporating aluminum on °
the lead. The dimensions of the instrument are 3‘/8 by 3% by 7Y, in.,

‘which is’slightly larger than the ionization chamber of the Cutie Pie. : -

A pocket dosimeter, Fig. 9.14, which utilizés the radioelectric effect
was-also constructed: It consists of a cylindrical capacitor whose elec-
trodes support the cqnc'entric cylindrical electrodes of a radioelectric
cell. The capacitor is initially uncharged and acquires a charge that is
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s
+

prdportional to the total :ionizing effect-of the flux passing'thr_ough the
“cell. The cell is hermetically sealed in‘an inert atmosphere and should

A-r,etainlits electrical characteristics indefinitely, There is a-tendency ..

~for the capacitor to be discharged-by the radiation, but this is-mini-
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Fig.' 9.13 —Radioelectric gamma survey ‘meter.
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'Fig. 9.14 —Radioelectric pocket gamma dosimeter. ¥
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mized by making the capacitor electrodes of the same material and by

using a solid dielectric. The potential (or charge) of the capacitor may
be read by depressing an external electrode (a Kovar seal mounted on .
the flexible diaphragm in the end of the dosimeter) to make contact with
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"the ungrounded electrode of the cell. A metal cap covers thig electrode
during normal use of the dosimeter to complete the electrical shielding
of the capacitor and to prevent its'accidental discharge.

‘Several types of quantitative gamma detectors utilizing the radio-
electric-effect-have been designed and built. These instruments have
-supplanted the Geiger counter for the assay of polonium by gamma
counting,iﬁ some phases of the polonium-from-irradiated-bismuth-

Fig. 9.15—Multielectrode coaxial cell, disassembled.

process. For example, a multielectrode coaxial cell of the type shown
-disassembled in Fig. 9.15 has been used for the gamma assay of polo-
niuym plated on platinum foils and gauzes. The instrument previously
used for this purpose isthe rotating-source gamma chamber described
‘in Sec. 3.5. This counter gives a satisfactory gamma assay of un-

' 'symmetrical sources, but long counting times are necessary because

- of the low geometry. Durmg a run of 165 measurements with both in-
struments, the radloelectrlc cell used in conjunction with a very simple

) electrometer circuit gave a precision of 1.5 per cent, and the rotating

7
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gamma counter gave a precision of 1.8 per cent (see reference 14).
The radioelectric instrument required only a fraction of the time
required by the rotating gamma counter to make a measurement, yet -
it was-at least. equally precise.- The precision attained with the radio-
electric instrument was essentially the precxslon of readmg the 3-in.
panel meter of the-electrometer. -

A recent de51gn of a radioelectric instrument conmstmg of a coaxial
cell, a sensitive electrometer and indicating unit, and a battery power
supply is shown in Fig. 9.16. :

Fig. 9.16—Radieelectric process monitor.

L
i

(d) Deszgn Conszderatzons The combination of characteristics which
are unique to the radxoelectrlc cell makes it pos51ble to desxgn cells of .
high stability which will measure a wide range of radiation’ 1ntens1t1es
with good linearity. It is also possible, generally, to adapt 'the des1gn .
to a particular radlatlon -detection problem owmg to the wide choice
of available electrode materlals hlhng gases, and cell conflguratxons

" Since.the radxoelectnc cell is an 1ntegratmg dev1ce wh1ch responds to
: average 1omzat10n current 1ts operating range is not’ limited by re-
_solving' tlme. Cells may be designed with closely spaced electrodes

with large surface areas to attain high sensmwty with minimum cell
volume, w1th a resultant reduction in-the statistical fluctuation of cell
current due to the mcreased capacitance,

P .
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" the contact potential difference between electrodes is used for ion col-
lectlon The problem of insulating the electrodes from each other is
) ~‘ . fthereby greatly reduced, and closely. spaced electrodes may be. used to
_ attain increased sensitivity. i ‘ N
+ . Acell of almost any conflguratlon is satlsfactory since point elec-
trodes and high potential gradlents are not requlred for the satisfactory
“operation of a radioelectric cell, In general, cells may be designed to
-+ conform to the form and size of the sample. For example, a coaxial
- _cell might be used to measure the total radiation from a small sample
or to monitor a radioactive fluid in a pipe, whereas a cell in the form
of a probe might be used for explorlng a small volume.

The wide choice of ele¢trode mater1als and filling gases avaxlable
-makes it possmle to design cells with particular operating characteris-
tlcs, such as maximum sensmv1ty to.one type of radiation, maximum
dlscnmmatlon against a certain type of radlation, maximum stability,
- or max1mum characteristic potential. ' :

R

!

: V3. 3 Neutron Counters Polomum alpha partlcles react with a num-

. ‘ber of light. elements to produce neutrons. The occurrence of these

‘ et elements in the’ polomum pur1f1cat1on process, either as-impurities or

t ;. as process constltuents is a potentlal source of hazardous neutron
' radiation. Instruments for contmuously momtormg the various phases

- of the polomum process for neutron radiation and for the routine assay -

of neutron sources have been developed to a status consistent in pre-

cision with the measurement- of other nuclear particles.

. A fast-neutron monitor utilizing a boron- hned proportional counter

“ ' and a paraffin moderator was developed to detect the fast neutrons pro-

o ,duced by (a,n) reactions in the polonium process. The counter and mod-
erator are usually placed in a position corresponding in neutron-flux

N den51ty to-that in the vicinity of the worker. Where the polonmm proc-

* ess operatlons are performed in closed hoods the counter and mod-
erator are usually located inside the hood agamst the: panel separatmg
the work from the worker. -

The. fast- neutron monitor shown schemat1cally in F1g 9.17 consists”
of a. lmear pulse amplifier (V-1, V-2, and V-3),a pulse generator
(V-4), and a pulse rate meter (V-5, V-8, and V-7). The monitor is
. ‘located near the workmg area; consequently the calibrated: rate meter
PR -1 conveniently observed. The rate meter has a linear scale having a
C o full- scale reading of 50 counts/sec A multiplier switch which is located
,on the front panel of the monitor permlts a factor of 10 increase in the
{1+ . - rate-meter scale reading. ‘An outlet is prcnded in order that the rate-
’ 'meter reading may be recorded on dn -auxiliary recorder. This recorder
should have a full-scdle sen51t1v1ty of 100 mv and an input impedance of .
" at least 200,000 ohms.

>t

.~ - - Theradioelectric cell requires no external ionizing potential because

P
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4x . . 3. 4 Multzple-znput Radzatwn Detectors ‘@) Fou'r-inj}id Gamma - . { o :':*f-
: ) szer Instruments were: constructed ‘at the Dayton Project which would . .- "]
~-combine the outputs of two three, or four Geiger tubes and record the - '
- total counts with a: single fast scaler. The original design of this mstru- o
ment was completed by the Los Alamos Scientific Laboratory. These::
four-mput gamma mixers were considerably more efficient than. other
existing: counters for assaying nonhomogeneous- sources; however, later
\ mstruments (Secs '3.2 and 3.5) superseded this' partlcular counter. The
four mput gamma mixer is shown schematically in Fig, 9.18. .
' The version of this counter that was constructed at the Ddyton Pro;ect .

- differed from the instrament déveloped at the Los Alamos Scientific e
Laboratory by the followmg features: T : o7
P " 1. Instead of using four separate identical radlo frequency power sup— .
plies for the.Geiger tubes, four separate regulator circuits which were A
powered by a single transformer-rectifier-filter network were used '
2. The.input sen51t1v1t1es to each mixer stage were made varlable to
compensate for dlfterences in pulse amphtude between. Gelger tubes S
L . 3. A: 51mple sw1tch network (not shown 1n thlS schematlc) in the mput /, o

grld of V-5 (Fig.. 9 18) enabled the mrcuxtry to be used for’ measurlng NN

-gamma comc1dences in either one, two, or three Ge1ger tubes w1th ‘

~ respect to the. remammg tube or: ‘tubes. . . LT

The normal operation of th1s instrument consxsts in. arraymg the P

' - " four Gexger tubes around the source holder m a niform geometncal o
" pattern.. Gamma countmg a nonhomogeneous source under these condi- -'.

-tions will reduce the coincidence correction by a factor of 4. In. add1- -

" tion, comparlson of. th1s instrument with conventxonal gamma counters -

o “shows: that 1sotrop1c gamma ‘sources can be counted ‘with the samé - -

v

statlstlcal Jprecision in ¥, of the time. . Coe SR

(b) Two-mput B-wall Neutron Mixer. An mstrument for mlxmg the e,

A output pulses from two boron-lined (B-wall) neutron counter tubes and‘ oy
. ‘recording the tmxed output on-a-single scaler has been developed at ,' K
' -+ Mound" Laboratory Ind1v1dually adjustable regulated high-voltage power .
) " supplies permit-the operatwn of each B-wall tube in the best portion.of -, , 7"
o its characterlstxc plateau Two broad-band degenerative amplifiers:(7 >< o

10 to 2 x| 10’3 cycles/sec) and a-twin- triode cathode follower constitute:. ... .
i _the. rmxmg pontlon ofithis mstrument Each mixer. channel has-a- max1— S
mum gam' of 10 and w111 accept negative pulses up to a.magnitude of. 2
_volts w1thout chppmg the pulge.® Figure 9.19 is a diagrammatical . _:. e
representatlon of the two=input B-wall mixer. A suppressed-zero volt— Cor L

- meter c1rcu1t and a tapped cathode res1stor for proper b1asmg of ‘the. S
L o mlxer stage are features of this’ mstrument AR “ R
o - b 3.5 Rotatmg source Gamma Chamber Inaccuracles in gamma e
~ counting due to nonhomogeneity of sources have given cons1derab1e -
¥ ‘




ertles of the source: A _revolving-source gamma chamber was devel-~
ped which defmed!a geometry for gamma countmg such that a' ‘umt of .

R posulons.' Thig was accomphshed by rotatmg the source mechamcally
_to: produce homogenexty about the. axis of rotatlon and by mterposmg a’
hand figured lead- lens (F1g 9.20) between the source and:the Geiger -

: the tube length Sl - S
e : 'f Through the use of the s1ng1e Gelger tube and lead attenuator -assem-

+

1000-to 1 range of source act1v1ty The lead attenuator when placed

) approx1mate point source ‘over a 5-cm length parallel to the Gelger -
tube. The variation’ m"response w1th the attenuator in pos1t10n is less -

-0 '70 per cent over the 5 -cm range. Emplrlcal formmg of the Iead -
attenuator ‘was necessary to achxeve the desired results. o

T

3.6 Wall-mountmg Gamma. Momtor L\ small a-c- powered gamma
-momtor des1gned for. wall mountmg was developed to: ‘monitor the gam-
. ma- radxatxon mtensxty dn workmg areas. ‘The monitor. c1rcu1t is shown:

"«a

N trouble in: sample assay The four mput gamma counter (Sec 3 4a) was ‘
ke Leffective in’ overcoming gross ‘errors dide-to the’ nonhomogeneous prop— .

ct1v1ty produced the. same response over.a small range: of source - .’ -

tube to produce a flat response to a umt of act1v1ty along a portmn of .

bly shown in. F1g 9 21 oneA geometry can be used for the assay of a SR

fbetween the source and the Gelger tube, \mduces a-flat’ «response to. an -+

than 1 per cent, whereas w1thout the attenuator the response varies’ up N

At schematlcally in F1g 9; 22 (p 234). A transformerless power supply and ,' -

-

]
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L

s ser1es connected vacuum tube heaters are ut1hzed The hlgh voltage
- . for. the Gelger tube’ 1s generated by a pulse power supply cons1st1ng of '

i vacuum tubes. V5 and Vs, the inductor L, and a cold-cathode rectmer O AR
S Ve “The high voltage is regulated by the, corona dlscharge voltage A,
- regulator Vi o . : L . o o 8-
- -~ ‘This monitor was. des1gned for ease of serv1c1ng, compactness l1ght g

welght and stab111ty The over all dlmensmns of thts momtor ‘are 10 by . ;

-2

~. G 8 by 3 in., and the total welght 1s shghtly more- than 7. lb F1gure 9. 23 2 :

' g1ves a rear view of the' monitor showing the mountmg holes, cahbratlon K
- access holes, and the protected accessible mountlng ‘of the/Ge1ger tube.,

The gamma rad1at1on intensity- that penetrates the Gelger tube is in- » L

" dicated bya panel meter on the front of the 1nstrument Full- scale de- Ce B

- flectlon of this’ meter corresponds to 100 counts/sec. -

- /l v : -
TN A/ Undemater Electrometer . An 1mmer51ble 1on1zat10n chamber -
v wh1ch is remote from 1ts assomated ion- current 1nd1catmg electrome- .
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_ ter has been used at Mound Laboratory for the assay of 1rrad1ated b1s—
‘ muth slugs which are stored in a pool of water (Chap 1, Sec.: 3. 3). Tlus

mstrument was' based on an Oak ‘Ridge National Laboratory des1gn The -

" ion current produced in the 1on1zatlon chamber as.a result’ of the; gamma
“flux from an-irradiated bismuth slug provides a.measure of the polo—
niufm’ content of the slug being assayed.'® The deflection of a‘ Linde-’

mann-Ryerson electrometer is cahbrated to.present a reading, on. a. ..
ground-glass scale, which is proportional to the gamma flux imipinging - -

on the ionization chamber. Figure 9.24 shows a simplified circuit dia--
‘gram of the underwater electrometer, and Fig. 9.25.shows. the’ electrom-
- eter housmg, the remote ionization chamber with a slug pos1t10ned in
front for measurement ‘and the penscope used for 1dent1fy1ng the slug
bemg assayed - .

. e

4 SPECIAL PURPOSE INSTRUMENTATION

' 4.1 Geneml Spec1al problems wmch were not prxmarlly assocxated
with the detectlon of radlatxon have occas1onally orlgmated in some-".
phase of- the polomumlpurmcatxon process Representatwe solutions to.
the type of problem encountered are described in this section, and these
“include only that apparatus for which s1gn1f1cant needs were satxsfled
or-in Whlch novel 1deas were expressed

‘L2 Quartz-fcber Mzcrobalance (by James M’ Goode) (a')\ General'

’ ."The determmatlon of the' punty -of polomum preparatxons made it-de-

) sirable.to welgh a mass of polomum of the .order of. 40 pg. w1th an ac-’
curacy of +0:05 ug Commercral mxcrobalances were not sultable for -
this. determ1nat1on for two reasons: (1) the sensitivity of even the best
avallable commerclal microbalance was far too low to ach1eve the de-

“sired accuracy, and (2) the:speed of these balances was: low enough to
allow sample deterloratxon due to prolonged- atmospherlc exposure. .
The quartz-fiber \mrcrobalance designed by Kirk, Craig, Gullberg, and -

o ‘Boyer® for. plutomum analysis had the desired sen51t1v1ty and construc-

tion features to nge the: required acdcuracy and speed ‘of- operatlon
Balances of thxs type were ‘being supplied to the Manhattan Project by
the Ryerson Instrument ‘Shop of the University of Chicago. An agree-

(and mamtenance) .of quartz-fiber: mlcrobalances to the Dayton Pr01ect
A program was started at the Dayton PrOJect in 1946 to modlfy the

. quartz-fiber, rmcrobalance and adapt it to the specialized needs of thrs o

Project. Prov1smn of fac111t1es for on-site maintenance of ex1st1ng

mxcrobalances ‘was started in 1947 The fabrication of mod1f1ed quartz- -

hber mlcrobalances began in 1948

/"

T
i

ment was reached with the Ryerson Instrument Shop for the supply: -7
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., rated.in a>~new vacuumtlght balance case of cast metal. A motor1zed o

(b) Mzcrobalance Constructzon The Mound Laboratory balance isan' .|
adaptation of the quartz flber balance (referred to as the Kirk- Cra1g '
balance) wluch 1s constructed by Klrk Cralg, Gullberg, and Boyer

- The K1rk Cra1g balance’ consists- of a fused quartz equal arm beam o
suspended by two identical quartz flbers One of these’ f1bers is used
as a torsion- f1ber for restormg balance when an unbalanced force is )
apphed to the pans .The. other fiber is used as a Support Since thisis . .. --

- a null- type balance the support ﬁber does .not: enter into the cahbratxon
-of the balance Tens1on on the torsmn and support f1bers is: mamtamed
“'by- a stretched quartz bow The balance pans are suspended from the -
beam by small hmge (or hang down) fibers fused dlrectly to the-beam.

‘ These-hinge f1bers are fused to heavxer fibers which are hooked at the”
ends to hold the pan holders. The pan holders are located in'a well be=

- neath the main= balance case bottom in order to-isolate the sample and X L
tare m1crof01ls from the - ‘major portmn of the balance ' . o

“The null point of the system is- mdlcated by comparlson -of pmJected

it

i images of an. index fiber stretched across the top of the beam. The -

~ ‘quartz. system and the opt1cal system ‘are encased w1thm an 1nner
shleld and ‘the ent1re mechamsm 1s contamed ‘within an outer case. . .
During- 1943 the- constructmn of these balances was undertaken by the " ,
Ryerson Instrument Shop at the Un1ver51ty of Chicago under the d1rec— .’ .
tion of T..J. O’ Donnell Certam mod1f1cat10ns to ‘the original K1rk- /" S
Craig balance were made at this t1me In addition to the original = - ' ’
shlelds a th1ck plastlc case for atmospherlc and thermal sh1e1d1ng : s
.was prov1ded “A control. base for ease of remote operation was ‘also _ . -
‘added. The. tors1on d1a1 dr1ve was 1mproved and the opt1cal system was
‘modified. : S e
The Dayton Pro;ect used balances constructed by the Ryerson Instru- ,
ment Shop. for routine we1gh1ng in- the determmatlon of the purlty ‘of
f polonium’ from! 1944 to 1948. In 194'7 the relative. scarcity of micro- .
balances led to ‘the 1n1t1atlon of a'program for: mamtenance of quartz- E .

~ fiber mlcrobalances at the’ Dayton Pro;ect A program of’ balance T

/

s

. repair and constructlon was initiated, and by September 1948 a balance

‘.

’ constructed entlrely at the Dayton Prolect had been completed 20

EN

Boyer The balance case v(optlcal ‘Systﬁem,\and mechamcal system were
modifled to: make the balance edsier. to operate and more dependable.,

‘Because of the partlcular ‘nature of the radloactwe ‘material being = . S
welghed (polomum in this: case), a loadmg mechamsm combmmg at- T
mosphenc 1solat1on and completely remote pan- loadmg were 1ncorpo- '

’i
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dnve ‘was added to the torsxon-ﬁber d1a1 to'increase the speed. of
welghmg Wlth these ‘modifications, an experienced operator can av-"

erage 12 welght determinations-per hour. In addition to increasing the - !'4
- speed of operatlon,‘the modlflcatlons greatly extended the period of

trouble-free operatlon Some of the Mound Laboratory ‘balances have "

“been in routme ‘service. for over a year w1thout failure or serv1ce on '
" any part of the balance.

’ “ .

A schematlc drawmg of the quartz system and’ the optlcal system 1s

'shown in F1g 9.26, and a p1ctor1a1 representatlon is ‘shown ' in Fig. 9. 27
‘A front view of.a Mound Laboratory balance with its associated’ acces— "

sories is shown in Flg 9. 28 The pan-well interior is seen m both a.
profile. and an obhque view, sxmultaneously, through a telescope A

' typical'view as seen through this telescope is shown in Fig. 9.29. The"

hght for viewing the pan wells is transmitted through two thicknesses -
of heat- -absorbing glass (Cornmg Light Shade Aklo No. 3965) This” . .
glass, wh1ch is used also in the light path.of the index lamps, reduces
the thermal drlfts (due to. convection and to unequal heating of the
quartz system) to-a negligible amount after 5 min of operation..
A porous contamer of desiccant (Drlerlte) is placed inside the outer

balance case: The inclusion of the desiccant and the complete sh1e1d1ng

of the balance from the atmosphere have eliminatéd the need for drift

kcorrectxon and have greatly extended the useful life of ‘the rhodzum flrst-\

) surface mlrrors the quartz system, and other functxonal parts w1thm

b

" the balance case. : : c

~ Rotation of the’ torsmn fiber: of the Mound Laboratory quartz fxber
balance is arbxtrarlly limited to three complete. revolutions,. in either

- - direction, ‘from the center position. The torsion:fiber dial, whxch is
5 in. in dlan%eter 1s divided into 1000 divisions and is equipped with a.

vernier readlng tO Yao of a division. The dial is motor driven through a’

. 200-to-1" reductlon worm drive. A motor with a double, shaft extension = . .
.is used: One shaft extenswn is equipped witha haudwheel for fine ad- C
Justment of the torsmn ﬁber dial.

The 1iull posmon is determmed by -aligning the pro:ected images: of

the two ends of the index fiber on a ground- glass screen. The resolu—

tion of the optlcal -system is sufficient to detect a dlsplacement of -
position correspondmg to ‘/,0 diameter of the 10- to 15-u index fiber.

The beam mdex ‘sensitivity (defined below). is adjusted so that a dis-"’ o Al
placement of 1/10 of the index fiber is roughly equlvalent to ‘/20 of a d1al
. division (one vermer d1v1s1on)

1

- The sensmvxty of the balance is determmed by two factors the beam .

A index sens1t1v1ty and the torsion constant. The beam index sensmvzty

isa functlon of 'the physical and geometrlcal propert1es of the quartz-

. f1ber assembly" ‘and.optical system and is defmed as the angular dis-.

placement of the beam per unit 6f unbalancing force apphed to the pans. )

~ ) . t f
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ThlS may be expressed in terms of degrees per mxcrogram The beam' :
j index sen51t1v1ty is, ad]usted by shifting the’ posxtlon of -the center of ,
gravxty of the. beam.- The torsion constant is a_function-of the torsmn— o
" fiber- dlmenszons and beam length. It is-defined as'the: ‘mass’ wh1ch
when‘ placed on one pan, W1ll cause a dlsplacement such that 1t w1ll

Quartz tension bow'

Pan well .
Pan.arrest -

quartz system.

cow

preéssed in. terms of. mxcrograms per dlal division and is varled by rt
" selection of a- torswn fibér of dppropriate dlameter The range of the ;
torsion cornstants of the balances in use at Mound Laboratory is be-
‘tween 0. 20 and 0. 25 ug per dial division. -

I S T




The Mound Laboratory balance is normally used- w1th an 8- or 9 mg

carrles the 1ndex fiber out of view -of the optlcal system. No ser1ous

- M - ol . . . . . . A N

>

v

R oo, Y

A. ,Pan—wel] llghts oot F. D1al drlve motor .
* B. Ground- ~glass, screen . _.'* o ' G. Power supply o B
) Gl 'Beam index fiber’ llghts R . " H. Mlcromampulator controls
s - D Vernler scale and beam index eyeplece % - 1. Sealed sample carrier-
. 'E J.

. Telescope o Leveling .screws .

Fig. 9.28 < Quartz-fiber microbalancev, front view.
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- attempt has been made to extend the load" range or even determlne the
‘maximum load of the balance, since,.for routme we1gh1ng, the balance
"is used at a loadmg of less than. /2 of the rated load.

] The accuracy of the Mound Laboratory balance, is dependent upon- the
- . accuracy of the we1ghts used to cahbrate the torsion constant of the, »

. ‘torsmn f1bers. In 1948 a set of elght small platinum microfoils welgh-

'-mg between . and 9 mg was. prepared at Mound Laboratory, and thelr

~

+

1oad per-pan. . The baldnce is rated at a load. of 20 mg per -pan. Above ‘ o
-the rated load, \saggmg of the beam due to. stretching of the ‘tension bow -

o e o s A

L

f
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" ‘Weights were detei-rilihed.hy the National Bureau of-Standards. The - .~
, .,weight.of'individual‘,mlcrofmls' in the set was certified to be withﬁx -

0.2 ug. ‘The microfoils, Were recalibrated by the. B\llreau ifi 1951,
The torsion constant of ‘d balance is determined: ‘by observing the -

. twist of the torsion flber necessary to restore the beam to null posmon

upon application of a known' weight difference to the pans of the balance.
‘The torsion constant is determined over ‘a range of 6000 dial- dwxslons
(51x complete turns) or an equivalent of 1 2 to 1.5 mg

F1g 9. 29——-—Pan~well interlor as seen’ through telescope '

The cahbratxon error can be reduced to 0 11 pgina range of 1 mg by’

V utilizing onlyr the dxiferences in the full set of certified wexghts The -
" normal welght of the sample of polomum weighed for purity determi- o

‘nation is 40 ug The error in the sample weight due ‘to cahbratlon er-

. ror is, then, 10 004 ug.. . .

“The. welght of :the polomum sample, in practice, is determmed to only
“the nearest 0. 1pug. A greater accuracy of weight determination would

be’ meanmgless for routine operation because. the accuracy of the count- /
mg ‘methods used to determine the radioactive ,component of ‘the. sample ’

‘is of the ‘order of 1 per cent. The "welght” of a given mlcrofml is f

A_\'

P




¥ ¥ o§ ’{.

T

»“;-‘ s1de of.the balance ¢ase to providé linear thotion to the- mountmg block’,

; \_"5 tThe method of flber drawmg descrlbed hereafter 1s an extension of

" measured tw1ce to determme the quantrty of polomum plated Welght - 5:‘ I

; Y is used in a restrlcted‘ sense ‘here: because the’ absolute welght of the. ~

N 1

i v m1crof011 is- not; determined, but: rather 'its welght -with respect to~ - o

another (tare) mlcrofoﬂ After ‘the polomum has been plated on the
. mlcrofoﬂ the welght is- determmed agam in comparlson to the/same »
e tare m1crof01l ~Although the. absolute. Jweight of this mlcrofoﬂ is not -
' determlned accurately, the difference in welght before and after platmg, .

The heat from a polomum plated rmcroforl 1s suffxcxent to. cause an’ -

L

55 ds: determmed qu1te accurately from the known torsmn constant of the " - =~
, balance S - : t_\\_»'

‘. error m welghmg (1f the welghmg is. done in alr) due to what is termed ~ _ .

the “buoyancy effect ‘An 1nvest1gat10n of this. effect was made,* and a.
: : correctmn for’it. was determmed ThlS correctlon 1s routmely apphed .
' to each purlty determmatron ER A PR B
The operatlon of the balance 1s relatwely s1mple The sample to be .
’welghed is’ 1nserted 1nto the balance by a mrcrofml holder’in con]unctmn
* witha mountmg block (Sec 4. 6). A m1croman1pulator is bu1lt into the

- inithe plane-of the balance -case 51de -A hor1zontal motlon at right an-
. .. gles to the. balance case side and a rotary: motlon are prov1ded by the
'7-f01l holder The sample is mounted on the pan holder- ‘of the balance
¥ by méans of these mampulatlons ‘A rotary ‘motion-can be 1mparted to”

/ ': the pan holder -by- the -pan.arrest‘to orlent the: ‘pan holder for rece1v1ng

; T 'or removmg a sample The operatlon of the fou holder in’ the pan well

) can be viewed'in’'a proﬁle and in an obhque view through the telescope N
prov1ded (Fig:.9: 29) “The nuil posmon of. the. balance is approached
-'.' rapldly by the motorlzed drlve on. the torsmn fiber, dial. Flnal ad]ust- .
L ment of the torsmn f1ber dial is. made by manual ad]ustment through an- ‘
: extensmn of the: d1a1 drlve motor ‘Shaft.: Because ‘the torsion. constant ' -
‘is set at 0. 20 to 0: 25 g per dial d1v1sxon and the rotatlon of the d1a1 1s
..,;111m1ted to three full ‘turns’each s1de of center, the limit for we1gh1ng,
w1thout change of tare we1ght 1s the' tare welght +600 to'750 ug.. .- ' ,

(c) Quartz-fzber-edmwmg Apparatus The constructlon of quartz—'.
flber 1nstruments Ain quantity or.to close performance specxflcatmns o
‘is. dependent :upon the; avallablllty of an adequate supply of fibers of the
de51red size'and quallty Varlous methods of drawmg quartz f1bers '

A

.

- 4 have been descrlbed”"z" in whlch the diameter: of fibers drawn-canbe . .. ="

pred1cted only within w1de 11m1ts -of. error Contmuous flber drawmg AU

methodsz""so w1ll permlt observatmn and ad]ustment of f1ber dlameter ] "_; o
durlng the: course of the draw and it- 1s this/ type of apparatus whlch ;‘ L a '
‘was developed:” %2 4t Mound Laboratory to prov1de necessary flbers *:’} B

for the quartz-tiber mlcrobalance o ey,
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- where V is the veloc1ty, D 1s the dlameter, and f and c refer to hber
"V;and cane,: respectxvely It 1s seen that the control of. drawn- flber 51ze
-is most easily accomphshed through ad]ustment\ of the. ratlo of cane R

nd O Donnell" reel- drawmg methods A ma]or

1mprovement m' ‘the. rnethod of f1ber drawing has resulted from the -

. form=-diameter: fibers.’ It ‘can be shown®! that for steady-state condl-

' tlons the dlameter of f1ber drawn is determmed by. the t‘ollowmg re-

1at1on

_ D,) : . ' o
v‘ Ve (Df) R e A

/ \

velocxty to fiber veloclty B IR .

. The drawmg equ1pment mcorporates fac1ht1es for ad]ustment and
control ‘of factors affectmg the draw The equ1pment was des1gned and
_built in unlts each havmg a w1de range of operatmg condltxons 4in -

‘ i“order that dlameter reductlon ratios, heating- condltxons etc could

‘be varled 1ndependently The equxpment is shown in Fig. 9:30. The

L feed rate on ‘the cane feedmg unit is contmuously varlable from" 0 00

o i'eyeplece bmocular xmcroscope for observatlon “of the fiber. fusxon area '
- and ad]ustable torch ‘and mxcroscope supports havmg both coarse and ' v; N
‘hne movement controls R '

‘ ,bulbous type shghtty oxidizing oxypropane flames to draw and reel, 4

‘ ‘-.descrlbed by Johot £y has been used at Mound Laboratory tmstudy the -
) deposmon of polon1um from hydrochlorlc acid’ solut1ons. In thlS method
S the deposmon of polonlum is detected (thhout mterference caused by
: '1nact1ve decomposxtxon products) by contmuously recordmg the alpha- AR
-, 1‘1nduced 1omzatlon current in the v1c1mty of an alpha- transparent elec— 2

“to 2. 00 in. /mm The hber reelmg umt draws the f1ber axxally from
. the cane onto. the reel and a motorlzed transmlssxon and speed mdl- .
’ ‘_cator provide cont, ‘l.and 1nd1cat10n of reehng velocltles -up to 10 000‘ :

in, /mm The fusmn control un1t includes a heat: source,.an mclmed—-.r

.. The: equxpment developed at Mound Laboratory has been used w1th
-up.to 150 ft. lengths ‘of quartz fibers from 0.00008 to. 0 016 1n in dlam- -
_eter and to draw 3- ft lengths of fxbers up to 0: 040 in, 'in dxameter. ‘ i

4

- s
S 4 3 Polarograph Conventlonal methods of 1nvest1gatmg the elec-
'trochexmcal propertles of materials with high specific rad10act1v1t1es

'1rrad1atxon of: the solvent A polarograph, which'is based on: 'a méthod -,

§ St e ey
B
s

estabhshment of the concept of constant efflclency conversion, of quartz: :
. cane to hber at ‘a steady rate as a basic requirement for drawmg uni-

rare hmlted by the, mterference of decomposxtlon products produced by ‘\

trode., A’ schematic representatlon of the: polarograph whxch was de-' ST
v1sed -at ‘Mound: Laboratory is shown in Fig. 9. 31. L o

In the dxscussxon ‘which follows it is assumed that polomum is dé~ o
p051ted on the cathode (or negatlve electrode), however, it should not o

PR
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A ‘Elther electrode can be the rec1p1ent of the electrodep051ted polomum, z

e

u

be mferred that deposxtlon onto the anode never occurs 'in: pract1ce

“but clanty cons1derat1ons necessanly restnct the dlSC\JSSlOH to one
. electrode, in thls case: the cathode. S AL
- The concentratlon of polomum on the. cathode is’ followed by meas-: -
"~ uring the current from an 1on1zatlon chamber placed.- ad]acent‘ to the | ~

" b ":‘ radlatmn transparent electrode. - The Mound Laboratory: polarograph

i permxts the electrode potentlal to be uniformly varied while theioni- .
zation current in ‘the vxcmxty of the cathode:is contmuously recorded.
' »on a Speedomax (Leeds & Northrup Company) recorder, Inflectlons in |
: the ionization current—potentlal relation occur as the element passes o
" through varxous ‘oxidation states.” ! B
.. The cathode (f01l) potentlal relatlve to that of a reference half cell
" is; controlled by varymg the grid potentlal of one stage of a, difference -
"."amphﬁer by means of'a motor-driven slide wire, %% This potentlal is’
umformly varled toward elther a’‘'more posmve or more negatxve value
The dr1v1ng gears to the motor drlven slide ‘wire are so arranged that'
rapld changes in the direction of motlon of the slide wire. can be made
In thosé cases where anode control . (rather than cathode control) is -
desu‘ed a phase 1nverter is added between the amplifier and current
‘ control cxrcults, and an' other c1rcu1t parameters remain unchanged

[T

The dlsmmxlarity of cell current and ionization- current behavior f"" '

. solutmn in hydrochlorlc amd is: shown in*Fig. 9.32. Oxygen and hydro- ‘

wucts -at the cathode surface after the reductlon of polomum, causes the

mflectlon pomts in: th1s curve.q T

4 4 Electromc Platmg Control The Mound Laboratory Models
PC 4 and PC-5 four-umt platmg controls are electromc 1nstruments
wh1ch control four s1multaneous electrOplatmg processes They
mamtam the solutlon cathode potentlal of. each platmg cell constant
over a wide range of ionic concentratlons of ‘the- ‘solution, -

These 1nstruments evolved from a battery powered platmg cell con-
trol c1rcu1t des1gned at 'the Los Alamos. Sc1ent1fic Laboratory” to con-
trol the selectwe platmg of one metal from a solutlon of two or- more-
metals.‘ T .
A schemat1c dlagram of' the Model PC 5 plating—control cu'cu1t s -

shown in Fig, 9. 34, o A -
The control circuit’ consxsts of a dlfference amphﬁer (V 1, and V-Z),

s resxstance coupled to.a; pentode amphﬁer (v-3), which controls the'de- ‘,

gree of conductlon of the output stage (V 4) The platmg cell is the

gen reductlon, as ‘wéll as mcreased concentratmns of reduc1ble prod— .

"during a cathodic sweep (range of potent1al varlatlon) of a polonium . . ‘ o

- shown in Fig. 9. 33./ This dlagram is, typical of both models;. they dlffer S
RO from each other chiefly in the type and number of output tubes: A s1m—~'
BRCART plmed schematlc dlagram oi the control, cerUIt and- platmg cell is

At

e . =

A R
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ey

:" ' desn‘ed solutlon cathode potent1a1 as 1nd1cated by the’ vacuum—tube
i voltmeter. This is done by adJustmg the bias’ applied to the gr1d of .

N

N\

wh1ch 1ncludes the platlng cell and the’calomel Teference half-cell and

. back is greater than 10,000..

o

L common tto V—l and V-Z 'I'hereafter any change in solutlon—cathode ;“;:."

- f-_f'253' '

cathode load of V 4 therefore the platmg current 1s the plate current
of V~4 T ;
I operatmn the platmg current is ad]usted to the value that gwes the N

TR
Y

“V-2-and then makmg a.fine adjustment by varymg theicathode res1stance. e
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potentlal w1ll appear as an error signal at ‘the grld of V=1 whlch w1ll
“result ina correctwe change in the degree of conduction of V-4 to - :
‘maintain the desxred solution-cathode potential. The error- signal 1s Ta
the algebraxc 1sum of the solutxon cathode potentxal and the. reterence P
half cell potentlal ;.‘
The control c1rcuit is hlghly degeneratlve due to the feedback loop

also the feedback loops from the plate of V-3 to the cathode of V-2 and
the gnd of Vi 3 The voltage gam from the grxd of V-1 to-the grid- of ) ;
V-4 with feedback is approxunately 280. The voltage gam without feed- e

The plating control normally maintains the solutxon—cathode potentlal
to w1th1n +10 mv (see reference 40) of 'the mltxal value during the plat- "
mg operatlon, whxch may require several hours for essentlally com-
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-its current ratmg, even when operated in parallel w1th a manual control
Control within £2 ] mv is not uncommon Three platlng current ranges
jare prov1ded They dre selected by means ‘of a rotary sw1tch -‘which also

2z

The vacuum- tube voltmeter F1g 9. 35, used for: medsuring the solu- f‘
tion- cathode potent1al isa degeneratlve cathode- loaded circuit devised’
by Bradley This c1rcu1t has been found to be quite stable. Grid-

,l - current effects are- neghglble under all, operatlng cond1t1ons, and tube
S ;f ; selectlon is not requlred _

The Model PC 4.and PC 5 platmg controls requu'e two ‘power sup-

an j‘ phes for thelr operatlon One power supply. furmshed +150 volts d- -c,
e " 2150 volts: d -¢, two 1nd1v1dually ad]ustable 25-volt taps for the. vacuum-

amphfler (excludmg the: plating c1rcu1ts) The" 25-volt’ taps are unused. .
m some models of the platlng control A second power supply furnlshes
" 3105, volts d-c: for the plating c1rcu1ts The 150 volt power supply 1s

L shown schemat1cally in Fig. 9.36. - R -

! The two power supphes are electrlcally 31m11ar ‘and employ regulatmg
;cxrcu1ts of a. type described by Abate 2n these 01rcu1ts ‘both the output "
A= 5 yvoltage and the:total current drawn from the power supply are’ electrom—
cally regulated. S .

S ' The +150= volt output 1is. regulated by means of a. conventlonal degen—,
eratlve regulatmg c1rcu1t consisting of a series regulator tube, V-6~
(F1g 9 36);a control tube V-1;a voltage reference tube, V-7; and. grld—

" the error sighal apphed to the grld of V-1. . = 7. i

of tubes V-9 and.V-10, control amplifier V-4, voltage reference tube’

‘ _: obtamed from the voltage developed : across R 22 in parall’el w1th the
; network cons1st1ng of R 16, R-17, and"P-2. g

[... - the regulatlon of the pos1t1ve output section of the power: supply by pre-_' .
ARG sentmg a constant load to the.power transformer rectlher and f1lter

~ 5. network.. This is. true'since V-9 and V-10:are shunted across the p051- '
. " tive output ‘sectxon of ‘the power supply‘and constltute a ballast wh1ch
W Y mamtams the load current constant at the output of the power- supply

"-/:f'o 3 whlch essentlally all of the load curréiit flows. Another effect of this-
L network is to give the power supply a.’'smooth overload character1st1c

' As soon as ‘the output current exceeds the maximum current which V- 9
' and V 10 w1ll conduct ‘when. the power" supply is unloaded V-9 and V- 10
cease conductlon and the 1nterna1 1mpedance of the power supply be-

< plete deposmon Th1s 1s true so long as the control is, operated w1th1n ‘ :

) selects the: approprlate shunt- for the platmg c1rcu1t mllllammeter SR

couplmg tube, V—5 The purpose: of V-5 is to’ 1ncrease the amphtude of n
The1 150-volt’ output is regulated by means of the network/consmtmg ' “

’ V-8, and gr1d couplmg tube V-3. The, control 31gnal for this: network is

“In addltlon to’ regulatmg the = 150-volt output thls network 1mproves“ ‘

f1lter network, by mamtammg a constant potentlal across R- 22 through Cena

Yz

* tube voltmeter and +105 volts d-c¢ for the platmg control direct- coupled1 e
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Moo
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“ comes ‘essentially 'equa:l to R’-Z_Z. - For output currents below this maxi-

mum, the internal imp"edance is equal to the low dynamic 1mpedance
which prevaxls w1th current regulation. The power supply is thus pro-
tected from short circuits, and the external load current may be lxmxted
to a safe value by choosmg a‘suitable value for R-22. ,

The power supply is adjusted for best regulation by connecting a oL
dummy load equal to the rated load to the output jacks, with prov1s1on '
for switching-the load in and out of the circuit. After a 30-min warm-

" up the screen- and control-grid voltages of control tubes V-1and V- 4

are alternately ad]usted to obtain best regulation at rated output volt—_
age, as determmed with a dlfferentxal voltmeter.

4, 5 A’ Low-power Inductzon Heater. A schematic dlagram of a low- :

‘ , power induction heater®? de51gned to heat small metal ob]ects to a

temperature of about 150°C in 5 to 10 min is shown in F1g 9.37. ThlS 2
instrument has been used extensively for moderate- temperature heatmg B
applications in the polonium process. '
An operating frequency of approximately 3 Mc/sec was chosen so that
the heater would be above the critical frequency of small platmum cru-
c1b1es havmg 0. 01-in. -thick walls. The critical frequency is defined by -
Brown*® as the frequency for which the material thickness is equal to ~ .-
2.25 times the skin thickness, where skin thickness is a measure of the

‘ degree of penetratlon of an alternating current below the surface of a -

conductor. - . AN

The heater is des1gned to operate w1th the tank circuit located 10 or
12 ft from the heater with the tank coil serving as the work coil. .

The heater -consists of a pair of 6L6 tubes connected in parallel in'a’
Colpitts oscillator circuit. It was initially desxgned to utilize four 6L6 -
tubes in parallel ‘However, no appreciable increase in power Gutput (due
to power-supply. 11m1tat10ns) was- obtained by using four output tubes’_
instead-of two; the four tube c1rcu1t is more d1sposed to parasmc os-
cillation. :

The heater will dehver approx1mately 20, watts (usmg two tubes)
through 12-ft.lengths of coaxial cable to a nickel load consisting of a o

.capped cylinder 0.66 in. in diameter and length with a weight. of approxi- . . -~

mately 17 g. The hlghest temperature reached was 300°C. The 20-watt .
output . represents a plate- c1rcu1t efficiency’ of about 33 per cent, -

4.6 Mzcrofozl Holder (by C. E. Shoemaker).: One of the developments LI

" which made mrcro purzty assay possible on an'accurate and rapld scale

(Chap. 7, Sec. 11.2) was the successful design and construction 6f.a .~ =
microfoil holder whlch provided for the transfer of the polonmm-plated
microfoil from one piece of apparatus to another in a low risk area.
The holder is illustrated in Fig. 9.38, whlch shows one holder com-

_pletely closed and another holder Wthh has the foil extended The ra-
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. -beaker. ‘After bemg plated washed, ‘and rinsed, the foil is retracted
. into the holder wh1ch is evacuated, flushed, and sealed thh hehum at

" must be. extended in a horlzontal posxtlon to be placed on: the mlcro-

- Since each sxde of the foil is counted, it must be turned' over.hlt must
- not move vertlcally or hor1zontall ST oA

o s s

*

. 261

ot I

L ;dloacthty of the f01l requlres that it be kept ina hlgh I‘lSk area, thus
-+ a sealed barr1er has’ ‘to-be provided between the inner chamber and the ;"

xterlor of the fo1l holder No part which is. exposed to the hlgh r1sk

o 1nner chamber may. pass. through-a barrler into a low-nsk area. The
‘holder fits three dlfferent pieces of- apparatus and performs spec1f1c

operat1ons L oerlos ool

£

,;_\(

A , . —,".' :
i oL {' v . - - o

“While the f01l ig bemg plated 1t has to extend down into a small
an absolute pressure of 5 in. Hg.’ vt ;"

When the foil holder is used in the mlcrobalance (Sec. 4, 2), the foxl
balance pan. .; SR ~

- For countmg ina Logac -L (Sec. 3 1) the foil must be placed in an B
evacuated atmosphere ina vertical posmon which is accurately located

. An mtegral associate; of the ‘foil holder is the mountmg block in which-

. the holder is mounted. for the various operatlons and which moves the”
A end plate ‘of the holder to; expose ‘the inner .chamber.. Each piece of ‘

apparatus- dealing W1th microfoils is. equlpped with one or more mount-

" ing blocks.




v , - L ."'f,'“-fl.l 4
262

¢ {

Flgures 9.39 and 9.40° show a. f01l holder mounted ‘in a sectloned
mounting block: In F1g ‘9,39 the end plate of the foil’ holder has’ been

i “moved a sufilclent dlstance to partxally expose the inner chamber m

. - Fig. 9. 40 the foil has been fully extended:: .
. The foil is introduced into the apparatus in quest1on by 1nsert1ng th‘e
foil holder into a mounting block with the foil fully retracted in the

holder and the end plate in place The holder is posmoned in such a P

_ manner that the end plate is. seated in a groove in the ‘gate whlch covers
the sample port of the mounting block., ‘The' gasketed ‘coupling nut is put

.+ on and tightened to obtain a vacuumtlght seal between the foil holder and
. the mounting block The gate actuatmg lever of the mountmg block is -

_ then placed in the * ‘open’ p051t10n ‘which miovéement.uncovers the sam*-
" -ple port and at the same time slides the end plate a sufficient amount to
expose the inner: chamber The handle of the’ holder is then rotated,
which movement: extends the f01l Additional- rotation of ‘the handle when
the foil is fully extended results in rotation of the foil so that, for ex-
-ample, -either side may be'counted in a Logac-L. -

Rotation of the knob under the cap on the handle of the holder opens
or closes the forceps. which gr1p ‘the foil. When the cap is in place, the
Xknob is d1sengaged from the forceps by a clutch arrangement The

. forceps’ are then free to shde m or out of the holder Ry

. 4 7 Aulezary Calorzmetry Equzpment (@) Thyratron Heater Con-
s trol The stability of the calorimeter, bath temperature (Chap. 10) is
an 1mportant factor in assuring precision in the measurément of the

" energy released in radioactive decay. One of the:methods used for con- L

7 trolling the bath temperature uses a thyratron heater control. The
., original thyratron heater control was ‘designed by I W, Heyd at the
) Dayton Project, and this control was modified by C E. Hites and H.
L. Cook, Jr.,at Mound Laboratory The control of the calorimeter bath
v temperature to within +0, 002°C is possible with this equipment,

The. correct operatlon of thigcircuit depends upon the proper ‘appli- : '

cat1on of two b1as voltages to the grid-of the thyratron V-2 (Flg .9.41)..

A negative d-¢ voltage, which is obtalned from the half-wave rectifica-

tion of the alternatmg voltage appearlng at the secondary of the trans- .
' former T-1,is prov1ded at the lower contact on connector CN-1. A .
 negative. half wave voltage which is obtamed from the phase-shift
‘network consisting of R:5, P-1, R-6 ‘and C 2 is. contmuously diode-

" coupled to the thyratron gr1d The diode couphng stage (V-1, Fig. 9.41) )

. functions.as a cllpper circuit that prevents the. apphcatmn of positive
. hali-wave voltage excursions to the thyratron gr1d thereby preventmg
excesswe thyratron- grid-current flow. .
CAY mercury thermoregulator which is immersed’ in- the calommeter

'bath is connected across connector CN-1, The expansmn of the mer- S

L cury m the thermoregulator whlch results from an increase in the ‘o

)

.o
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Fig. '9.40—Foil holde
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r in mounting block, foil fully extended.
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:. (b) Proportzonal Bath Control

calorlmeter bath temperature W1ll complete the cxrcult acro§s con— I

Y.

‘ ‘;; - nector CN- 1; herice the negatlve,d c potent1al w111 be apphed to'the

‘grld of the thyratron T .
" The apphcatmn of both, negatlve potentlals to the thyratron grld w111
cut off this tube, and no thyratron anode current will flow through the

St ‘bath heater umt whereas the apphcatlon of the.negative half-wave

e R voltage, by itself, to the thyratron grld will permlt the-tube'to conduct’

and thereby supply anode current to: the ‘bath heater unit.
" The settmg of control P-1 regulates the amount of current supphed

tothebathheaterumt C A C e

+ - : . .

I3 B R=1 o , R

‘20M 1w -V ‘. ' T Y AR
‘ — - T B SO

- THERMO-
- | REGULATOR

g T
RATIO t:1

SELENIUM
_RECTIFIER

Fig. 9.41— CaloFimeter thiyratron heater control.
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The control ‘of calorlmeter bath tem--
peratures to within 0, 001°C: presents a variety of problems. The devel-

) opment of a proportlonal type controller (based on a- Leeds & Northrup
Company c1rcu1t)"‘6 or bath- temperature regulatmn 'has resolved most .

s “of these dlfﬁcultles. Inthis apparatus the s1gna1 to the controller, whlch

SR 51gnal is .caused by a change in bath: temperature i8 taken from a're- ":

_ ' s1stance bridge thermometer and fed to a galvanometer in’ the- control-
- rler whlch galvanometer reﬂects a wide. beam of light-onto'a photoelec-'.

photocell whlch changes the current dehvered by a, thyratron to'the
bath heater For a steady deflectmn of the galvanometer a constant

tr1c cell.: Deflectxon of the galvanometer changes the hght flux on- the - '

et

o
N
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' brldge thermometer voltage is 1mphed thrs ‘means a constant power A
. into the bath wh1ch when.added-to the power of stlrrmg and other con-

stant sources of power ]ust balances the power leak from the bath to
the. env1ronment Flgure 9:42 shows the bridge thermometer w1th two

B ’ opp051te arms. of the brrdge contamed in each of the thin- walled brass o
-;\tubes A top view of the proportmnal controller, showmg the galvanom- o '
veter and photocell is shown in Fig. 9. 43.

(c), Platmum-Manganm Brzdge Thermometer To faclhtate observa- ;
tions of the bath temperature at the calorimeter- control ‘console, (Fig.

- ‘10 5), a platmum—manganm brxdge thermometer was developed The
- principle of- operatmn ut1hzes the temperature coefflclent of resistance

of the brldge wmdmg For a flxed current through the brldge the volt-

‘age change in the brldge is calculated from

= IRpt -

R = resistance of one arm of the bridge :
p = temperature coefficient of resistance of platinumu
temperature change of the bath

" The brldge is connected mto a typical Wheatstone- brldge arrange—v T

. ment, as shown in Figs. 9.44 and 9.45, to realize the fullest’ sensrtxvxty

Figure 9.46 shows the constructlon of the thermometer where the coil-

: form dimensions are. chosen so0.as to mmlmlze a1r spaces and hence, /
. reduce the time' of- response of the thermometer R
This circuit. has: a sensrt1v1ty of about 2. 5 v per 0.001°C and a tlme -

t

constant (speed) of 0. 067 sec“. The time to’ reach within O 01 per cent
of equ1hbr1um 1s 2 3 mm (see reference 47) 0o ' :

. 4. 8 . Radzo-frequency Electrodeless Dzscharge Exczter Unit (by John
S. Stanton) A radlo frequency electrodeless discharge exclter unit was -
designed for the purpose -of ionizing polonium, or:other materxal 1n51de

“a speclally desrgned quartz dlscharge tube for atomxc and molecular

spectra studles -
The major: requlrements were that the eqmpment supply a maxnnum
radio- irequency power of 500 to 750 watts (or, suff1c1ent power to pro-

duce a. dlscharge ‘tube. temperature of 500°F) over a frequency range‘ of *..)

from 10 to. 30 Mc/ sec, In addltxon frequency and power output were to

‘be ad]ustable and reproducrble over the specmed ranges, .- .o ﬁ

A surplus S1gnal Corps radio transiitter BC-610E (part of radlo

‘set SCR 399) was found to meet these requlrements after some modlfl—“ '
cations. and additions. 9 A photograph of the modified BC 610E is shown

in Flg 9. 4'7

where 1= half of the brldge current in amperes e
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Experlments with a sample discharge tube showed that the tube .could
be fired and the tube temperature requirements met by using metal-
sleeve electrodes shpped over the ends of the tube. The tube is fired

and the arc ‘maintained: by connecting the electrodes across the appro-

. T0
POTENTIgMETER'

TO'CURRENT
SOURCE

B

Fig. 9.44 —Manganin-platinum bridge-thermometer schematic. P = 100 chms,
platinum wire; M= 100 ohms,; manganin wire. ' .

TO
POTENTIOMETER

LT N

- LEEDS & NORTHRUP
DECADE RESISTANCE BOX

e AAN .
= \AJ
- B . .

‘ _ "0-150 MA EMFE L
- T0 BVR'IDGE‘ o
POTENTIOMETER SIDE
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“ . P o
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Fig. 9.45—Measu#iﬂg‘circuit for manganin-platinum.bridge thermometer.-

+
' IR ) . .
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priaie numbér of furns of the output tank coil. Since the tube'was to be '

used on a spec1al narrow optical bench, a remote tank circuit was nec-
essary. Radio- frequency power is fed from the main unit to the cou-
pling unit by means of a tubular 300-ohm unshielded twin line. A circuit
didgram of the coupling unit is shown in Fig. 9.48. The radio-frequency

LQ - ,
5: ggNggzDsm ‘ ' TO BRIDGE
SRlycong //\ ' o CURRENT (SIDE,
SWITCH \ . . w g -1 r T .




ig. 9.46 —Manganin-platinum bridge thermometer. i
1
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COPPER
ANPUT
- CONNECTOR ' E'-EC,TRODES
!—J—DISCHARGE
AMPHENOL I TUBE
# UG-103/U : J .
. |‘
o
. . |
! .
L S D
Zznzzl_ CABINET ' 30 ESH COPPER SCREEN
,40“L x 7'D.x 8"H. 4"x7"x10" -
C-1. 100—1.4;1{ 6000-volt air condenser.
‘L-1. 10'to 17 Mc, two turns No. 10 AWG, 2" /13~1n ~diameter

) turns spaced ¥, in.; 17 to 31 Mc, one turn No. 10 AWG, L
. ' 1'%g.in. in diameter., o
: . 10 to 17 M, eight turns No. 10 AWG 2‘/4-m -diameter
. _ turns spaced 5/ in., coil tapped 1.75 turns from-rotor
/ . end; 17 to 31 Mc, six turns No. 10 AWG, 1‘9/32-111 ~diameter

turns spaced 13/32 in., coil tapped 1.25 turns from rotor " .
‘end. - ¢ SN 4 - > LR _— .
(Note: All'coils are silve’r-plated,,’and links are centered. near the tap.) = ..
R v R )

. o F'ig.‘:9.4§:;Coui>1mg unit for Vradio—f'requency\_excit_er. .

ground on the tank coxl does not appear at the rotor end of the coil as ;
- .would be expected but at a point approxxmately ‘20 'per cent'up.from the
rotor end. The remalmng tank.turns are the’ close optlmum comprom1se

for flrmg and malntaimng the arc. Also undlcated in Flg 9.48 is a cop-

per screen: coverlng the dlscharge tube. ThlS serves to reduce mter-
a ference to radlo commumcatlon serv1ces. :
) Two other dlscharge exc1ter units for higher- frequency and lower
' power were supphed These were a power oscillator adjustable over
the' frequency range of 50 to 300 Mc/sec and a- converted surplis radar
transmltter AN /APT=5 operating over the frequency range of approxi-'
mately 300.to 1500 Mc/sec. Both units supphed about 50 watts of .
power,
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L T CALORIMETRY

U VT S ByAdrianJ Rogers ‘
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SN Lo Lo INTRODUCTION B T

CA calorimeter is an apparatus for measurmg quant1t1es of heat the

of energy, forms the ‘basis’of measurement by calorimetric methods It
) is the aim of all calorimetric ‘methods to d1ss1pate the. mcommg energy
PN in a medium, usmg the effect on the medium as a measure of the in- .
commg energy Calorlmeters are espemally useful for the. quantity
assay of alpha- particle emlttmg radioactive 1sotopes, for example
those 1sotopes which have been- mcorporated into.neutron sources and
alpha sources. N : o -~
' Calorlmeters have been used to measure the rate of heat or the total
amount of heat generated from various sources. In’ 1903 Pierre Curie
and ‘A. Laborde1 first used a calorimeter to measure ‘the heat generated
B by the energetlc particles from- radioactive dismtegrations. They. used
. ‘two matched Dewar flasks one containing lgofa mixture of about “
o " ‘second flask contamed 1 g of barium bromide Based on the observed
lsteady-state temperature difference between flasks they were able to
r' estimate thé energy released by the radium bromide Later experi-
3 ’ enters?® confirmed their, results and 1mproved upon their calorimeter
In1913 Rutherford and Robmson used small platinum coxls, attached
Vo to the inside of duplicate tubes whlch served as two arms ‘of 4 Wheat-~
‘f,,j o stone bridge -(the other two arms con51sted of manganin coils) ina calo-
R ) rimetric ‘method. of determmmg the heat produced by 1 g of radium in
L equilibrium w1th its short half-life products. In-this case the calorim-
Vo éter either couid be used as a null instrument or- could be calibrated .
- 4. -against known' heating rates produced by an electric heater This
method for. the determmation of the quantity of heat generated is called

RN

g first law of thermodynamics, namely, the. prmmple ‘of the conservation’ ,

one- 51xth by weight of radium bromide in barium bromide, and the o

“twm-differential” calorimetry and remajns. the most satisiactory sys- o

) w

]
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- calorxmeters as compared to the alpha counting equrpment available

' _ the Dayton PrOJect env1saged the followmg benefits from use of calorxm- o

e tem m many apphcatxons The twm calormeter is one among the. many

‘ with fuch- greater precision than had previously been poss1ble.

. routine assays w1th the calorxmeters that were des1gnt d and constructed

ter, and in the response of the calonmeter to its env1ronment

213 : . L
types of 1sothermal' calonmeters and has:one major advantage, that of ‘ i
compensatlng for the changes in-the environment because of the pres- .
‘ence of the second calonmeter The first calorimeter contains. the et
power source. It is:this’ calorlmetrxc method which provided’ the basxc A
design prmciples for thé ‘Mound Laboratory calorxmeter T

2. HISTORICAL BACKGROUND' . R

The use of calorlmeters at the Dayton PrOJect and at Mound Labdra— »
tory dates from late 1944, Prior to this time polonium was assayed by
electromc counters however the: ‘higher precision attamable with

at that time recommended the use of calorimeters for the routine ’
assay of neutron sources and alpha sources. In 1945 the workers at

" eters:- ; .
1. Polomum quantlty assays could be made with much greater ac- , .. - o
curacy than the existing'assay by alpha counters. oo ' i
2. The very low geometry alpha counters (Logac-L) used in the e g
pur1ty assay- of samples'could be standardized by calorimeters.” . ,'r . ‘L“j o]
3. The calorlmeters could aid the research program 1nvolvmg the :
physms and chemlstry of polonium. e |
4. The half life of polonlum could be- redetermmed calonmetncally o 2
The formation of two-calorimetry groups, a Research Group ‘and-an: .
Assay Group; were based. upon these considerations.. The Research*
Group developed, faster ‘more sensitive, and more accurate “calotims
-eters and essentlal auxulary equlpment .The Assay Group performed

by the ‘Research- Group -

“The ‘Research Group consxdered all types of calor1meters and de- g
" cided that a- dﬁferentlal re31stance -bridge calorimeter, based: on the. .
'Rutherford- Robmson calorimeter,™ would.be most sultable for the1r
purposes: By the end of 1945, two such calonmeters were constructed
by the Research Group and put mto operatlon by: the Assay Group .
These calorlmeters ‘had a speed of about 2 hr.and; .a precision of about-
1 per cent w1th an accuracy of 2 per cent. It has been found that the
factors wh1ch 1mut the prec1s1on of calorlmetmc measurements are .,
" to be found w1th1n the calorlmeter the env1ronment of the calonme—

Much of’ [the year 1946 was. spent in “improving the basic calorlmeter
design An instrument w1th 0.15 per cent precision was constructed,

-4
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“but it had a speed,of 2 days for.a single simple-assay. This particular
mstrument was considered to be' too ‘slow’and frag1le for routine assay
- purposes,, but it was useful as:a temporary standard-in calonmetry .
" and was suitable for very accurately ‘measuring. the: half life ‘of polo- : a
‘nium. - A’ mlcrocalorlmeter was constructed in 1946 which measured
-200 mc of .polonium with a precision of about 2 per cent. L
. Advances in calorlmeter construction techmques and new materlals .

. of construction have been contmuously mcorporated into the Mound = . .
Laboratory calorimeters until at this time the present calorlmeters
are. twice as fast ten times more prec1se, about twenty times as .
‘accurate, ten to seventy times as sensitive, much more versatlle and -
much more rugged than those calorlmeters developed by 1946. C

3. THEORY OF CALORIMETRY : g

3.1 Deﬁmtzons - (a) Speed. (Tiine of Response) "The.speed of a
calorimeter (a function of the constructlon) is the time elapsed be-
tween the 1nsert10n of a sample into the calorimeter-and the arrival of

‘ . the calorimeter. and the 'sample to within 0.01 per cent of the equilib-

" rium temperature. Since the Mound Laboratory calorimeters follow °
Newton’s law. of cooling very well, the time constant A m the mathe- :
matlcal ‘expression of- thxs law, T ; ' S

- .'T=Tmax,e-)\t :","
: . e

-where T is the temperature in degrees centigrade and t is the time in

seconds, is a. functlon of the calorimeter speed. A precise determma-

"tion of A requlres the solutlon of a second-order partial differential .

- equatxon based on the radial flow of heat in concentric. cylinders hav-
ing. dxﬁerent thermal conductivities and unit heat capacities: Solutions
to the type of -heat-flow equatlons mvolved are adequately described in -
 the literature. n-1 :

'

(b) Preczszon " The precision of a calor1meter 1s the ablhty to re- '
produce readmgs for a given sample S ~

(e). Accuracy The accuracy of a. calorxmeter 1s the degree to wh1ch s
the absolute sample magmtude 1s determmed’ e

(d) Sensztzmty The sensxt1v1ty of a’ calorlmeter wh1ch is conven-
“iently expressed, in units of microvolts per mllhcurle is calculated
from a knowledge of the thermal conduct1v1ty of the materials of con-

’ structlon of the calorxmeter the temperature dlfference across the .
: cylindncal shell of the gradlent med1um the 1nner and outer radii,of
this shell, the temperature coeff1c1ent of re51stance of the bridge wmd-
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ing, and the bridge current. The observed Wheatstone-bridge potential
in microvolts, recorded for a sample, is converted into millicuries of
activity by multlplymg this potential by the reciprocal of thls denved
factor.1®

(e) Th_ermel. A thermel is a temperature detector and may be a re-
sistance whose magnitude changes with temperature, a thermoelectric
couple, a thermometer, a bolometer, or any other temperature~sensi-

- tive device.

(f) Heat-distribution Evror. The heat-distribution error of a calo-

‘rimeter is defined as the maximum per cent difference between the -

measured values of a small constant electric power source placed at
various positions in the available sample volume.” This error represents
the maximum error that could be expected from failure of the heater to
reproduce the heat flow of the sample. An alpha-emitting compound

with an accurately known half life can serve to replace the electric
power source.

(g) Noise.- As used here, noise is any output of the calorimeter cir-
cuit that tends to obscure the information coming from the calorimeter.
The precision of thé measurement of the signal (information) is high
when the signal-to-noise ratio is high. Conversely, for low signal-to-
noise ratios, the precision of the measurement of the signal is low.
Where the signal-to-noise ratio is less than 1, it is possible to use
autocorrelation principles'® 7 to derive a measure of the signal. As an
example of a noise source, consider the fluctuations of bath temperature
induced by the stirrer. These are point-to-point fluctuations and are
not average bath-temperature fluctuations. Hence, only fractional can-
cellation is effected by twin-~differential calorimeters, and these-bath-
temperature fluctuations appear in the signal output of the calorimeter

as noise. -

3.2 Opemtwn of a Calorzmeter Several methods of operating a
steady-state re51stance-br1dge~type calorimeter are available. In the |
replacement ‘method a sample is run, removed from the calorxmeter
and replaced by a calibrating heater ‘which is used to duphcate the .
bridge 'potential produced by the sample. The sample value is deter-
mined from the heater current measurement This method guards
against sudden changes in calorimeter sen31t1v1ty, but it has the dis-
advantage of havmg to reach temperature equ111br1um in the calonmeter
on two separate occasions. !

The calibration method of calorimetric measurement utilizes pre- :
viously obtained curves for sample evaluation. In this system the
measurements of the equilibrium bridge potential are made for a se-
ries of heater currents, and the results are plotted as curie equiva-




~.

L 1

lents. .Sample values are determined by referring to the graph and

.selecting the sample curie value corresponding to the observed bridge

potential. Occasional heater runs are required to check the calorimeter

-calibration curve.

Satisfactory measurements of a sample can be made by simultane-
ously running the sample in one half of a calorimeter and running'a °
heater in the other half. This has been named the “differential method”"
of calorimetric assay. It can be shown that it is not necessary for |
equal powers to be dissipated in both halves of the calorimeter for this

volved and that the heater side in‘the differential calorimeter is used
only as a proportional reference point. 18 A descnptmn of th1s method

of ‘calorimetric assay is given in Sec. 3.4.

3.3 Electrical Analogues. Thermal problems in the unsteady (or
transient) state are often solved by electrical analogues. This use of
electrical analogues results from the mathematical difficulties inherent
in the solution of the partial differential equations which represent heat
flow. The steady-state problem of heat-distribution error also involves
the solution of a partial differential equation. A d-c electrical analogue
can be set up mathematically, and this close approx1mat10n although
tedious, can be solved by algebraic methods.

Thermal conductivities.can be replaced by electrical res1st1v1t1es
temperatures by voltages, heat flow by electrical current, and heat
capacities by electrical.capacitances. In the steady state, heat capaci-
ties do not affect the flow of heat; hence in.the electrical analogue,
capamtances can be neglected

One problem in calorimetry was the: mvestxgatlon, by electrical ana-
logues, of the characteristics and relative merits of various thermel
constructions and types of calorimeters. The problem is to build a. net-

work of resistance which would distribute an impressed current similar

to the distribution of heat in passing from a sample in a calorimeter
out through the thermel and air gap. The network evolved must be quite

“flexible in order to satisfy all types of calorimeters, and it must be

conveniently laid out so that voltages and currents in the network can
be determined accurately by using a potentlometer
A small longitudinal element of a calorimeter thermel would 160k as .

- shown in Fig. 10.1a. Assuming that the heat source in a calorlmetexj is

at point §, heat will flow, when the steady state is reached, radially and

“longitudinally simultaneously at each point of the thermel, as at points
- P, Q, and 8. At each point the heat flow will expemence a resistance to

flow which is a function of the dimensions of the element selected at

that point and the inverse. of the thermal conductivity of the material

'

through which the heat must flow from that point. If in the electrical

p

"method. to be valid. An investigation of the theory involved in an evalua-
‘tion of this method of‘assay" will show that only constant factors are in- .
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analogy, a resistance can be selected that is proportional to the inverse
of the thermal conductivity (which can be called “thermal resistance”),
the problem can.be handled. Figure 10.1d shows the electrical equiva-
lent of the calorimeter, with ry, ry, ry, etc., representing the radial re-
sistances to current flow and R, R,, and R,, etc., representing the
longitudinal resistances to flow. For a given current flow the voliage

R, R, Ry Ra Rs Re R, Rg
o o &~ < o o b o
- Q @ ) o] ) ) 3
4 ) o)
o " 2 Q ) 3 4 v
R Ryo R.o Ry Rz Ros R
st ;
Rq
. ‘ Rae 309.2
R33 RJZ R31 R!O R29 RZB R27
© - » ~ < - o) ~
. SIoS8 S8 S8 Sg <z <3
v.'g ; g S ~ " 123 0]
RiT R‘G R15 Ri‘ R‘|3 R12 R“ RCO

Fig. 10.2—D-c electrical analogue of a calorimeter.

readings taken at points like P, Q, and S‘ will simulate a te'mperature’
distribution along the thermel in the analogous heat-flow-case. The re-
sistance network assumes the form-shown in Fig. 10.2. Since the com-

position of the thermel form is to be studied, variable resistances were -

used for the longitudinal resistances R;, Ry, Rj, etec. In this way the
temperature distribution for various thermel constructions could be
studied for a given heat input in a calorimeter.

Relative values of resistance are chosen according to the equation -
R = kt/KA, where t is the thickness of the section along the direction of
heat flow, A is-the area of the section perpendiculér to the direction of
heat flow, K is the heat conductivity of the section, and k is a constant’
factor to give the desired range of resistance in ohms. Following the
above described principles, five different types of thermel construction
have been simulated. The results of tests have provided the following
useful information:*®

!
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1, The three-section thermel is the most satisfactory type. This
thermel has a good conducting central section to give a flat tempera-
ture distribution and is foll_bwed on each end by a poor conducting sec-
tion. The bridge winding extends over all three sections to a length

- dependent upon permissible loss of heat around the ends of the thermel.

2. In any kind of calorimeter design, guard-ring action (which is
equivalent to high resistance to current flow) is beneficial. However,
the advantages of guard-ring action are nearly offset by the complexity
of this type of calorimeter. “Guard ring,” as used here, refers to a
heat baffle. ’

3. A guard-ring calorimeter will have from one-third to three-
fourths the heat-distribution error of a straight twin calorimeter.

3.4 Fundamental Calovimeler Equations. The energy of the polo-
nium alpha is known, and, since the number of disintegrations per
second in a curie is fixed by definition, it is possible to determine the
amount of energy which each curie will give off, per unit time, as ki~
netic energy of alpha particles. The penetration of the alpha particles
is insufficient to permit them to leave the calorimeter; hence their ki-
netic energy is manifested as heat. From the law of conservation of
momenta the recoil energy of the lead atoms produced in polonium .
decay can be calculated. The sum of these two heat quantities (alpha
and recojl energy) will represent the total heat output of a curie of po-
lonium. The energy given off by polonium as gamma radiation is so
small and the stopping power of the calorimeter for gammas is so
slight that any thermal effect due to gamma radiation may be neg-
lected.? ..

Based on the above-mentioned energy cons1derat10ns the heat equiva-
lent of polonium can be derived. The total energy dissipated per polo-
nium alpha emission is calculable from the following equations: .

E, =m,C? (1 —-Bz)'i'é ~1] ergs

= ECY(ECY + 2m0C2)
€ 2M,C¥

Egp ergs

ETotal (Eq 5“ EgRe) ergs

where Eqy = energy of the polomum alpha partlcle
m, = rest mass of the’ polonium alpha particle -
C = velocity of light
gB=v/C
v = velocity of the polomum alpha particle
ERe = energy of the lead recoil fragment
M, = rest mass of the lead recoil fragment




Converting ETotal to Joules by multlplymg by 10‘7 and since 1 Joule
is.equivalent to 1 watt-sec, .

ETotal (E, +ERe) 107 7watt -sec

' By mu1t1p1ymg ETotal by the- number of dxsmtegratlons per second per

curie (3.7 x 1019 and taking the inverse of this factor, the heat eqmva—
lent of polonium is obtained. From values tabulated for E and Eg,
(see reference 21), the heat equivalent of polonium is calculated as
being 31.23787 + 0.00920 curies/watt.

The operation of the steady-state calonmeter depends upon the equa-

~tion

.~ _K(Ty—Ty) :
Q= —a . . )
. \ ,
where Q is the quantity of heat transferred per unit t1me per unit.area

‘between two boundaries, 1 and 2, a distance d apart; T, and T, are the

temperatures'at the respective boundarles and k is the coefficient of
thermal conductivity. ThlS equatlon holds only for steady state heat -
transfer.

- In practice, the boundanes chosen are the. 1ns1de and outs1de of a
medium within which the sample is placed and which is itself ‘suspended
in a constant-temperature bath, leaving T and Q as variables. Ihside
the medium (in this case a cylindrical tube) and surrounding the sample
is a winding comprising the two opposite arms ofia Wheatstone-bridge

' circuit, the other two arms of which are wound in a tube of identical =~
construction suspended in the same bath. These two tubes are referred

to as the “sample side” and the “dummy side” of the ‘calorimeter.
‘When the sample has been in place long enough so that the steady
state pertains, then '

AT =k'Q

where AT is the amount by which the internal temperature of the side in
question has risen above the base or zero temperature which. it had be-
fore the sample was placed in the calorimeter or the heater was ener-
gized, Q is the amount of heat passing per unit time per unit (mean) - -

‘area through the gradient medium from the sample or heater, and k'

is the inverse of k/d. .

Since the Wheatstone-~bridge potent1a1 is a function of the compara-
tive resistance of the opposite pairs of arms, and since the resxstance
of the brldge windings will increase with temperature,

-5
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-ABP =k"Q

whére ABP is the amount of change in bridge potential contributed by
the side under consideration, assuming the functions mentioned above.
are linear. Defining a quantity § (the sensitivity) as being equal to k",
the change in bridge plbteﬂtial_' for each side of the calorimeter can be
represented by the following equations: '

ABP = SQq

ABP, = 5,Q »_

where the subscripts s and D refer to the sample side and dummy side

of the calorimeter, respectively. Assuming that both sides of the calo-
rimeter contribute independently to the total change in bridge potential,

and defining the ﬁcé';‘mtrlbutlon of the sample side as being the more pos1-
tive value, then

ABPNet = ABP;*— ABPp, = 8;Q; — SpQp

Expressging the sensitivities in terms of microvolts per curie of polo-
nium instead of in terms of microvolts per heat unit per unit t1me per’
unit area (the mean area is constant but undetermined), ’

ABPye; =85C ~51Cp ' (10.1)

A

where ABPNet is the actual change in potential from zero (i.e., no'

sample, no-heater) measured across the potential termxnals of the
bridge and C represents the curie value of the sample or the curie

equivalent of the dummy heater as the subscript indicates. Equation ' B

10.1 might be called the “basic equation” of the calorimeter.

A quantity F (the heater factor) is defined as the resistance of the .
heater times the constant 31.2379 which expresses the resistance of
the heater in terms of the curie equivalent per current unit squared (Iz)
rather than'in ohms. For any heater, C = IzF and by substxtutmg in -
Eg. 10.1, . . R

ABP = IXF; S5 ~ I, Fp Sp

for the calibration condmon where heaters are bemg run in both sxdes
For heaters connected in series, I = I, and

"ABP = I}(Fs S — FpSp) = mI? (10.2)
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where m is a constant and is, in ‘fact,fthe slope of the curve obtained by
dividing the bridge potential deflection by the square of the current o
used for a smgle run. For a run m which the dummy side is not ener- -
gized : :

ABP = Fy5,I° B - (10.3)
The sensitivity Sg can then be evaluated from one determination, as-

suming the heater factor Fg to be known. The heater factor Fg is de-
veloped later. For a sample run : - '

ABP = C¢Sg — I2FpSp ‘ -
and sblving for the sample value

ABP +IPFpSp : L

. CS = SS . N

From Eq. 10.2 0
FpSp=FeS;—m=A . (10.9)

and the sample curie value is . - .

-,

ABP + AP

Cs =- 5,

(10.5) .

v

;}‘rt

Thus by two runs, one with no heater in the dummy half of the calo-
rimeter and one with heaters in both calorimeter halves, and with a de-
termination of sample-side heater resistance, the two quantities A and
Sgare determined. R\inning an unknown s_ar‘ﬁple with current flowing in
the heater unit of the dummy half of the calorimeter permits the evalua-
tion of the sample size by measuring the ABP and applying Eq. 10.5.

In practice it has been found that a greater accuracy is obtamed if .
.the calorimeter is run nearly at balance, i.e., if the voltage effect of -
the dummy heater nearly equals that of the sample This can be ac- -
‘complished if the sample size is known approximately, as by a gamma
count. Equation 10.5, with ABP = 0, becomes : , =

In order to effect all the measurements req\;ired by the above the-
ory, the calorimeter circuit should be adjustable so that: ~
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1. The bridge current is reproducible,' since the Wheatstone-bridge
potential depends upon the current ghrough the bridge. '

2. Bridge potentials are measurable.

3. Heater currents are measurable and capable of bemg set to a pre-
determined Value. : :

4. Heater potentlals are measurable to determine heater re51stance

5. A switching system capable of energizing either heater independ-
ently or both heaters in series is provided. t '

In practice, all voltages are measured by a Wenner potentiometer,
and all currents are measured by this same instrument by observing
the potential drop across standard resistors through which the currents
flow. Figure 10.3 presents a schematic diagram of the calorimeter '
control circuit for a single calorimeter.

The heater factor Fg can be determined from adJustment of the
switches in the ca.lorlmeter control circuit as follows: on position 10
of the selector switch, a potential (HP) is measured which is Y1 of that
across the voltage divider. Positions 6 and 8 will give the potentials
HPL, and HPL, between the ends of the voltage divider and the corre-
shonding ends of the heater. The heater potential will then be

Heater potential = 11HP — HPL, — HPL,

Measuring the current I at switch position 4, the heater factor Fg can
be determ‘med:

(11HP — HPL, — HPL,) x 31.2379
1

Fg =

Also, by measuring the bridge potential at switch position 2-and sub-
tracting the zero-point bridge potentxal the sensitivity Sg is calculable
from Eq. 10.3. )

By setting switches 1 2, and 3as shown by the sw1tchmg chart on the :
figure (Fig. 10.3) for a slope or-“m” run, and reading bridge potentlal
and heater current, the quantltles m and A can be obtained from Egs.:
10.2 and 10.4 for a complete cahbranon

Figure 10.4 shows a representatwe type of calonmeter in-use at .
Mound Laboratory. Fxg'ure 10.5 shows a typical calornneter console
from which all data are read. Two calorimeters 1mmersed in a con-
stant-temperature bath are shown in Fig. 10.6.

3.5 ’:(,‘alorimez"er"Error Limitations. For a differential calorimeter
run, the equation for calculating the curie value of a sample can be
presented as
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C,.s.= 3
where Cg = sample value, curies -
. 1= heater current, amperes .
' Rg = sample-side heater resistance, ohms
 m = slope, microvolts per ampere squared
BP, = zero bridge potential, microvolts

BP = bridge potential during sample run, microvolts
S = gensitivity, microvolts per millicurie .

Fig. 10.4 —4Répresentative fype of Mound Laboratory caloriﬁleter.

‘

"‘ '_(10‘.6) B

\







3

»

i

v

1

Fig. 10.6 — Two calorimeters immersed in a constant-temperature bath.

The prec1smn of measurement of Cg4 is a function of the prec1smn of
measurement of each of the directly measured quantities. To determine
what error is allowable in each of the directly measured quantities if a
prescribed error in Cg is not to be exceeded, Eq. 10.6 is written

Cs = £(I, Rg, m, BP,, BP, §) (10.7)
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- Differentiation of Eq. 10.7 gives’ S
. of of ‘ C -
' = — . 1 .8
. .AkCS aIAI 8Rg ARS S e ' (‘0 ),
Ina set of repeated measurements 1t is assumed that each set of the
AD’s, 'ARy’S; etc., hasa normal d1str1but10n Therefore if Eq. 10.8 is
squared, the sum of all the cross terms, N ARS, etc., will vanish
since there will-'be an even distribution of positive and negatlve terms.
Thus, if there aren values of CS, ,

(fame ] e

2 = i 2 “
2 act E [ aR,S) ARZ + .. ] (10.9)
The’ or1g1nal statément of the problem suggests the following treat-

ment. In the absence.of any knowledge to the contrary, and in view of
~the assumed normal d1str1but10ns, it is postulated that !/

v

of 2_ _of 2 (i) 2 _ :
(81) I (aR) ARS bm ‘Am - (10.10)

e
If any of these products has a known Value this value 'should be in-
serted in Eq. 10.9 and moved to the left side of the equality, sign.
"If the assumption stated in Eq. 10.10 is introduced into Eq. 10.9,

2 Ez 2
ACE n(aq Aq

Here n is. the number of mdependent var1ab1es in Eq. 10 7 which have .
‘unknown values fitting Eq. 10.10, and q is a generahzed symbol for. the
1ndependent variables, now all assumed to have equal effect. For a
" prescribed value of ACq, it is now poss1b1e to find the correspondmg
allowed value of Aq: , -

Aq = AC s
Vn (8f/ 8q) :
~ This equatio}n can be used with Eq. 10.6 and, with reasonable assump-
‘tions. as-to numerical values of the independent variables as they occur
in practice, to find the various allowed values of the Aq’s. .Reasonable
values of permissible variation in the mdependent varlables for.the
Mound Laboratory.calorimeters are;2 :

ACS =0.001 curie ' . . AS =0.0058 mc/ﬂv-z s
“ABP, = ABP = 0.5S pv “ . S

TV

q
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The sensitivity S of a calorimeter is defined as

S _ YlRl In (l'z/rl)
T 471K

where y, = temperature- coefficient of resistance 'of bridge winding
R = total resistance of bridge winding
i = bridge current, amperes
r, = outer radii of the calorimeter shell under investigation
r, = inner radii of the calorimeter shell under investigation
L = length of cylinder through which heat is escaping
K = thermal conductivity of calorimeter material

3.6 Accuracy, Range, and Precision of Calorimeters, The calo-
rimeters used by the assay group at Mound Laboratory'must. fulfill
certain minimum requirements in order that sample magnitudes be
measurable to prescribed precisions with a specified accuracy. This is

‘accomplished )by using standardized components in the measuring cir-

cuits, accurate measuring instruments, and stable current and voltage
sources, and through minimization of calorimeter errors. From consid- .
eration of these factors the Mound Laboratory calorimeters have been '
developed to the status that:

1. The accuracy is of the order of 0.1 per cent.

2. The precision is better than 0.1 Jper cent.

3.7 Measurement of Alpha, Beta, and Gamma Radiation., For mil- -
licurie or curie amounts of radioactivity, a calorimeter assay can be
made with much greater certamty than a particle-counting assay be-
cause of the- mdependence of the calorimeter to the physical charactér-
istics of the- sample Calorimetry is especially applicable to alpha -
emitters because of the hlgh energles and short ranges of alpha par- ‘
ticles.: . . T
The usefulness of the calorimeters at Mound Laboratory can be ex-
tended to. include beta emitters after ascertaining that the beta particles '
give up their énergy within the calorimeter proper. Since the beta par-
ticles are charged and havea finite range, this condition would usually
be satisfied by calorimeters designed for alpha emitters. ‘It is possible

. to measure beta disintegration rates with a calorlmeter 1f the average

energy of the beta particle is known

With gamma rays the required mass of absorber ina calorlmeter is
SO great that it is generally accepted that a gamma-ray- calorlmeter
must, operate at the temperature of liquid helium (T ~ 4°K) in order to
reduce the heat capacity and radiation losses.to such a level that the
speed and sensitivity of the calorimeter are of reasonable magnitudes.
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' 4. ,CALORIMETRIC ASSAY OF POLONIUM

4.1 Assay Calorimeters. The present Mound Laboratory calorime-

- ters have been developed for the assay of alpha—particle-emitting iso-
topes; specifically, those incorporated into neutron sources and alpha
sources. Since these sources may cover relatively wide ranges of |
activity, the calorimeters used should be. capable of accurately meas-
uring quantities of activity from less than 0.1 curie up to several hun-

- dred curies. In the Mound Laboratory calormieters a precision of
0.1 per.cent is attained, and experiments have indicated that the ab-
solute error is generally less than 0.1 per cent for samples which en-
compass an activity range of greater than 1000 to 1.

4.2 Comparison with Particle Counters. Limitations existing in

electronic particle counters restrict their usefulness to sample magni-

- tudes of less than 10 curies, or about 1013, counts/min. Special low-
geometry attachments (Chap. 9) are required for samples of this mag-
n1tude Other conventional particle. counters are. limited to.about 2 mc
of activity. For these counters, sample- mountmg procedures, seli--
absorption of sample actjvity, geometry considerations, spatial distri-
bution of sample activity, and backscattering effects are some of the
factors affecting the observed results. In a properly designed calo-
rimeter the observed results are unaffected by these factors; however,
heat-distribution errors, convection and radiation losses, bath-tem-
perature fluctuations, etc., do affect the results and must be taken into
account. In addition, the calor1metr1c assay method requires an accu-
rate knowledge of the disintegration energy, mode of decay, half life,
type of radioactive emission, etc., of the materlal being assayed before
precise results are attained.

Discrepancies between the results obtamed using dlfferent low ge-
ometry attachments23 led to a reevaluation of particle-counting pro-
cedures. The present absolute alpha-counting methods -are based on the
results of this study, and these methods produce results that are as
precise as those obtained from calorimetric assays. In fact, particle
counters supplement calorimeters to the extent that they extend the:
range of sample activities that are measurable to very low values. One

. advan_tage -of particle counters is that they can be used to measure
many samples in a shorter time than is possible with calorimeters..

4.3 Comparison with National Bureau of Standards Ice Calorzmeter.
In an attempt to determine the precision and accuracy of the Mound
Laboratory type calorlmeter five polonium samples were sent to the
Natmnal Bureau ‘of Standards for assay in their ice “calorimeter.” The
. sample values obtained by the Natlonal Bureau of Standards checked the
values obtamed at Mound Laboratory to better than 0 1 per cent. The

;
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precisions achleved w1th the Mound calorimeters were equlvalent to,
or considerably better than the National Bureau of Standards results
as obtained with their’ ice calorimeter. The individual sample values
obtained at Mound-checked to within 0.1 per cent or petter,.and the
largest average deviation between the values obtained at Mound and at
the National Bureau of Standards was —0.09 per cent, the smallest
being +0.05 per cent. A further comparison between calorimeter types
can be made on the basis of the relative operating time required. At
the National Bureau of Standards a person can assay two samples a
day with the ice calorimeter. At Mound Laboratory one person can
assay 5 samples'a day with a resistance-bridge calorimeter.

5. SPECIAL APPLICATIONS :

5.1 Half-life Measureménts_. The physical and chemical properties
of pdloni_um were not known with great accuracy during the early years
of the Dayton Project. The value recorded for the half life of polonium
was not known to the desired degree of accuracy, and, in 1945, an at-
tempt to evaluate this constant by calorimetric methods was initiated.
By October 1945, initial values for the half life were determined; the
average value was 139 days. A 12-curie sample of polonium-was used
in these early experiments. Other measurements of the half life were
made from time to time, and, in all, six determinations have been made
with four different steady-state resistance-bridge calorimeters and five
different polonium samples (Chap. 2, Sec. 2.3). These six values of the
half life have been weighted and combined to give a grand-mean value
for the half life of 138.4005 + 0.0051 days (see reference 24).

5.2 Reactor Flux Determinations. Irradiated bismuth slugs are -
shipped to Mound Laboratory along ‘with a statement of the channel
number in-the reactor and the total amount of polonium contained: in the
irradiated slugs at the time of shipment. It was observed that the calori-
metric assay of the extracted polonium deviated from the figures re-

. ceived with the irradiated slugs by as much as 20 per cent. These

discrepancies made bookkeeping quite uncertain and caused uncer-
tainties in determining the efficiency of the separation process. To
resolve this discrepancy, the Research Group -adapted a calorimeter
to accommodate a single irradiated-bismuth slug and which would be

‘able to assay two of these slugs per day with a probable error of 0.1

per cent.

The calorxmetnc assay of a batch of slugs showed that the curie-
value of the polonium formed in the slugs is directly proportional to
the product of the neutron flux and the neutron-capture cross section
along the channel in the reactor. The results of this assay determined

\
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the neutron flux dlstr1butlon along the axis of the reactor. channel with
a precision of at least an order of magnitude greater than it was known
at that time. The assay results provided the reactor engmeers with a
means of obtaining a new calibration factor to determine the polonium
content of a slug at the time of removal from the reactor. Calorimet-
ric-agsay data may also be used to determine the existence of any
irregularities in the reactor neutron flux in the vicinity of control
rods, .cooling vents, reflectors, etc., prov1ded that channels are avail-~
able in these areas.

6. CONSTRUCTION FEATURES

6.1 Calovimeter Baths and Bath- -temperature Controllers. The .
calorimeter baths in use at Mound Laboratory are constant-temperature
units containing approximately 54 gal of distilled water whlch has a
thermal capacity of 2 X 10° calories/deg. Water lost by evaporation is
2 automatically replemshed from an inverted 5-gal ]ar suspended over
‘the bath (Fig. 10.6). .

Jce-water mixtures are known to remain at a constant temperature
" if the mixture is well stirred. Mound Laboratory has experimented

with a bath of this type (Fig. 10.7) which held approximately 20 gal of
ice and water and required about 12 1b of ice per day to maintain the
_bath temperature to a constancy of better than 0.01°C. Bath-tempera-
ture fluctuations are presently cont’rolled'by, a proportional-type con- -
troller. This controller is discussed in Chap. 9, Sec. 4.7b.

6.2 Bath Stirring. Considerable effort has been expended to deter-
mine the best method of stirring a bath for temperature uniformity.

. Vertical stirrers, with adjustable-pitch propellers, develep more
nearly uniform bath-temperature conditions and are used almost ex~
clusively in the Mound Laboratory calor1meter baths. The eificiency of
stirring is checked by introducing small quantmes of ink at various
points of 'the bath surface and measurmg the time for the ink to be dis-

_tributed evenly throughout the bath. The greatest time observed was 15
sec; hence this indicates .that temperature gradients: cannot exist in the
bath for times longer than this.

6.3 Calorimeter Assembly The assembly of a d1fferent1a1-br1dge
calornneter is shown in Figs. 10.4 and 10.8. Many variations in the
construcnon of a calorlmeter are possible, although certam features,

‘such as the use of a Wheatstone—brldge arrangement for detecting tem-
perature changes, remain fixed. Guard rings, different types of insula-
" tor materials, coil forms, wire diameters, etc., are some of the vari-
ables of construction. The design and constructmn of calorlmeters \
requlre ‘the usé of materials chosen according to their thermal conduc-
© tivities, densities, specific heats, temperature - coefﬁments of resist-
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arice,'etc. This information, together with a k{iowledge of the funda-

mental heat-flow characteristics, permits optimum calorimeters to
be designed. '

STIRRER'MOTO'B \e . BECKMAN THERM.—_ [

N7/

]
J
o
. o«
= -
= ﬁ z
<
o a =] O
o i ©
& T
= . o a
7 % '&" o
3 3
<
~4 [a)
Q w
& b
o
o
t
z w
Lo ]
m
<
Q
¢
1
/4. (ot
4 '
A% X .
P —— . . .
STYROFOAM : W0O0D BOX :

Fig. 10.7—Ice calorimeter.

Early calorimeters at Mound Laboratory had the two opposite arms
of thé Whea'tston‘,e bridge wound on a single form, where ‘each arm con-
sisted of a single layer of wire spaced by hand. In that case the inner:
coil operated at a slightly higher temperature than the outer coil during
a measurement. At present, the coils are wound with two layers per
arm and two arms per form. The outermost and innermost windings

.are 'cor_mected in series to form one bridge arm and the two in-between
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Fig. 10.8—Differential-bridge calorimeter assembly.

windings are connected in series to form the opposite bridge arm. The
average temperature of the first and fourth windings is believed to be’
equal to the average temperature of the second and third wmdmgs in
this arrangement. The wire is now spaced w1th the lead screw of a -
lathe mstead of by hand and is wound with a more uniform tension. The
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- .use of larger wire sizes is feasible because the bridge coils are now

wound 2 longer distance along the coil form; in fact, they are made
several times the length of the sample container to minimize heat-
distribution errors. The doubling of the number of layers has permit- -
ted the use of wire whose diameter is larger by the factor V2. The
larger diameter wire and the more constant tension have both contrib-
uted to the attainment of more stable bridges. The more nearly equal
temperature of opposite arms has furnished a more linear.relation
between bridge potential and sample curie value.

The speed and stability of present calorimeters-have been increased

over earlier models by designing sample containers to fit tightly into

the calorimeter and by redesigning the heater construction so that in
both cases air gaps are minimized.

Convection losses are minimized by means of Styrofoam (The Dow
Chemical Co.) plugs which are mounted above and below the sample
container.?

The forms on which calorimeter brldge coils are wound are, to a
large extent, thin-wall aluminum cylinders. Formerly these forms
were painted with a baking varnish to ensure no possible electrical
contact between the form and the bridge coils; the present procedure is
to anodize the aluminum coil form to produce a very good insulator
from a chemically stable compound.?®

6.4 Manganin-Platinum Bridge Thermometer. Simplification of the
manner by which the bath temperature could be read resulted in the de-
velopment of a manganin-platinum bridge thermometer. The usual
procedure had been to read a Beckman thermometer which was im- )
mersed in the bath. It was recognized that a bridge-type thermometer
could be made more sensitive than a Beckman thermometer, could have
a faster response to bath-temperature changes, and could be read re-
motely from the bath. This brxdge thermometer is described in Chap.

9, Sec. 4.7.
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Chapter 11

WASTE DISPOSAL

By F. M. Huddleston, R. R. Deem, P. M. Hamilton,
and F. C. Mead, Jr.

1. INTRODUCTION

Information relative to the field of radioactive.waste disposal has
been accumulated at Mound Laboratory from the results of research,
pilot-plant investigations, and 4%, years of plant-scale operation. The
plant described in this chapter was the first one of its type to be con-
structed for the United States Atomic Energy Commission. The activity
of the process effluent is below the acceptable llmlts as set forth in
Handbook 52 of the National Bureau of Standards

2. GENERAL DESCRIPTION OF THE PROBLEM

2.1 Treatment of General Laboratory Wastes. The waste- disposal
problem is quite complex owing to the continuous variation in the .con-
stituents of the waste stream and to the relatlvely small volumes of °
waste solution processed. This condition is magnified by the fact that
laundry. wastes, chemical laboratory wastes, and wastes from radlo-
active decontamination all contribute to the waste stream.

Two approaches considered for possible handling of this waste are:

1. Demand of the waste-disposal unit that it act as a service facility
and in no way limit scientists, craftsmen, decontamination workers,
and others as to what kind of hqulds may be poured into the waste
stream or :

2. Demand that only easily handled wastes and those of- known com-

' position be sent to the waste-treatment plant, , |

The approach used at Mound Laboratory is one that demands the
maximum performance from the waste-disposal unit and does not re-
strict what may be poured down the drains, provided that the waste

" material will not damage the drains. Although this approach makes the

disposal problem appear more difficult, it greatly reduces total cost.
297
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All operational costs are direct costs and do not include such indirect _’
costs as that of the scientists’ time to determine what-should be done

- with each separate waste solution. ,

‘The function of the waste unit is to strip the waste stream of suffi-
cient rad10aot1v1ty so that the process effluent will not raise the back- s
ground of the river (into which this effluent is discharged) above the -
limits set forth in Handbook 52, National Bureau of Standards. Ex-
periments were performed to determine the amount of radioactivity _—
that could be discharged from the waste-disposal plant without in-
creasing the river background. Throughout the remainder of this chap-
ter this level of radioactivity will be referred to as “tolerance.” It is -
also desirable for the waste-disposal plant to concentrate the activity -
that is removed from the waste stream to a minimum volume so that '
this material may be disposed of at a minimum of expense.

Py

Table 11.1— Composition of Influent Waste

Average, ' Maximum, . Minimum, ‘ %
Material - ppm Ppm Ppm '

Dissolved solids - 4895 7340 1295
Suspended solids - 685 1811 0
Total solids v 5580 9151 1295 -
Citric acid 39 208 0
Orthophosphate 31 52 2
Pyrophosphates 176 645 34

I

2,2 Composztzon and Variation of Waste. (a) Chemical Composztzon.

- No restrictions are made as to what material can be discharged into’

the collection system. Experience has shown that the followmg,cheml—
cals 'have been introduced into the waste stream in amounts varying

from traces to large quantities.- Some of the waste solutions contain

citric acid, various detergents, clielating\ agents, soaps, lubricating

oils, orgamc solvents, strong inorganic acids, sodium hydrox1de for-
mic ac1d sodium tartrate, formaldehyde, and many other substances.
Most of these substances are quite concentrated at the. tlme of entrance =

- into the waste stream.

Analysis of 26 successive tanks containing approximately 30,000 gal
each of the collected waste gave the results shown in Table 11.1 (see i

- reference 2). The pH of these waste solutmns ranged from 6.6 to 12 N

' with an average of 9.7.

This information was adequate for the satlsfactory processmg of -
waste solutions; hence analyses for other substances were not made.

tup
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(b) Aclwzty The waste dlsposal plant {(shown dxagrammatlcally in
F1g 11.1)at Mound Laboratory receives. several radxoactlve isotopes.

The initial work was concentrated on the-removal of the isotope which L

was considéred to be the greatest hazard. In accomphshmg this the




. other 1sotopes were reduced to satlsfactory levels. The concentratxon : C ‘
L * of this act1v1ty after collectlon in d 30, 000~ gal tank was 5% 102 to .

) 5‘>< 10‘ times tolerance having an’ average concentratlon of 1. 4 X 103 . .
E f‘f,-,_,, times tolerance. These flgures were obtained from. 4‘/2 years of oper- et
"atmg data. The quantltles of: radloactwe mater1als were'determmed by i
A assaymg samples of the waste N . R L"Al :
.~ A study of the waste to be: processed shows that most of the act1V1ty T
o l"vt", is assoc1ated ‘with the insoluble 'material;. further, as shown by Table e
- 11.2 (see reference 3), most of the rad10act1v1ty is assoclated with the ; ‘
i ~ larger size partlcles e T oo

: Table 11 2——Act1v1ty Assoc1ated w1th Partlcle Slze

g ';‘-‘ o ; o .Partxcle sme u i Total act1v1ty, % 7 _-'\

B _Above 60 L ot 03 T
T C14-160 . - . 0.83 T N g
T TR S P L TR R

In some cases the 0 to 5- -ii size has contamed as much as 12 per "." o
cent of the total act1v1ty R : Co

Experlence has shown that only the port1on of act1v1ty that’ w1ll pass
S through a fine smtered glass ﬁlter “having j pore openings of approxi-- ‘_ :
i ; mately 5 p will not be removed by the standard process Most of the - .
L : act1v1ty which will ‘pass through such a filter is'in the colloidal state’ or: ' ‘
- L in solutlon Flltratlon of a. sample of the 1nf1uent is used as a-control. .
sy method for pretreatment prlor to the mtroductlon of each tank of waste . . + .
o mto the standard process o Ty - e

oy
»
.
iy

3 LIQUID—WASTE PROCESS "_ o .

Lo ':- AN Collectzon of Waste. The waste collectlon system is composed ’
e of waste lines’ from the laundry and from floor drams showers lava= -
e o ‘ torles ]amtorlal smks, -and. laboratory smks in the Blologlcal ‘Re~ - oot
i ‘search Bu1ld1ng, the General Research Buildmg, and. various other = =~ -

laboratones In most cases the waste l1nes are standard bell and 0 »
f'-f_\ o splgot Durlron pipe, ‘vitreous clay pipe, standard schedule ‘40 steel c
" plpe or cast-xron soxl pipe. The waste lmes from each bu11d1ng are L

5 underground and the flow i normally by gravity past conventional -~ 7
".manholes.. Sumps and automatlcally controlled pumps: are used, to move - R
o * the waste where- gravity flow is not possmle. All-the lines-join together’ L
. : 1n one 8- -in. lme that enters the Waste Dlsposal Bulldlng through a con-




cellent scavengmg agent and will precipitate both anions and cations
s under certam condltlons. Sodium sulfide will form Sulfide and hydrox-

P whxch acts asa scavengmg agent. The actwated carbon is'an.adsorp-""

- tanks (xtem 1 Flg 11 1) havmg hopper shaped bottoms Each branch L B

s provided w1th a valve m ‘order that the waste can be d1verted mto

. lmes whxch cozmect to the adjommg tanks. It is common practxce tO\flll

T one tank at a tlme and process the contents as soon as posmble

3.2 Prelzmmary Treatment of quuzd Waste When an 1nﬂuent tank
‘has been filled to the ‘desired level, it is shut off from the system to’

prevent additional waste from entermg Owing to the widé varlatlon in,

- any taik. These tanks are constructed of steel- hned concrete and have PRE
. jfa capacxty‘”of 30,000 gal each Each tank-is equipped with- two side~ T
e entermg agxtators a hydrostatlc pressure type lével mdzcator, and'a. ‘ :
1. high- level alarm The tanks are totally enclosed and have overflow s‘-‘

the characterxstxcs of the solution from tank to tank a pretreatment is

reqmred to. reduce adverse effects of these varxatlons L
- The purpose of the pretreatment is to bring about coprecxpxtatlon
with. and adsorptlon -of the act1v1ty oh partlculate matter that can be re-

moved. by the standard i process L e
Flltratlon of a sample ‘of the waste solutxon through a fme smtered- e

glass hlter ‘is the method employed to determme the kind ‘and extent of
'.pretreatment requxred Operatlonal experiénce has shown that the fll-'

trate of such samples must not contain more than 50 per cent,of toler-

ance if a satzsfactory end product from the waste~ -disposal process 1s

. to be. obtained. Usmg this tolerance as a gulde many detailed- studies .

were made in the labo\ratory Reagents used for these experlments P
were ferrous sulfate,.fernc chloride, sodtum sulfxde calcxum chlorlde, :

B barium chlorlde, activated carbon, aluminum sulfate ,~and many others.
’After many tests and pllOt plant runs, it was found that a- pretreatment

: jusmg various combmatlons of calcium Chlorlde barmm ‘chloride, 80~ - )
" dium sulﬁde, alummum sulfate, and activated carbon (Aqua Nuchar)

.would meeét the- r1g1d requlrements in all cases. Calcium chlorlde wﬂl

i’,/

. «precxpltate the ortho-acld pyrophosphates, Barium chloride is an IS S

ide precxpltates. ’Alummum sulfate forms a floc: ‘in the clarlflocculator :

txon agent ‘which. adsorbs small. particles and many orgamc substances.:b‘

" The followmg pretreatment is effective in most cases:: . .. 7. /¢
‘ 1, The- 1nfluent tanl{ is shut off from the system when full (approxx— v
" . mately .30, OOO gal) ' P

2; Agltatlon of the tank contents is begun and is contmued untxl th
solutlon is- ready for processxng through the standard process. .

+3. ‘The pH of the solutlon is ad]usted to between 6 and 8 with'66°B -
-sulfuric acid. . e

4 Activated carbon 48 lb 1s added in the form ofa slurry

LY.




‘5., Sodlum sulflde 6 lb 1s added m the form of a 20 per cent aqueous ‘
solutlon R TR : .

6. Calcxum chloride of commerc1al grade 150 lb dry welght is added
in the form of an aqueous solutlon .

1A contact t1me of approxunately 30 min w1th ag1tat1on is allowed v
. A sample of the pretreated waste 1s taken to the: laboratory, and the

" pH of the sample is’ ad]usted to 8. 8 w1th sodium. hydrox1de The sample

s then filfered through a fine- por031ty sintered- glass filter. ‘The fil- .

v

trate is-assayed to. determme the concéntration of activity. If the fil-

. 'V‘trate is- w1th1n tolerance the tank is ready to be dlscharged to the
- standard process ‘In most cases this pretreatment is Sl.lfflClent to re- "

. duce'the concentration of activity to below tolerance. However, ina
“few cases fnultxple pretreatments are necessary usmg the same re- - -
agents and usmg barium chloride and alummum sulfate as addltlonal
reagents The exact amount of each reagent used in the multlple treat-
ments is. determmed in the laboratory pr1or to’ plant scale treatment

o33 Coagulatwn and Sedimentation of Partzculate Matter. The waste- T o

dlsposal process uses two- standard clarlflocculators (item 2, Fig."11.1) -
‘manufactured-by the Dorr Co: Chlcago Jll. Each consmts of a floccus

" . (lator-and clarlfler The. clarlfxer is 30 ft-in dianieter,. has a cone- shaped
. bottom; and has a side depth of" 10 ft. The ﬂocculator is located in the.

center of the clarifier and-is 16 ft in diamieter. with a side depth of '71/2 ft‘

B ~ The flocculator is: equlpped with a rotdting-blade agrtator that turns at

2 rpm.. The. clarifier s equipped with plows in the bottom to move the S

" sludge toward the apex of the cone shaped bottom Sludge is.withdrawn
“from the center of. the cone- shaped bottom of the clarifier, ‘The plows
“. are turned at 0.05. rpm Figuré-11.2 shows one of the clarlflocculators
: mstalled in the ‘Waste Dlsposal Bulldmg e i

The clarlflocculators are. equlpped -with-pH controllers and recorders .

. The. pretreated waste enters the mix trough of the clar1ﬂocculator '

through suitable. ﬂowmeters Af this point aluminum sulfate [Al, (SO4)3.(
" 18H,0] is added at the rate of 10 grains per: gallon of influent. The pH ™

is ad]usted to and controlled at 8.8 w1th a 5 per cent solut1on of sodlum ,
hydrox1de s S D : , o
The- sludge collects and concentrates in'the’ bottom of the clarlfloccu-

" lator. The concentratlon is such:that the average sludge withdrawn is.

12 to 18 per cént sohds and contains practically all the. radioactivity. .
At all’ tlmes a. sludge blanket is:maintained to a depth of - approx1mately
6 in. below the bottom. of the flocculatmg chamber Sludge is w1thdrawn ’

» (Leeds & Northrup Company,xPhﬂadelphla Pa ) whlch utilize standard : .
' 1mmersmn type cells. .

L at a rate that mamtams this blanket>at a constarit ‘dépth.. Retention time
. - for gludge in the, clarlflocculator is from 4 to 8 months. Plant scale,
. tests have been made thh varlous sludge levels and w1th no sludge at

»
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Fig. 11.2—Clariflocculator




“ . " moval is unnecessary "Typical bacterla counts in the sludge are

’ .all There 1s no: doubt that the sludge blanket is. necessary 1n order ’to

Close observatlon of the sludge blanket md1cates that the sludge level

1ncreases or decreases durmg intervals as short as 2 i In addltlon to

expanswn ‘and contractxon mountams valleys -and’ 1slands of sludge
have been observed it various times. Numerous attempts have ‘been .

- trlc hghts. The! best method to locate the’ sludge supernatant mterface
" is that.of uncappmg a bottle 1mmersed in the solution at. var1ous depths
-It'has*been found that the sludge is‘almost a. homogeneous mlxture after

K alag t1me of about 2 days due to ag1tat10n provided by the sludge plows .

However sometlmes the sludge blanket becomes upset; 5 and it requlres )
~geveral days for ‘the ‘sludge bed to stabilize and the clarlflocculator to -

- A.;return to normal\operatmg condition.. Upsets can be caused by 1mprop‘—‘.
. erly: pretreated 1nﬂuent radlcal pH changes or rapld agltatmn of the ‘

.3"‘ sludge. S : R ' '
‘ -No attempt is made to destroy bacteria’ in the sludge In fact bacterla o
o appear to be benef1c1al to the operatlon of the process since it is be-‘ o

lleved that they destroy part of the polomum c1trate complexes from - ,
laundry wastes:' Citrate destructlon his:-béen ‘established: by analys1s

",v ;. for mtrates in the clarlﬂocculator feed and efflient, The formatmn of

hydrogen sulﬁde *by. ‘the bactena 1s also thought to be-: beneflclal Analy—
_sig.of gases formed durmg processmg 1nd1cates that both- carbon di-

oxxde and hydrogen sulflde are present A large portion of the gener-

Cated gas is removed by the gentle agltatlon caused by the plows Most

. of the remammg gas can be liberated by remrculatlon w1th centrifugal
pumps. However, th1s type of ag1tat1on is. detrlmental 1n that poor : set~
tlmg results from breakage of the floc.  The resxdual gas is not of suf- -
“ ficient quantlty ‘to.cause buoyancy of the sludge; hence complete re-

tabulated in Table 11 3 (see reference 4)..

3 4 Fmal Treatment and letmtzon (a) Use of Aczd Carbtm and pH
stions in clarlflocculator feed and due 'to mtermlttent operation of the -
equlpment Prec1p1tatlon of alummum in the clarlflocculator was. found
.-have been made by 1mprovmg clarlflocculator effluent“5ﬂ . T
lator overflow The ac1d carbon system was 1nstalled to overcome thls

trouble. Addltlon of ac1d actlvated ‘carbon aids in the' reductmn of the )
alummum complexes in the carry:over and reduces the. effect of varia-

' tlon of - msolubles in the carry\ over. A slurry of actlvated carbon (Aqua
) y Nuchar) in, 1N sulfurlc acxd m suff1c1ent quantlty to ad]ust the pH from ]

. to be. mcomplete ata. pH ‘of 8.8. .The most recent process: 1mprovements N

.. Some dlfﬁculty was encountered ‘in the f11trat10n of the clarxfloccu-o o

- _.Obtain optlmum results. ST : *r\. Do e

; lmade to measure the blanket helght usmg photoelectrlc cells and elec- f o ,

i

}‘Chtmge The supernatant solutlon from the clarlﬂocculators varzes in- .
L carry-over ‘of insolubles from about 2 to. 65 ppm. - This is due to’ var1a-

L e
Lo

y

';.é_‘v .




R fglve even’ better results. - N . e
- During'the 2 years of operatlon thh the manually controlled carbon- MRS
. acnd addmon smaller amounts of other reagents have; been used. Also, SRRt
N L R - . \. ~ e
,-'1’ L Table 11 3—Total Bacterla in Clarlflocculator SludgeT
o R Clar1flocculator A, ClarlflocculatorB
e L 277 mou/ml - - .~ +onos /ml '
) T , ," L ‘ Co T
T 3.0 % 10 _ . L4s5x10" - o )
S PLsx10t o 4.5 x200 L T RS
. 7.8% 108 . . 105X 107 . e T
T7.0x:10% - e - 4.0 X105 so e T
©1.6 x 108 3.2 x.10% ° A
-2.5 %108 - :"5.9 x105. .o

P

ey . standard umts manufactured by the Hardinge Company, Inc. +York, ‘Pa,,

. backwash water is recycled back to the influent tanks for repro_cessmg .

~8 8 to 6 O 1s added to the clarlflocculator effluent ThlS process em~

o produced excellent results The mstallatlon of proper equlpment should

o acrd .carbon acts as an’ ‘excellent adsorbent and forms a center for, floc
o formatlon. The« pH change results in the formation of aluminum floc IR

» 'fllter cons1sts of. supports 36 sections with porous plates sand and
- ‘effluent plpmg One of these filters is shown in Eig. 11 3. S

_ " is'furnished’ by the Delhi; Foundry Sand Co., Cmcmnati Ohio, and is-a . g
- silica’ sand w1th an: efiectlve size of 0. 147 mm w1th a umforrmty coef— .

' 'factory filtration rate. Fllter effluent water is used for the backwash,

"ploymg madequate equipment; has been in use for’ about 2 years and has <. 8

7

TBacterxa samples were, taken weekly for Co RS

- . . . . [

6weeks T T C -
’mu1t1ple pretreatments have ‘been almost completely ehmmated The

from the alummum remammg in solutlon after the mcomplete precxpl- ‘ X
Ztation of alummum m the: clarlﬂocculator. The optlmum amount of oo R
.‘carbon is about 125 ppm. ; , . SRR S

(b) Sand leter Operatzon. ) T‘;JO rapid sand filters '(iteln'S‘ Flg ’11“:1-), )

'are usedto’ hlter the treated clariflocculator effluent. These units are L
qulpped w1thrautomat1c or manual control for. backwash and sand- . -

cleaning operatlons. Thetfllters are 12 ft wide and 24 ft long, Each
The filters! are loaded with sand to a depth of about 10 in. The sand"' .

ficient of 1. 4= " iy T : L .
The fllterstare backwashed only when requlred to mamtam a: satls-

"and the ‘volume used averages 3. 5 per cent ‘of the volume f11tered The = ‘,}‘
backwash rate is about 12 gal/min per square foot of filter area. The s

)
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" Fig. 11.3"Sarid filter installation. . R v
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The filters operate with a head of 0 to 24 in. The normal rate of fil-
tration is approximately 0.27 gal/min per square foot of filter area.

Although‘some' evidence of growth of sand particles has been ob-
served ‘no trouble has been encountered by such growth. This growth.
seems to-be very slow at.pH 6.0. Operational experience indicates that
the sand can be used mdefmltely Replacement of sand that is lost owing
to washout during backwash is about 3 per cent per year

The use of the acid-carbon and maintenance of the waste solution at
pH 6.0 aids in the formation of the schmutzdecke' (carbon sludge blan-
ket) on top of the sand. Very little penetration is observed, even to a
depth of 1'in. This schmutzdecke serves as an excellent filter medium
and acts as a good adsorbent medium.

Although some channeling has been encountered, it can be corrected
by backwashing. “Mud balling” was a fairly serious problem when the
sand filters were fed with waste solution at pH 8.8. However, no mud
balling is encountered at pH 6.0. Intermittent operation impairs the
filter efficiency slightly. Expansion and contraction of the schmutzdecke

have been observed, but they do not cause trouble.

3.5 Final Effluent. The filtrate from the sand filters is collected in
four rectangular, concrete effluent tanks (item 4, Fig. 11.1) having a
capacity of 30,000 gal each. Each tank is equipped with a side-entering
agitator, a liquid-level. indicator, and a high- and low-level alarm sys-
tem. When a tank is filled' the contents are agitated and then sampled.
The sample is assayed to détermine the concentration of activity. The
average concentration of activity for 4'} years of operation has been
79 per cent of tolerance. The lowest monthly average has been 7 per
cent of tolerance, and the lowest result on an individual tank of 30,000
gal has been less than 1 per cent of tolerance. The operational sum-
mary is shown in Table 11.4.

Decontammatxon factors greater than those described here are pos-

' sible, but the added expense requlred to attain ‘such factors is unwar-

ranted, since the method described will produce an effluent well below
present tolerances. The average decontamination factor has been 1.7 x’.
103, although factors as hlgh as’ 1 0 X 106 have been attained in plant-
scale’ operatlons " .

After assay of the'effluent is made, and if the effluent 1s below tol— .
erance, the tank contents are dlscharged mto the river. Less than 0 5 o
per cent of the effluent is recycled

4, SOLID-WASTE PROCESS T,

The sludge formed in the clarlﬂocculators is withdrawn perlodlcally
and is moved with an Oliver diaphragm slurry pump (Oliver United
Filters, Inc., Chicago, Il1.) to 1000-gal sludge-holding tanks (item 5,
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Fig. 11.1). From these storage tanks the sludge is pumped to 100-gal
glass-lined reaction vessels (item 6, Fig. 11.1) with automatically con-
" 'trolled Oliver diaphragm pumps that cut off when a predetermmed level
" is reached in each. vessel. Usually the volume is 60 gal but thlS can be
varied to allow for process control. Two gallons of 66°B sulfuric acid
is added to the sludge at a rate such that approximately 15 min is re-

- -quired to complete the addition, The resultant pH is approximately 2.5,

and, in the sludge at this pH, aluminum, ¢alcium, and iron go into solu—
- tion, and carbon dioxide and hydrogen sulfide are liberated. A small ’

Table 11.4 ——Summary of Waste~disposal Operations
. . ’ {

Radioactivity concentration,
x tolerance

. ] Decontamination

Period Influent Effluent = . - factor
Jan. 1949 —July 1949 828 ©  0.16 5,175
July.1949—Jan. 1950 1,290 1.037 1,252
Jan. 1950—July 1950 946 1.721 550
July 1950—Jan. 1951 1,017 3.61%1 281
Jan. 1951 —July 1951 828 0.28 2,957
July 1951 —Jan. 1952 ' 1,420 0.28 5,071

Jan. 1952 —July 1952 1,180 0.28 4,214 -
July 1952 ~Jan. 1953 2,040 0.12 17,000
* Jan. 1953 —July 1953 544 0.20 2,720

T Dllutlon water was used during these perlods to adJust the waste-disposal-
plant effluent to tolerance level.

1 \

‘amount of radioactivity is leached from the sludge m this operation.
During addition of the acid, mechanical agitation is used, and the

. evolved gases are passed through a filter system to remove particulate
matter, The acidified sludge is then fed by grav1ty to the fmal filtration
apparatus.

‘The acid slurry flows into 30- -gal, polyethylene -lined, open-head drums

(item 7, Fig. 11.1) and is maintained at a constant level in these drums.
The. ﬁltrate is contmuously withdrawn from the slurry, by vacuum,
through Moore-type. filters® (Fig. 11.4) which are immersed in the
drum. Since the insolubles contained in the slurry are more than 90 o
per cent carbon, the slurry.filters quite rapidly and maintains an.open
lattice. Filtration of the slurry continues until the drum contains a
solid cake, at which time the filter is withdrawn and the drum is capped
and removed for burial. Solid-cake thicknesses exceeding 6 in. may be
formed by use of this system. The drum contains approximately 27 gal

s
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FILTRATE REMOVAL TO MANIFOLD

WELDED TO CAP & OVER HOLES
VACUUM SEAL CAP

SLOTS FOR JACK USED IN
UNIT REMOVAL :

ELECTRODES FOR AUTOMATIC
CONTROL OF SLURRY LEVEL
WITH AIR-OPERATED VALVE

FILTER-CLOTH RETAINER RING .

PERFORATED 16-GAUGE STAINLESS
STEEL (CLOTH SUPPORT)

POLYETHYLENE ORUM LINER

ORLON CLOTH (PREéSURE-F ILTER ~
TYPE WEAVE)

STANDARD 30-GAL OPEN-
HEAD DRUM

NOTE: GAP, RING, AND THE HALF.
CYLINDERS BOLTED TOGETHER.
UNIT DISASSEMBLED ONLY TO
INSTALL FILTER GLOTH.

UNIT IS REMOVED IN TWO
SECTIONS BY BREAKING THE = .
PIPE UNION.

SLUDGE FILTER BASKET

Fig. 11.4 —Moore-type filter.
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of solid cake wh1ch is about 40 per cent solids and with an activity con-
‘centration about ‘equal to that contained in 230, 000-gal influent tank. ' '
Attempts to ‘further reduce the residual volume by freezing or incin- '
eration were not successful.
The volume reduction of the entire waste process for the past 4%

years was greater than 700 to 1. However, the volume reduction for

the past 2 years has been 625 to 1. A slightly increased volume reduc-
“"tion should be possible if proper equipment for the addition of activated -
“carbon is installed because of the reduced volume of reagents which

would then be required.

- The filtrate from this final filtration is corrosive and is handled in =
Haveg (Haveg Corporation, Newark Del.) tanks and lmes This solution

‘has a soluble salt content of 4 to 9 per cent and a volume equal to YVaoo

of that obtained from the sand filter effluent. The average concentra-

tion of activity is.the tolerance level for. effluent to the river. After
approximately 100 gal of this filtrate is collected, it is assayed to de-
termine the concentration of activity. If the activity. level is below tol-
erance, the hquor is discharged to the river along with 30,000 gal of

the sand filter effluent, ‘

[ 5

.

5. PLANT MAINTENANCE

Ly

5. 1 Tanks, Clariflocculators, and Lmes The steel tanks and clari-
flocculators require very httle’ maintenance other than painting. A
painting schedule has been started whereby most surfaces are recoated
at about 3% to 5- -year intervals. Inspections have shown this schedule
to be adequate. The waste lines at Mound Laboratory require practlcally :
no maintenance. '

Normal maintenance of the pumps is required, and, because some of -
" these are ofsthe closed-impeller type, cleaning is necessary on those °
handling the feed to the clariflocculatora. Mop strings, lint, animal
hair, and other substances must be removed from the pumps at inter-
vals of about 3 weeks.

5.2 Sand Filters. The sand filters require surface washing with a
fire hose about once each year to aid in maintaining clean sand. Some
evidence of corrosion has been observed which is 'probably due to im-
proper pH control during experimental runs. Replacement of five of = |
the 36 porous plates in one filter was necessary. The filter replace— : s
ment resulted from insufficient backwashmg and because the unit had
" not been used for some time. During the time that the filter was not in
use, algae formed within the plates and completely blocked them. In
normal - use, and with proper: care, this trouble is not encounte,red.

>
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5.3 General Maintgnimce.ﬁ Experience shows that slight additional
time and-cost are 'required to maintain this plant compax_‘ed to the time
and cost needed to maintaina municipal water-treatment plant. .

6. HYDROLYSIS OPERATION89

The waste hydrochloric acid solutlon contammg the dlssolved blS—
muth slugs from which the polonium has been separated contains a very
high concentration of bismuth, an average of about 300 g of bismuth per
liter of solution. It is desirable to remove this bismuth from the solu-
tion before the solution enters the stream which receives the standard
waste-disposal treatment. |, . : .

The hydrochloric acid is pumped into a hydrolysxs tank where 1t is
neutralized and hydrolyzed by the addition of sodium hydroxide solu-
tion. The solution is thoroughly agitated during this operation, and the
pH is continually checked. The final pH of the solution is about 12. The
bismuth precipitates as bismuth oxychloride. The slurry of solution
and bismuth oxychloride flows into an Eimco rotary-drum filter (The
Eimco Corp., New York) which separates the precipitate and filtrate.
The filtrate then enters the stream which receives the standard waste-
disposal treatment.

The filtered bismuth oxychloride drops from the ﬁlter into a 30-gal
drum for disposal. A process has been developed (Chap. 7, Sec. 13)
whereby this bismuth can be recovered for reuse.

7 COST OF OPERATION

The cost of operating the. Mound Laboratory waste- dlsposal plant
(excluding hydrolysis operations) includes research, process 1mprove-
ment, supervision, labor, chemicals, power, maintenance, 6verhead,
plant investment, and depreciation. The investment is written off at
10 per cent per year for process equipment and at 2 per cent per year
for the building of rugged reinforced-concrete construction. Over-all -
cost is $14,300 per million gallons of effluent. This figure is roughly
10 per cent of the cost of evaporation, which runs as high‘as $130, 000
per million gallons, but it is much higher than the average mun1c1pa1
water-treatment cost of $50 per million gallons.!’

Several factors make the cost per gallon of waste processed many
times greater than the cost for mun1c1pa1 water treatment These fac-~
tors are as follows:

1. Mound Laboratory operates 8 hr per day compared to a 24 hr day
at water plants.

2. The influent waste varies so much in composmon that multiple
pretreatment is sometimes necessary.

o
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3. All waste, liquid or solid, must be carefully assayed and handled
to ensure health and safety of the operators as well as of the pubhc

4. Much more waste could be processed by the present staff and

' equlpment which would lower the cost per unit volume.

5. Many reagents are used in relatively large quantities to ensure
proper handling and disposal of the water. ‘

6. Several corrosive reagents uncommon to the water industry are
used,  causing materials and maintenance to be more costly.

 REFERENCES

1. National Bureau of Standards Handbook 52, Mar. 20, 1953. !

2 P. M. Hamilton, H. J. Morris, and R. L. Norton, Quarterly Report for Gen-
eral Research, Report MLM—405-2 October, November, and December .
1949, p. 123.

3. R. L. Norton, Report for General Research Report MLM- 535 Oct. 30, 1950,

© to Jan. 22, 1951, p. 32.

4. P. M. Hamilton, F. M. Huddleston, H. J.-Morris, R L Norton, and G. D.
Stewart, Report for General Research Report MLM-379-2, July, August
and September 1949, p. 291. .

5. R. R. Deem, Improvements on Primary System, Liquid-waste.—dis'posal
Process, Report MLM-762, Aug. 26, 1953.

6. J. R. Baylis, J. New Engl. Water Works. Assoc., 51: 1-36 (1937)

7. 'W. J. Ryan, ‘“Water Treatment and Pur1f1catlon,” 2d ed., p. 33, McGraw-
Hill Book Company, Inc., New York, 1946.

~ 8. H. E. Feierstein and R. R. Deem, Improvements on Secondary System, L1q-

uid-waste -~ dlsposal Process, Report MLM-555, May 15, 1951.

9. J. R. Grice, Operations Manual for Hydrolys1s Group, Report MLM-389,
Oct. 12, 1949.

10. C. C. Ruchhoft, A. E. Gorman, andC W Chrxstenson, Ind. Eng. Chem., 44:
549 (1952).

i

-t

o



4

" Chapter 12
NEUTRON SOURCES AND ALPHA SOURCES

By John L. Richmond

1. NEUTRON SOURCES

1.1 Imtroduction. The neutron has played an increasingly important
role in nuclear physics since its.discovery by Chadwick in 1932. One
can follow the history of the neutron by consulting texts on nuclear
physics'™S and by referring to the work of some of the many contribu-
tors to the science of the neutron, such as Fermi, Bethe, Goldhaber
Alvarez, and Joliot.

‘Because the properties and reactlons of neutrons can be readily found
in the literature, they will be summarized and a lengthy dlscusswn
omitted.’

The neutron has an atomic weight of 1. 00897 mass of 1.67 x 10~ g,
magnetic moment of —1.913 magnetons, wavelength of about 1 A in the
thermal region (0.038 ev); and a velocity of 2.2 X 1()s cm/sec in the |
thermal region, and 1.4 x 10° cm/sec at 1 Mev. :

Since the neutron has no charge, it is rather unreactive. Its absorp-
tion cross section is quite low, with the exception of resonance capture
of thermal neutrons by such elements as boron, cadmium, and-indium.

. A.neutron loses its energy by collisions with nuclei. A neutron of 1 Mev

is thermalized: iby about 18, 90, and 114 collisions with hydrogen, beryl-
lium, . and’ carbon, respectively. When thé neutron is captured, a gamma,
neutron proton deuteron, or alpha is usually emitted from the com-

\ " pound nucleus - . ?

N
1.2 Sources. of Neutrons ..Neutrons are produced by. the nuclear re-
actions (a,n), .(y,n), {d,n), and (p,n) and by fission. Thére are no radioac-
tive neutron emitters. Alphas, deutérons, and protons can be acceler-
ated to the energies required for neutron- -emitting reactions. " Acceler-

':{uors -are used chiefly for producing very high energy neutrons and

mon\mnergetlc neutrons as in the reactions gLi’(p,n);Be’, ;Be®(d,n);B",
sLi"(ba)‘Be and (H3(a,n);Li%, Productwn of neutrons by accelerators

45 . 313
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is limited to the time the accelerator is in operation, whereas radio-
active materials mixed with certain target elements offer a continuous
source of neutrons.

1.3 Gamma-Neutron Reactions. Gamma rays impinging on beryl-
- lium can produce neutrons if the energy is above the (y,n) threshold
energy of 1.63 Mev. Some elements used in photoneutron sources are
"Na®, Mn%, Ga™, Y®, sp!#, and La!%%, Photoneutrons are essentially
monoenergetic with the energy of the incident gamma less the threshold
and nucleus recoil energies. By picking a variety of gamma emitters,
monoenergetic neutrons are obtained at various levels.
Photo sources are limited in usefulness by the low (3,n) cross sec-
tion. They are usually fabrlcated at the place of use by inserting a
gamma source into a well in a block of beryllium.

1.4 'Alpha-Neutron Reactions. Alpha particles react with nuclei of

- .atoms to produce neutrons. The alpha particle has a charge of +2 and
can penetrate the nucleus of an atom if it has sufficient energy to over-
come the coulomb repulsion of that atom. Alphas from radioactive

- elements usually cannot penetrate the coulomb repulsions of atoms
heavier than argon; however a few particles do enter the nuclei of ele-
ments heavier than argon by a process termed “leakmg through the -
potential barrier.”! a

The neutron yield of a given element increases w1th alpha energy.
This relation is reported graphically by Anderson.* For ‘alphas of ‘3,

4; 5, and 5.3 Mev on beryllium, the respective neutron y1e1ds are 12
26, 61 ‘and 77 neutrons per 108 alphas.-

Alpha-neutron reaction energies are positive, as for beryllium and
boron, or negative, as for lithium and fluorine. It is possible for a neu-
tron to be emitted with the énergy of the incoming alpha plus the reac-
tion energy, except for the small recoil energy of the resulting nucleus.
In many cases the resulting nucleus is left in an excited state and emits:
a gamma on return to the ground state. Th1s gamma energy is not
available to the neutron.’ - R

Reaction energies, coulomb repulsions, and neutron y1elds are -sum-

marized in Table 12.1. Reaction energies are based on-atomic weights

as given by Friedlander and Kennedy.? Neutron yields are based on"
data of Roberts as reported by Anderson.! The neutron yields given in -
Table 12.1 are for complete absorption of alphas in the target element
(thick target yield).

If several elements are combmed the neutron yield of each. element T

is calculated from a formula given by Wattenberg, as cited by Le1tz

Ni(mix) = FIAL/*Ny(pure)

Z) FlA;i/z » » . | . . . N A,v.".
i «

&
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Nj(mix) =
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= neutron y1eld of pure element i R b
neutron yleld of element i in mixed target
welght per cent -of element iin mlxed target -
= atomic, weight of element i )

"The formula has been proved approxunately ‘correct by preparlng
mixed target sources which yielded 90 per cent of the rieutrons calcu— :

lated by the formula. The neutron yield of sources prepared from pure E

elements seldom exceeds 90 per cent of theoretical (see Table 12. 1)

Since the largest neutron yields are from beryllium, boron, and fluo- '
rine, these élements are most commonly used in neutron sources.- F1u~ ’
- orine must be in combination and is generally used as sodlum fluobo-

rate.

tr

0y

'Table 12.1—Energy Ba.la.nees and Neutron Yields of ‘Alpha-Neutron Reactions P

Coulomb
repulsion,
" Mev

0.63

-,1.20
o113

1.64} ,

1.60
‘2,20
2.15.
2.10
2.05
2.57
2.52

" 2.97

© 2,92

- Reaction
_Abundance, . energy Q.-

Isotope % Mev
H& : ‘l. -—4.65.

_ He! 100 _. -18.90
He® 0.77
Li® 7.30
Li 192,70 -2.79 .
Li® . 6.65
Be’ . T —6.41

"Bét . -11.25
Be® 100 5.74
Be!’ : 3.86
B 18.83 . . 1.37
B! 81.17 " 0.27
clz 98.9 .- _8.40 .
ct FOLL 2,36
ct : ; ~1.74
N4 g2 -4.68
N8 0.38 . -1.96
NI6 i 0.43
o'® 99.757; —11.96
o'? 0 039, | : 0.64

- Of8. 0.204 . - 0.2
o'® 4.86

"Fi8 o -1.90.

100 '

" —-1.90

2.87

3.36}
3.31J,

3.26

3.74
3.69

" 3.64)

" 3.59

4.10
4.05

Neutrons
. per.10® alphas _ per ‘curie
of Po’ “of Po '
2.7 S 1.0.x 108
Lo - 2185 x-10%"
S22 . 8a4x10%7
: o o
0.10 37 %108
0.01 3.7 x 102
0.07° 2.6 x 10%
12 - 444 x10°

, SN
.. Neutrons/sec
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S100-7 L
1,27

78607

S10.11 -

toe1es -1

. 1.65

.:‘ .. ’ 4:67 -
! '3."05 g

. 100 -
SRR P

<9517

A 4.2 o
S iihzdgs
L 78,47 . =5.46.
- .- .~b.88,
. =3.30

AR

I
i—2.46-

T —6.93
2,01 .

' ’ :"—3;48’!
S 1,920

T SRREN Reaction”
' Abundanté; -enérgy Q,

3,97

. =3.76"
L —2:27 .
SO 136

.. 0.06
, c 852
0,74 - o =2.83 -
. =5.25
w0 750,207

:

16,02 ¢ 4045

'1.96
.;':,‘—0.37:_ ,
. .8.79,

=1.64. .
A 248

92,28 \=T.76.
. 0.62.0, .
AR 55 UL
LY 88

- (Continued):. ..
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' Coulomb’ .~ -Neutrons

repulsion,
. Mev

i

s )

) l'.' 43_‘40' ( S B
435

L 482 \
4T

4.2 . o
467 . .-
515,

4300 T

4 o518 10f

P

_ Neutrons/ séc
“per los'alphasf':l" ‘per curie
- ofPo el
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5 lomum are. used prmc1pally as: the alpha emltters in- the preparatloneof
. neutron sources Radium has the advantage of a long half life" (1620, .

', ever, the gamma:radlatlon from- radium is much greater than from po— L

‘ supplied by-the. Eldorado Muung ‘Company of Canada. . Neutron' sources* Ty

S s solder sealed in a brass capsule to prevent Ioss of radon' .The Y
- yleld S y O

" the first t1me .in 1945, ‘Polonium’ production at that time was in mlnute SRR

"_\ ‘'sible. -The preparat1on of neutron sources in quantlty was then developed
accordlng to the methods sultable for each. type [ RO A

[
{ platmg polomu'm on platmum or beryllium dlSkS and sandw1chmg these\ 7

n1tr1c ‘acid— polonmm solution for several hours “The length: of shakmg )

Wiy
years), Wthh glves sources of nearly constant neutron emlssxon How-

lomum The short half life. of polomum (138.40 days). means a small

~amount of mater1al per curle and therefore httle self- absorptlon of .

alphas R : : AN : v LT
Radlum berylhum and small polomum berylhum neutron’ sources are

ffom polonium and any of . the target elements listed in Table 12 1 are’ x
"supplied by Mound Laboratory. Neutron sources can be supphed wh1ch

em1t neutron fluxes of greater than 10‘i neutrons/sec S Sl '

1,6 - Methods of Preparmg Neutron Sources. The alpha emltter must .
be’ 1nt1mately mlxed with the target element‘i to obtain a hlgh neutron L
yleld .The »1mportance of dlstrlbunon is shown by the fact that the: path .

" of a polonium alpha oi 5.3 Mev is only about 0. 0018 cm’in polomum or.. B S

. beryllium. -‘-_" o

Radmm berylhum neutron sources are made by evaporatmg to dry— s S
ness.a solution of, radium bromide-on berylhum powder. The m1xture 3o

method is 51mp1e, but the bromine is.a d11uent Whlch reduces neutronﬂ ‘
Neutron sources from‘ polomum were made-at the Dayton Pro;ect tor

quant1t1es hence the sources were quite: small, When bismuth ‘was ir-. ,
*,radiated in a reactor production of polomum in quantlty became pos— n

1.7 Polomuzn-Beryllzum Neutron Sources. - The flrst polonmm— '__’ 51"
berylhum neutron sourcés made at the Dayton Pro;ect -were made by -

between beryllmm dxsks. ; -The efficiencies were low with the: small
amounts of polonmm used therefore the techmque showed no’ promlse -
for large sources.” - . | . A S

Polomum 1sgqu1te low m the electromotlve ser1es of eIements and w1ll
electrochemmally deposxt on the hght meétals. . This prmc1ple was used
-“for several ye[ars in;the preparation of polonium- beryllium neutron~

sources ‘At n}st berylhum was elther shaken or-stirred in| a 1. 5N

,time’ was determmed by samplmg the solutlon and taking alpha counts B
unt11 90 per cent or more of the polonmm was deposxted The acid solu- s '

g ' o -
. . ; . e
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Lo and the portlons of powder were combined in one contalner

B ,.’ i semlremote controlled apparatus, wh1ch is shown schematlcally in

Lt
-

tlon was then decanted and the powder was washed w1th alcohol dr1ed
and transferred to a metal contamer “To make large sources by this
: method the reductlon and depos1t10n of the, polomum was ‘done- -in steps

The-last berylhum sources made by this method were made -1n a /-
Flg 12.1. Beryllium powder-of 230 to 325 mesh was stirréd-in cham-

“'ber 1. (Flg 12.1) with-a stream of nitrogen in 1.5Nto 3.0N nitric acid.
~The higher concentratlon of acid was used only to hold' larger quant1t1es

Cof polon1um m solution: (chamber 2) The’ depos1t10n time in 3N ac1d was -

N " made as short as possmle because of the increased solubility of beryl-

- ._

[

hum Dep051t10n times in th1s apparatus were; usually less than 1-hr.
Completlon of the deposmon was determined by a neutron probe (No. 3,
Flg 12:1) attached to a ratemeter. When the neutron emission reached -
“a max1mum the a01d solutlon was drawn off' through a sintered- glass :
fllter _The powder was r1nsed w1th alcohol and transferred as a slurry

" in alcohol to" a contalner with an Oilite (The Amplex Mfg Co., Sub. of - ’

Chrysler Corp., Detro1t Mich. ) filter (No."4, Fig. 12. 1). Dry n1trogen

o was passed. over the powder to remove the last traces of aleohol..

L with about 0.020 in. of mckel which covers any contamination and seals :

T

- not” dep051t polomum from a solution. Theé volatlhzatlon techmque used

' Sincé 1948 all berylhum sources have been made by a volatlhzatmn .
“ethod. The polomum is volat111zed 1nto one part ofa metal contamer

'- Loose berylhum powder or powder that ‘has been- cold pressed to fit

~ equipmenit. .

.

L g sure to neutrons.. The sealing and. dlstrlbutmn are carried out as de- -
" scribed above A slightly higher volatilizing temperature is requlred

. the contamer is added. The contamer is then’assembled and coated

the contalner At thls stage the sources are 20 to 40 per cent eff1c1ent
They are heated to. about 600°C to distribute the polonium throughout
_the’ berylhum The completed. sources are usually '75 to 90 per cent
efﬁclent Figure -12. 2 presents aview through a water-barrier window-
Jina shlelded hood whlch shows the remote- operated volatlhzatlon .
+-On some. occasmns polomum depos1ted on platlnum has been 1nserted
_' 1nto the source contamer The polonium on platinum has been covered
w1th an alpha rangé of mckel to perm1t asseémbly without bodily expo-

* to get the polomum through the nickel layer, and thé neutron eff101ency

' may be-a l1ttle less than when a n1cke1 covermg is not used.

v ‘ tron efflclency of 10 to 20 per cent " \

'

. 1.8 Polomum -Boron Neutron Sources.’ Boron is'a nonmetal and w111

‘' for- berylhum sources cannot be used because boron is'a’ poor conductor

When polonlum and boron are heated to 600°C in a sealed metal con- - -
tamer a’high neutron eff1c1ency is, reached Upon coolmg, the polomum
is redistributed to the more rapldly coohng metal and develops a neu—.’

[
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1zat10n. The boron powder at room temperature is’ v1brated whlle the "
- polomum is: slowly volatlhzed from a(metal gun “with a nozzle extendmg
mto ‘the- powder Th1s method is useful‘ for sources mcorporatmg up to

‘A method a been developed for preparmg boron soﬁrces by volatll- v‘

?
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- sodium fluoberyllate with a mole ratio of B:Be-="24¢ 1.7 i ";'i .

\.

o et

j - are made by placmg polonlum ina mckel contamer through volat111za- v

‘ '~; vessel 1s coated dlrectly or: placed 1n an, outer contamer and coated

2 : usually madé?by an evaporatlon method whxch can be set up s1mply at

: der does not exceed 1 mm.r The temperature of evaporatxon: is. kept R

"' is done below 150°C:: Slnce platmum must be used. to w1thstand hydro—'

T meltmg point, of the alkah metal Polonium- plated’ platmum vessels -
- makmg sources‘i of- thls type.

_ volatlhzatmn method used for berylhum sources. . SR

) of 1ntr0duc1ng pure polomum 1nto the source: .
" The number of’ boron sources prepared is small; hence they are.

any time. Polomum is dlssolved in hydrochlorlc ‘acid, and -this.solu-
txon is evaporated trom boron powder in a.glass vessel: Neutron effl-
c1enc1es of:80°to 90 per cent are attained .when the: depth ot boron pow—

300 curles have been made by mcremental evaporatlons and by com—
b1mng the portlons"of boron. Several evaporatxons per. source serve to .
glve hlgh neutron efflclency and’ reduce personnel exposure ‘to. neutrons«*- '

1 9: Polomum mock-fzsszon Neutron Sources. Several salts have e
been ‘used in attempts to’ produce neutron sources S1mulat1ng the flssmn
spectrum. The comblnatlon of salts now used is sodium fluoborate and

To prepare av source from any salt, the polomum is dlssolved in an;,
acid havmg the - same radlcal as the salt and the acid is removed by
evaporatlon. Hydrofluorlc ac1d is used in- makmg mock-fission: sources..
Fluoborates are unstable at elevated temperatures, and the evaporatlon -

. “fluoric: amd evaporatlons are made in'thin platmum vessels which’ can -
‘bé cut or pressed to the shape of- the finished source. The plat:mum

1 10~ Mzscellaneous Neutron Sources. L1th1um and sodlum sources
- tion, addmg theEalkalll metal seahng w1th n1cke1 -and heatmg above. the

- which conform to the shape of- the nickel contamer are also used in -

Sources from polomum and magnesium or alummum are made by the .

" Some 11qu1d rieutron sources have been made because the homogenexty
Lofa solutmn offers.the possxbllxty ofa reproduc1ble neutron standard
however solutlons of radioactive matenals are not stable.’ Soprces C
- prepared from antxmony pentafluorlde ~and, solutioris of berylhum in " R
hydrochlorrc ac1d were not stablé enough for standard neutron sources. )
" In addltlon the path of an alpha in liquids is’ so short that only about‘lO. s
per cent eff1c1ency is. reahzed' ‘hence’, callbrated solid’ sources are used :
excluswely for standards.‘ o . S

: . # P . : . . N .
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L1 Effzczency of Neutron Som’ces. The theoretlcal neutron y1elds
glven in Table 12 1'aré’used to- calculate eff1cxenc1es oft sources,” When

"< pure polomum IS used, the. eff1c1enc1es of berylhum and boron sources .

-are “about 95 per-cent if the ratio of polomum to target is small;" De-

.“crease in eff1c1ency with an 1ncrease in the’ polonium- fo- target ratlo is
" " known better-for beryllium than for other target -elements. As the’ ratlo

‘1"reaches‘50 curies. per gram of berylhum the neutron eff1c1ency de- '

1nd1cate a similar trend. : .
. The surface area of. 230 to. 325 mesh beryll1um powder as meas-
' ured by Hertz 'j5-2400 sq cm/g For a monoatomic layer of polonlum

.on 1-g of this powder; 3.4 curies of polomum are required. With'50

curies ‘of polonium per gram of beryllium, there are 15 atomic layers.
"The thlckness of. polomum is not great enough to absorb appremable

j,creases to-about 75 per cent “What data are avallable for boron sources -

" alpha energy, however neutron ,y1eld decreases rapldly as alpha en- e

ergy. decreases e <

Eff1c1enc1es of 90 perrcent can be attalned for mock f1ss1on and other .

salt sources. The spec1f1catlons for ‘such sources usually are for. _high

“+ "ratios of polomum to target and most. sources are ‘in. the range of 60

to 70 per cent eff1c1ent T R P

' LT

1 12 Contamers for Neutron. Sources Alummum and brass were .
used for some of the early source. containers; however nickel is now

' - used for'most source contamers except for special contamers re- o

Cor

quiring: steel platmum “or berylhum Co ‘
Some sizes and shapes.of source: contamers are shown in Fig. 12. 3

The standard contamer is a’ nickel right cylinder'0. 66 -in. 0.D. by 0.66

-in. high® with 0.08-in. walls, before sealing. When finished, the dimen-"

K ﬁ s1ons are 0.70 in; O D. by 0.70 1n ‘high. Containers as small as 0.20

-in. in. d1ameter are sometlmes made. If the, amount of polonium in a j )

.. Source is to be determmed by a sensitive. calorlmeter d1mens1ons must

not exceed 11/8 m in d1ameter by 3 1n in, length

-~

1.13 Sealmg Source Contamers The first neutron sources made at"
‘the Dayton’ Pr0]ect were'solder-sealed. ‘Dipping in solder covered up

" All sources are now- sealed with nickel obtamed from the decompo-

"-‘;\" ' s1t1on of nickel carbonyl. - “The containers-are automat1cally decontami-
nated by the mckeL coat1ng whlch should have a thlckness of about 0 02 ‘

LN R -

. in. . .
Neutron sources to be used at hlgh temperatures are sealed with *

‘lonium- -beryllium. neutron sources have been’ held at 850°C for 6 months
w1th only a small decrease in neutron eff1c1ency Source eff1c1enc1es .

nickel and placed in a second contalner which'i is closed: by weldmg ‘Po- ;

[

-~ contamination on.the outer-surface: - Frequently, decontammatlon was - -
. ‘not’ complete,.and a coatmg ‘of pamt or plastic was applied.

C

L8
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{b)
NICKEL OR
PLATINUM SPHERE.
DIMENSION 0.40"
WHEN COATED

PLATINUM CAN OF
5-MIL WALL. DIMEN-
SIONS 0.22" x 0.40"
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()
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SHOWN [N (d}

NICKEL CONTAINER
Wl|TH EYELET -

“t

Fig. 12.3—Neutron-source containers.
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‘are held better at high temperature when iron or berylhum 1s used for
the source contamer .
Most sources are sealed at a pressure not ‘exceeding’ 5 cm Hg. Boron
sources of high curie value are sealed at a pressure of about 1/2 atm., _
The higher pressure is used to lessen migration of polonium chloride. A

e

1.14 Equipment for Source Preparation. A well-ventilated hood o
(Fig. 12.2) is necessary for handlmg any radioactive material, ‘For
preparing neutron sources a hood should have utilities accessible

* from the outside to prevent exposure of personnel. Shields are pro-
" vided at Mound Laboratory to reduce irradiation of workers.

Polomum is, ‘transferred to source containers by heating it to a red =
‘heat i m vacuo. Induction heatlng effects polonium transfer in a few min-
utes. An apparatus is also in use in which polonium is transferred by
use of resistance heaters. The’ course of a polonium transfer is fol-
lowed by counting the 0.8-Mev.gamma of polonium with.a lead shlelded
G M tube. To take gamma counts, transfer of polomum is madé be-

‘ fore addltIOIl of target to the source container since many alpha-neu-
) tron reactions are accompamed by gamma emlssmn
The resistance- heated apparatus together with a gamma counter, is
used for transferrmg increments of polonium.!? The polonium is placed
at the bottom end of a metal gun about 5 in. long. Heat is applied at the
top of the gun at such rate that the transfer of polonium can be extended
over several hours. A slow rate of- transfer permits high accuracy of
increment volat1hzat10n : =
The assembhng of sources is done with tongs lor 2 ft in length be-
hind shields (Fig. 12.2), or with.remote- controlled apparatus.®
Nickel coating of sources is done in a vacuum -system as free as pos-
siblé from leaks. Oxygen interferes with the coating process. Even
- minute concentrations of ‘'oxygen cause the nickel to be brittle. : Small
1nduct10n heaters of 50 watts output are used to closely control the .
temperature of sources and the rate of decomposition of’ nickel ‘carbonyl.
The neutron emission of a source in preparation-is followed by a neu-
tron probe (see Chap. 9) consisting of a boron-lined tube, paraffm mod-
‘ »erator and counting circuit similar to that shown in Fig. 12.4. -
'~ When thé reduction and deposmon method ‘was in use for preparing .
_beryllium sources, it was desirable to follow the polonium concentra-
tion of the solution. For that purpose an immersion alpha counter was
" developed by Birden.!4:!® A quartz tube with an alpha-transparent win-
_ dow was immersed into the solution. The end of the quartz tube con-
taining the window was attached to a proportional countmg tube. The
other end of the quartz tube which dipped into the solution permitted
the polonium to come into contact with the wmdow for alpha countmg.
The immersion counter (Figs. 12, 5 and 12. 6) was useful in the range of

] )
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Fig. 12.4-—Neutron-counting equipment.

'

0.1mecto3 curies per milliliter of solution and was so made that the

" range could be extended.

The amount of polonium in a neutron source is determlned to about
0.1 per cent in a calorimeter. Gamma and neutron radiation absorbed




'1n the calorimeter is negligible m comparlson to alpha radlatlon (Chap
10).- -

A neutron counter is essentlal in the preparation of neutron sources.
Unknown sources are compared with standards by use of a boron- hned
tube ina Hanson type paraffm moderator ,

.

Fig. 12.5—Immersion alpha counter.

1. 15 Neutron Counting. The neutron has no charge and is counted
, 1nd1rectly The principal reactions used are neutron-alpha, neutron-
gproton, and neutron capture producing a beta emitter. The last re-
* action is used to determine absolute neutron emission, and the first
two reactions are used to compare unknowns with standards.

The Szilard-Chalmers method! uses beta-emitting manganese as one

-means of counting neutrons. Exposure of the périnanganate solution to
neutrons, precipitation and recovery of manganese dioxide,;and’ beta
counting is laborious and time-consuming.

Probably the most accurate method of cahbratmg a neutron standard
'uses indium foils which are inserted into a graphlte block. The foils

\
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.are placedv in the block at various distanc‘es‘ from the neutron source

- standards were calibrated in 1949. New polomum -beryllium and polo-
‘nium-mock-fission standards are prepared as needed and calibrated

‘mock-fission sources from exceeding a temperature of 150°C. Beryl-

328 - S
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(which is mounted in the same block), and the neutron emission is de-

termined by integration of the beta counts from the irradiated’ foils.

Neutron counting with indium foils has not been practiced at Mound )
Laboratory; however, calibration of primary neutron standards for =

- Mound Laboratory used the indium-foil technique.’

When a primary standard is available, unknowns are qu1ck1y and ,
accurately compared with it by use of a boron lined or BF; tube in a -
paraffin moderator of the Harison type ‘In using the Hanson- type
counter, sources of varying neutron energies must be placed a suffi-

" cient distance from the counter to give a linear response Neutron - =
“standards used at Mound Laboratory prior to 1949 agreed well with the”

standards estabhshed at that time. However, comparison counting was
not so accurately done prior to 1949 because small sources were placed
too close to the counter to obtain linear response;

‘Radium- berylllum polonium-beryllium, and polonium-mock-fission

.

against their previous standards and the radium-beryllium standard.
The radium-beryllium standard is corrected according to the equation

Neutron change =1 + 0.100 1- e—t./‘zz) '
where t is the time in years. The neutron change is due to the length of -
time required for radium-D to equilibrate with its predecessors.

It has been shown that the several kinds of neutron sources: can be
accurately compared when placed at least 50 ¢m from a Hanson -type
counter ! Accurate comparisons are made at closer distances if cali-

‘bration curves are used. . .

1.16 - Temperature of Neutron Sources. The temperature of a neutron
source depends upon its phys1ca1 size and curie content. The heat lib-
eration of 1 curie of polonium is 27.54 calorles/hr or 0.032 watt (Chap.
10).. Standard berylllum sources of 4.2 and 22 6 curies reached tem-
peratures of 30 and 56°C in air, respectlvely The temperature reached .
in vacuo is much hlgher and care must be taken to keep boron and ’

lium sources are usable at temperatures as high as 850°C if they are

espec1a11y prepared. ! s

1.17 Radiation from Neutron Sources. Neutronsd and gammas are
the only radiations emitted from neutron-source containers. The gam-
mas consist of those from polonium and those from alpha-neutron re- » =
actions. Polonium emits about 1.7 x 10‘5 gamma of 0.8 Mev energy per -
alpha. A polonium-beryllium neutron source emlts about 0.7 gamma of

({)
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4,4 Mev energy per neutron. The energies of gammas from polonium
neutron sources have been determined by Hertz and Breen'® with a
crystal spectrometer and are given in Table 12.2.. :
Average energies of neutrons from polonium-beryllium, polonium-
boron, and pblomum mock-fission sources are reported in the litera-
ture as 4. 5 2.3, and 2:0 -Mev, respectively. A program is under way at
Mound Laboratory to determine neutron energies. \

Table 12.2—Gammas from Polonium Neutron Sources

Energy of gammas;

Element Reaction Mev
" Lithium Li%(a,0")Li’ - 0.483
" Beryllium Be¥(a,n)C? . 4.45
Boron - B!!(a,n)N* " 2.36
BYa,p)C'® 3.68
Fluorine F¥a,n)Na? 1.28, 1.51
c Na? - Ne®? + g* 1.28
Sodium . Na®*(a,p)Mg?® 0.43, 1.13, 1.83, 2.57
Magnesium - Mg?(a,n)Si%® 4.0

Mgzl(a,p)A_lz'l :

1.01
Mgzs(a,p)Aln
A1 — gi®8 + g~ 1.82
A1P . 5% + g~ 1.30, 2.32

Aluminum Al*(q,p)si¥® " 1.25, 2.28, 3.55

- - ! . )

1.18. Radiation Tolerances. At present the iimit for total body ra-
diation is 0.3 r/week, 60 mr/day, or 7.5 mr/hr. One milliroentgen per
" hour of radiation is given approximately by: 10 fast neutrons/sec/sq
cm, 234 slow neutrons/sec/sq cm, and 530 1- _Mev gamrnas/sec/sq cm. -

Shipping regulations of the Interstate Commerce Commlssxon perm1t

200 mr/hr total radiation at the surface of a contamer or 10 mr/hr at 1

meter from the source of radlatlon

1.19 Shzeldzng Neutrons. As explained earher. in this chapter neu-

" trons are thermalized by fewer collisions with light elements than w1th

heavy elements. However, because the heavier. elements have higher..
densities, the thicknésses of various materials requxred to thermalize

" fast neutrons are not greatly different.’ The thickness of a substance

which will thermalize one-half the neutrons incident on it-is called its
“half-thickness.” When the half-thickness is known, the number of fast
neutrons penetrating a shield of thickness R is-given by
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Fig. 12.7—Effect of absorber thickness on half-thickness.
n —5N X 1
47R? " 2R/
where n = fast neutrons through the shield ' P

N = strength of neutron source, neutrons per-second
R = thickness of shield, centimeters '
t = half-thickness of shield, centimeters

Half-thicknesses have been determined with good precision for water
and paraffin, and; roughly, for several metals.® Half-thicknesses of
most materials are 5 to 6 cm. The variations in half—thicknesses of
paraffin and water are shown for several types of neutron sources in
Fig. 12.7. S : :

Steel drums filled with paraffin are used to transport neutron sources
under Interstate Commerce Commission regulations. Water-filled
drums are sometimes used when sources are transported by Atomic
Energy Commission carrier.

4y
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1 20 Uses of Neutron Sources ' Neutron'sotirces-are used in starting .

uranium. reactors cahbratmg instruments, simulating , f1ssmn spectra,

makmg blologlcal radlatlon slueldmg expenments and in o1l well log--

ging. I . o -

o1, 21 Number and Szze of Neutron Sources. Hundreds of neutron
sources have been made at this laboratory since the f1rst one was made ~

, in 1945, ;Polonium has, been used in increasing amounts as the demand -

» for neutron sources has increased. The average-size neutron source’
fabricated at Mound Laboratory contains approxunately 5 cur1es of
polomum - : -

- Both polomum berylhum and polomum-boron sources have. been made

with neutron emlssmns in excess of 108 neutrons/ sec. .
Several series of polomum-berylhum sources were made in wh1ch the
spread in neutron em1ss10n between individual sources was not over 5

per _cent. In one group -of eight sources, four sources had neutron emis- ',

sions consistent to within 1 per cent of each other. Another group of'
eight sources was made to produce four pairs of sources with a. spread

in neutron emlssmn of 0. 2 per cent between each palr. .-

- - 2. ALPHA sovncr:s c _ _
2.1 Introduction. The alpha radiation from Po?! is'essentially

L monoenerget1c at 5.298 Mev (Chap. 2). The small amount-of; ;polonium -

per curie means. that alpha sources with negligible self- absorphon

can be made. Polonium ‘migrates readily and" gives senous contami-

natlon problems. For this reason, uncovered alpha sources are sup~

plied: ronly to those experxenced in the handlmg of polonium, b
The needs of} people domg research with alpha radiation are S0 varled

that little attempt is made to make a standard alpha source; rather

 each source 1s made to fit. the needs of a partlcular ‘experiment.

2.2 Alpha source Covermgs. The range of.a polomum alpha is only
3 84.cm in air and less than 0.0025 cm ih metals. To iake covered

" alpha sources whlch are rugged and absorb llttle alpha energy requlres

‘strong thin films. Lf‘r A -

.The th1ckness of a materlal which will absorb the energy of an alpha
is given approxnnately by: mllhgram per square cenumeter (equal to’ 1
¢m of air) = 0.3 vatomic weight, ‘which, for poloniuth, becomes 3.84 x _
0.3 Jm ‘for the full range of the alpha. The thxckness of the
absorber in centlmeters 1s then .

1000 mg/sq ¢m - Y
Dens1ty

The thxcknesses of selected substances wh1ch w111 absorb the energy of
polomum alphas are glven in Table 12 3.
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y M1ca can be spllt toa thlckness of 1 mg/sq cm or less, thus leavmg _
‘ alphas at least 80 per- cent of their or1g1na1 energy ‘Mica-windows arer R
held to source holders w1th Aplezon wax, and prov1de sturdy sources. ..
Alummum*ls ‘obtainable as th1n 2s-0,00025 cm; however; it is not free .
from holes Alpha rad1at10n prov1des an ox1d1z1ng atmosphere m a1r oot s
Wthh th1n alummum cannot w1thstand R T

ot - S i
. , . o
AL . - N N !

" - ;- T SR S N
b ﬁ--‘Table\IZ.B"’—f—Range’s‘of POloni_uirn Alphas - - " oo e
T R j-- Range of polonium *
""'D'ensity, Absorber thlckness Co alpha I '
.g/cu ¢m i mg/sq em, . - Cm, o In., L
12,76 to" Y T H0.0018 0 10.0007 to
L e sl o T £ 0.0017 . 0.00066" o
-, " Aluminum™ 270 T T BT 00022 o 000037;, g
’,Tltamum 45 L ooere e I oqole v 10.00070 "~ -
L aTpod e 7.86 D880 a7 0,001 T, L 0.00048. -
e . Nickel * v . 8.90. L.t 8.82 o T .0.00099 . 0.00089 - - . .
L. 07h Tabtalum - T6.6 0+ 1550 ( .77 0,00093 - 0.00037 i T
S fGold o nocT19.3 0 ST o162 ' - 0,00084 . 0.00033 .
- Platinum - - 21 45 S o) 16 00 0400075, .. 0.00030 . -

. wohen - Tet -
il A - . e
- - . . - - Lot . N R T . - L. L. -

e L on and mckel are too eas1ly corroded in the presence of- alpha ra— -
. . r"- _didtion to be -useful by themselves.. Some stamless steels aré corro- .
SR -gion. res1stant to alpha- radiation and probably can "be obtained in. thxck- ;
' -nesses wh1ch w111 emit alphas with 60 per cent of the1r 1mt1al energy . :
Tantalum is ava11able>0 000625 cm thick and can be pollshed some-. : /'
L what thmner When 0 000625 -cm tantalum is used as. a source cover E
ta the alphas retain; only 32 per cent of their’ initial energy Such sources L
' are sealed and, w1th care, can'be used in vacuo. . RO
~Gold leaf 0 000004 in, in th1ckness is available.’ The leaf 1s porous { e
_ and is used in multlple layers Eight layers of th1s gold leaf leave al- Lo .
phas w1th 90 per cent ‘of the1r original energy. . Such sources are known . ’
3 ' to- hold- several’ weeks w1thout leakmg polomum : A T
:Titanium, and: platmum of alpha -window thlckness are’ not avallable, PR
however, both metals are re51stant to corros1on, and they should permlt g

-sources: o’f h1gh alpha energy to be fabr1cated W TR
. o

2, 3 ‘Preparatzon of‘Alpha Sources.‘_ u polomum is in d1rect contact
w1th a materlal‘ it is: apt to diffuse through the, thlckness of an. alpha. . )
w1ndow . To prevent d1ffus1on through the wmdow, polomum is placed R
m a 0 02- to 0.03- m. depress1on and the Wmdow is sealed to asur- ' - R




} Polomum is. deposrted on a noncorrosxve metal such as platmum and
1s mserted m su'ltable ‘plastic or metal ‘holders. . The polomum is volatll- :
“ized onto the metal or is-plated if uniform dlstrlbutlon is de51red .
Sometlmes ‘an ac1d'solutlon ‘of polomum is- evaporated on the source
holder Polomum is also supphed as a nitrate in glass tubes

M0und Laboratory fabrwates about 25 alpha sources'per year and

;these sources contam 'an average of about 150 mc of polonmm each

» EALEE R} 4 Measu'rements on Alpha Sources. The amount of polomum on an
e :.,:1'.’ - alpha source isi usually too small to be calorlmetered “An. alpha COunter
SRR ! tof approprlate range is used to count theé act1v1ty dlrectly, or the amount "
.- F of polomum electrochemlcally deposited from a’solution is determmed
L from the- dxfference in alpha count of the solutlon before and after de-
RV posmon. o = .

. Radloautographs glve a rough measure of the d1str1butlon of polo-— -
e ‘nium. - - PR . e ,
T -Alpha energles are calculated from. absorber thlcknesses. L SRR

s ) e

T glass or plastic holder, which is packed in 2 metal tube, and-the metal
3 u, tube is packed in.a-wooden boX., Gamma rays are the only, penetratmg
o e " radiation from alpha sources The amount of polomum in“an dlpha ~'-.”' )
;ﬁ: .source seldom exceeds 1 curle, therefore there 1s no shxeldxng problem. s

B
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‘science of Health Physics originated about the time that the Manhattan .
Engineer District (which was-the predecessor to the Atomic Energy - - - o

S ] '_ Chapter 13 P
HEALTH PHYSICS
By Warren L. Hood and John S. Stanton . a RS

T - 1. INTRODUCTION -

Health Phys1cs is prunarlly concerned with- the protectlon of per-

sonnel from the. radiological hazards accompanying the formation, con-' -

centratmn handlmg, storing, and use of radioactive materials. -The , -

CommiSSion) was established. Subsequent to its inception,.the Dayton -
Project mst1tuted a Health Physics program for the protection of- ’
personnel from the hazards assoc1ated with the handlmg of radloactlve
materials.

The- responsxblhtles of the health physmlst at the Dayton Pro;ect andx
Mound Laboratory 1nclude' v . ; .

1. The estabhshment of standards of safe- levels of exposure to all
types of radxoact1ve emissions. R
2. The detectlon of these radlatxons under a w1de varlety of condl-
tions. :

3. The 1nterpretat1on of the data collected on routme and spec1al S
. laboratory area surveys. - L

N

4. The development of.. sultable methods of personnel protectmn from
radiation hazards . . . .

5. The 1ndoctr1nat1on of personnel in health phys1cs procedures

The Health Physms procedures in this chapter are apphcable to. all

. - radioactive elements wh1ch have been handled at the Dayton PI‘O]eCt AR
-and at Mound Laboratory . ) . LT L.

2 ESTABLISHMENT OF LIMITS OF PERMISSIBLE EXPOSURE .

f R

2.1 General During the formatlve years of the atomic.energy pro- .

-gram, little was known of the perm1s51ble limits of ‘exposure of person-- -

nel to the alpha, beta, gamma and X radiation from the naturally oc- .
curring radioisotopes. The Advisory Committee on_x-ray and-Radium

SR . 3% o SO TR
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. Protect1on of the Nat1ona1 Bureau of Standards had prepared a pubhca—n ‘
R t1on:(Handbook No. 20) settmg forth the, then acceptable personnel ex-' L
. ‘posure; limits to X rays and rad1um, dnd. th1s ‘publication- was one of the' o
‘earliest reference sources ‘used for the estabhshment of maximum B
'fperm1s51ble radlatlon exposure levels. The. ‘déita:on perm1ss1ble ex- . e
i 'posure levels at ‘the dxsposal ‘of the- health phy51c1st became obsolete ’ :
' as soon as large concentratlons of purlfled natural and. artificially pro-
‘duced rad101sotopes were: made avallable, and 1nformat10n was accumu-
.+ lated on'the ‘characteristic, radlatlons ‘of these radlolsotopes Advances R
- :t"f in ‘the f1eld of health phys1cs Wwhich’ are based on the ‘acquisition.of new. o

e ‘and recent data are mcorporated into’ revxsxons of permxss1ble expo-: . _°
B sure ].lmltS It is the- usual procedure for the 'health physicist, to. direct: » ]
""‘.f attent1on to each radlolsotope and its. character1st1c radlatlon on an 1n— ‘; . ‘

: d1v1dual bas1s, when thls is poss1ble, and to establish personnel ex- .
..posure 11m1ts wh1ch are based on recently acqulred data on thé 1sotope -

5 2, 2 Permzsszble Polomum Exposure Levels at the Dayton Proyect‘ R
S and Mound Labomtory Early in 1944 W. F. Bale! recommended that”

for not more: than 1 ucyof polomum should be 1ngested Th1s flgure was: - -

.later rev1sed to! a max1mum total polomum content in the body of 2. 25 ,

jrc- and was based on an assumed urine excretlon rate of 0:1 pér cent _“ '-«;
IR fper day of- the polomum in the body \Further mod1f1cat10ns of the. ac- ' :
RN "ceptable exposure levels were suggested from t1me to, t1me unt11 K. Z.

iMorgan recommended a value which’ 1s the accepted standard at Mound

Al B Laboratory at this tlme. Morgan s recommendatlon was based on the ST
o .work of R.. M. ka8 at the Umvers1ty of Rochester RN R

~

: . 7The. max1mum perm1351ble value for a1rborne polomum was or1g1nally P
ST stabhshed‘ at’ 2400 dis/min/cu meter Th1s value 'was. der1ved from' ' IR

T ;}varlous assumptlons as to the; amount of a1r inhaled durlng a workmg

e o 1day, ,the per cent of 1nhaled polomum that is, absorbed by ‘the’ body, the ™~

s .per -cent.of the total polomum intake. attrlbutable to 1nhalat10n, the rate )

.o at wh1ch polomum s lost from. the - body‘by comblned decay and excre— S e

I« tion, and the bel1ef that ‘the: lungs d1d not concentrate polonium- to any N

extent A rev1sed set of permlss1ble a1rborne polomum levels was put

0 into* effect at Mound Laboratory in February 1949, e '

Values for the permlssmle levels of beta and, gamma rad1at10n and e N
' " 'for permlssmle surface contam1nat1on w1th1n, and yadJacent 'to,’ the .- »,f. L

workmg aréa used for the pur1f1cat10n ‘of polonium’ have been in, effect‘ ‘ ‘ Ci
_since. the- mceptmn of the ‘Dayton PrOJect The acquisition of moré -/ . = =¥
' 'knowledge on the effects.of these radiations’ has resulted,m reappra1sals M
i of the acceptable perm1ss1ble levels B R I o T o

- ) Comparatwe values ‘of’ the former and present perm1ss1ble levels for ‘
T ,.polomum and for beta and gamma emlttmg rad101sotopes are tabulated S
LTt mTable 131 ERE T T W :

MR v T~ LT e s . R e b




e

B

=

[T S

) '.'. radloactwe 1sotopes necess1tated'the estabhshment of the max1mum'v

permlssmle levels of exposure to: beta and gamma rad1at1on whlch are )

Table 13 1—Permlss1ble Levels for Polomum and for Beta and

Gamma—emlttmg Radloxsotopes ; no A-:"_ ‘3 :k_""
,rf : ' v . . ST e
cT e , Former (prior to” . . . I A A
© Sample.” . T .o Apr 1, 1951)- - .\ Lo, P'res_er'}t SRR

.“ I . B . N R

"Beta or gamma ' “0 5 r/week ’ © 0 3 r/week JENES G

) Urlne . et 3000 dxs/mm/24-hr sample . ‘-f500 dls/mm/24 -hr- sa}nple
T LAir level; o a 2400 dxs/mln/cu meter . 1000 dls/mm/cu meter -l
) :Wipe:i‘ T e B N,
' White.' " - T 1500 dls/mm/w1pe ¢ o 500 dls/mm/w1pe - f‘-‘- L
Yellow™ *~ -:*  1500-10;000 dis/min/wipe  500-2000 dis/min/wipe y

‘...Red : coe ] ‘_10,_000 dls/mm/w1pe oo 2000 dls/m1n/w1pe

Lo
- l Ry

, TAt one tlme ‘the workmg areas at the D, > were classmed accord-

]

B

3. HEALTH PHYSICS INFLUENCE ON. LABORATORY DESIGN

'

- 3. 1 Confmement of Radzoacthty. ‘During the- early years of t.he
Dayton PrOJect ‘the, number of personnel with greater than perm1ss1ble
_ ‘values of polomum m the1r urine’ prompted the development of com-

F. pletely enclosed compartments for the handling of polomum The '

de51gn of - these(compartments was based on-three. ma]or premlses

.1. The presentatlon of an 1mpenetrable barr1er between the operator
and the- compartments contaxmng rad10act1v1ty

2 The mamtenance of a pressure differential between the operatmg~

; ‘area and. those compartments s0 that any-leakage of rad10act1v1ty O

through the barrler vqould be from reglons of lower to, hlgher radlo- :
act1v1ty levels.v‘, ‘“; P o ; o

3. The ellmmatlon of as - many horlzontal surfaces on the operator s’

IA  side of the compartment as pos51ble to prevent the accumulatlon of
radloactwe dust 3 :

. :q De51gn spec1f1catlons for these compartmentahzed processmg hoods .'_

requlred that all operatlons inside the hoods be performed through

,‘:' ‘Sealed glove ports or’' by ‘the use of extensions, to ‘enclosed, valves, etc
Ut111ty services and the 1ntroduct10n of - reagents into the ‘hoods are: con- ]

trolled from the front of the hood. "The processmg of polomumds ac—
comphshed in'a ser1es of hoods 31m11ar to those shown in Flg 13.1.

R

tabulated in Table 13 1 S e MR e




o _Fig. 13.1-Typical polonium:processing hoods. | - S .
LT 3 2" Ventzlatzon Systems- Pressure szferentzals. The spread of
ST " radioactive: contammatlon is mmmuzed by. mamtammg air pressure: T
‘ d1fferentlals between areas havmg d1fferent concentrations: of rad1o . N
O act1v1ty Four ‘such. pressure regulatmg systems arein use at Mound . >
e Laboratory The axr pressure in each system is ad]usted so that, if - .
’ A T SO o :
' KRR ! B ' . i .
RS DR . R o ) -
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" -into a common filter bank whlch d1scharges through an’ exhaust stack
' mto the atmosphere .o .

339
leaks :occur,-air. flows from the main laboratory corrxdors into.the in& -
d1v1dua1 laboratorles then\from these into the serv1ce COI‘I‘ldOI‘ (area .
behmd the hoods) and fmally into the hoods. Each hOOd«lS equipped
with an air filter, and the outlets of all these filters are d1scharged o

'

‘Area air,pressures and air change rates in effect at M0und Laboratory
at th1s time are® glven in Table- 13.2. Core : C :

‘t

4Tab1e 1'3‘2’—Pressure‘ Differentials and Air Change Rates at Mound ;Laboratory‘

. Pressure,

.{'\rea R _in, above atmospheric Air chang'e‘ratef -
© " Main COI‘I’IdOI’ - T 020 . 10-12 per hr . .:
Ind1v1dual laboratory ~ 7 t0.15 10-12 per hr : e
Service corridor B 0.10 16 per-hr R

" Hood c = 0-0.05 - 1 per min -

.'3.3" Interarea Traffic Procedures Where the confinenientjof radio-

activity is of-extreme importance, the design of a laboratory must allow
for essential traffic between areas handling different quantltles of radio-~
:act1v1ty In some areas it is advisable to require a complete change of

clothmg before entry is gained; hence facilities are- provided for the
storing, of personal clothing and for the supply of apparel to. be worn in -
the hlgher risk area; ‘Air locks locker rooms, shower stalls, and

'laundry fac111t1es are also effectlve in controlling the spread of radlo- -
act1v1ty Interarea traffic at Mound Laboratory is routed through sec— -

o txons of the 1aboratory that mcorporate these famhtles

R

- 3.4: General Laboratory Deszgn The use of compartmentahzed
polonium- processmg hoods:has proved to be a major advance’in pre- -
venting the spread of radxoact1v1ty at Mound Laboratory On those

-occasions when [unavoxdable acc1dents occur and polomum is mtro— N

) duced into workmg areas, ‘éffective decomtammatlon must -be attamed.
‘Some of the factors whlch assure. ease in decontaminating are ‘the use -

.. of smooth,: hard nonporous surfacing for floors and walls; laboratory

design which mmlmlzes thé humber of horizontal surfaces, the usé of -~
enclosed storage spaces and the use of- materlals of constructlon whlch
are una.ffected by strong decontammatlon agents : S

4. CONTROL OF RADIOACTIV E CONTAMINATION

4.1, Area Classzfzcatzon Laboratory'areas are clas51f1ed accordmg
to the nature of the work done w1thm the area.and the ‘quantities ‘of

1

*

R




A

3,

o lradloacthty normally treated in. the area. Area classn'lcatlon proce- .
dures have been estabhshed at Mound Laboratory wh1ch govern e
S ";Travel between areas. . - - . L e

“The wearing- of: protectlve clothmg

2. .
R 3 The use of .personnel momtormg dev1ces. T DT
" 3_24 Methods of decontammatwn SN e MR

5.

6.

7.

‘Methods of area momtormg S L L PR ‘
Transfer ‘of equlpment between areas,. .. o BN
. The establishment- of safe workmg cond1t1ons. R -
' Areas may be class1f1ed as.“cold,” “low risk,” “high’ risk, » and “hot ”
Cold areas are those in. wh1ch no rad10act1ve materlal\ls handled and

. “the. contammatmn level 1s'essent1ally zero.
Low- risk. areas are those in which all radloactwe mater1als are con- :

fmed in, sealed storage spaces, hoods or other’ suitable containers.
 The contammatlon level in an area of thlS class1f1cat10n is generally
~quite-dow. . : e
k The'areas’ behmd the hoods (serv1ce COI‘I‘IdO!‘S) and other reglons ’

: where there is a hlgh probablhty of exposure to hazardous amounts of

radloactlvxty are classxﬁed as high- r1sk areas.

The' ms1de of hoods and the intake of filter: banks are classmed as
hot areas s1nce they generally have h1gh levels of radloactlve con-
tammatmn present T :

N ' T 2

4 2 Operating Procedure in Event of a szll of Radzoactzve Materzal

‘ The acc1denta1 release of appreciable amounts of polomum, wh1ch is
often referred to-as a “sp111 ” into'a working area demands 1mmed1ate

- : /actlon on the part ‘of both the personnel involved. in-the acc1dent and the

2ty

'

v<-AT‘ D .o . ~

)

’ A

-

health phys1c1st Those personnel in.the laboratory where ‘the spill oc-

i ‘. curred 1mmed1ately hold ‘their breath, assure themselves that further

. spllls are not likely to oceur, and vacate the room Others are pre-.

- ) cal as51stance and/or decontammatlon requ1rements. - - N
"~ 3."The- aifected area is surveyed and an air sample is taken to deter- -

.vénted from entermg the contammated laboratory untll after a health -
physxc1st has been notlﬁed of the accident and has arr1ved on. the scene.
.and been: appr1sed of the pertment deta1ls. ST

The health phys1clst takes charge and carries out the followmg pro- _ .
~ cedures, though not’ necessamly in the order delineated:. ", LT

-

1. Area is checked: for: evacuatlon of personnel . R
"2, The personnel from the contaminated area are checked for medl- '

.

m1ne the amount and extent of the contammatlon Approprlate protec-< )
t1ve clothmg and air masks are worn by the- survey personnel '
. 4, The sp111ed mater1a1 1f liquid in form, is absorbed w1th paper

‘ Itowelmg to prevent a further spread ‘of.. contammatmn. : S

~5. The'area isroped -off-and- surveyed for’ contammatlon spread by
the shoes -0f personnel involved m the acc1dent : o :

Y




i

- suxtable paper (Sisalkraft or wrapping paper) containers for-later de

. . . B o : -
. . A . . I‘ . ,«

6. The 1mmed1ate area 1nvolved is decontammated Covermgs are,
placed over mstruments desks, etc:, to minimize the effects of- fall—
out of radicactive dust. Grossly contammated objects.are sealed in :

“.contamination. Laboratory notebooks are sealed m large mamla en- .
velopes . S RN A S
- 1. The general area in prox1m1ty to the laboratory mvolved in the

T sp111 is decontaminated by soap and water bleach .or other decontam-

mant scrubbmg
8. Surface-wipe and aif-level samples are taken to- determme .
whether or not additional- decontammatlon is requ1red IR
9. General- area surveys of ad]acent laboratorxes and corr1dors are
made. . DR o : .
.10, If all surveys and air samples taken show results that are w1th1n

permissible limits, the floor in the laboratory is waxed, and the labora-"

tory 1s returned to the’ as51gned personnel for- occupancy.

4.3 Removal of Radwactwe Contammatzon Generally, d1fferent

types of radioactive contammants do not respond equally well to a glven -

method of removal hence effect1ve decontaminants must be, selected on
the 'basis ‘of past experlence or.a knowledge of -chemical dlsplacement
between the contaminant and-the solvent. The type of surface over wh1ch

the. contammatxon is spread will also affect the selection of a decon- R SR

tammatmg agent R ' :
Effectwe ‘agents for the removal of polomum from various: surfaces
include sod.lum hypochlorlte, ‘soap powder or lother detergent abraswes
-.alcohol, aclds,[water and’strippable coatings of paint. or’ plast1c “The"
.-desired goal of decontammatlon procedires is the complete removal :
.of allx rad10act1v1ty, v1gorous scrubbmg using a cloth or stiff brush and

'> one or more of theﬂabove cleansmg agents has px}oved to be especlally

effectlve. Repeated scrubbmgs may be requlred toaccomplish the de- <"
s1red degree of decontammatlon. Delicate instruments may be cleansed
by w1p1ng w1thia cloth that has been d1pped in water and wrung nearly
Sdry. g :

. In those cases where complete decontammatxon«cannot be attained by
scrubbmg, etc., the ob]ect in:question is usually consniered reusable
when a w1pe sample produces no: counts. : LA

5. MONITORING SURVEYING AND COUNTING RADIOACTIVITY

n

5.1.P ersonnel MO””O” ing. Early experxments"’ proved that appre-- N

ciable. amounts of mgested polonium are excreted as body waste prod— D

_ucts.” The ease with which the analysis of urme for its polomum con-
.tent can be performed has resulted in the standardization of th1s method
as a routine means for personnel momtormg The mammum excretion




of polomum in urine occurs w1th1n 24 hr after 1ngest1on, and.routine -
urine collection schedules Wthh take cogmzance of: th1s fact are in ef-

- if exposure to polonium is suspected SO :
Theprocessmg of urine. samples consists in ac1d1fy1ng the sample
and plating (by chem1ca1 dlsplacement) ‘the polomum from this solution.
onto clean copper -disks. The transfer of the’ polomum to the disk is in-
"creased by st1rr1ng the- solutlon This method of platmg polomum on
"-copper disks recovers-an average of 86410 per. cent of the’ polonium
. . present.”, § The copper disks are then mserted into a parallel -plate.
" ionization chamber, and their alpha act1v1ty is- counted Alpha counts -
greater than’'12 per minute per 50 ml are sufficient cause to restrict
.- the person whose urme produced th1s count value from worklng ina .
risk area o : L =
F11m badges and pocket chambers supplement the ur1na1ys1s pro—v
gram of personnel momtormg All personnel assigned to risk- areas at
Mound Laboratory carry these. supplementary momtormg dev1ces dur-
ing. the performance of the1r duties. ‘
. , “The film badges cons1st of a packet of photograph1c f11m (Du Pont ‘
P No D552) mounted in a stainless=steel frame. Windows in the frame
. " allow radiation to penetrate the film. The remainder of the frame is
"covered by a thm cadmlum sh1eld whlch is helpful in 1dent1fy1ng the. -
. ;-‘energy level ‘of the rad1at10n. The film-in these devices is’' developed
.'weekly and analyzed by a standard film dens1tometer. ‘Calibration of -
the film is estabhshed through comparison with a series of films ex-
posed to known radiation mtensmes and developed in the same solu-
tion and at the same t1me as those, films worn by laboratory personnel
_ The pocket chambers ‘which are shaped hke fountam pens, are air
: capac1t0rs which are charged to 150 volts before bemg used.’ Ion1z1ng

“fect-at Mound- ‘Laboratory.. Urine samples may be collected at any time - A

_ radiation’ penetratlng these chambers tends to dischargé the capacltors, ’

. . - and the residual charge at the end of'a working day 'gives a measure. of
- .. the amount of personnel exposure.- The' charge on the capac1tor is .
/" 7" measured da11y by an electrometer’ ‘circuit, Pocket chambers afe usu-
. ally carried in pa1rs S0 that if one is accidently dlscharged the second
chamber will supply the exposure mformatlon. o :

L 5 2 Azr Momtormg Laboratory areas at Mound Laboratory in whrch
. »polomum is handled or processed are continuously monitored, durmg
- the: normal: Worklng day, for the airborne polonium content Wall—

mounted air samplers contam fllter paper through which laboratory air’

©is drawn'at a rate of flow of 10 11ters/m1n, which- corresponds to the

: approx1mate average breathing rate of man. The air samplers are
: T mounted about 5 ft above floor level, and th1s helght agrees well W1th
P the nose helght of the average ‘man. _

)

e
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v ‘Fig. ‘13.2,——Air s_ampler, wall type.

1

Two types of a1r samplers in use at Mound Laboratory are shown in - -

"Figs. 13.2 and 13 3.; Air contamination levels in the main laboratory

corridors and low rxsk areas are monitored by the air sampler shown'
in Fig. ,13.2, and high-risk areas are monitored by the air sampler .
shown in Fig. 13.3. The major difference between these two air sam-
plers is in their method of construction. -The high-risk-area air sam-
pler is designed to fit through the wall of a laboratory in such a-manner




o ' Fig 13.3—;'Air sampler, jr?m“e type.. , L. L S

L v that the air from the h1gh I‘lSk area (back of the wall) ‘is dlverted ) AT
.. “through the. fllter paper which is-accessible: from a'low-risk area.” = .§

: . When:the’ cap of th1s air- sampler is removed’ to. replace the filter ., - - .
£ - Ypaper, a 'spring- loaded gate closes the end of the air-sampler. tube ,

L o whlch extends into- the high- -risk’ area. :'-_Th1s seals ‘the low- r1sk, area =R
e P room agamst entry ‘of air from- ‘the hlgh -risk area. AT Cerh © o m
: ',.- . The. normal flow of air’in these air samplers is through the fllter e
. - s . N i _":




o

i

" ;

"7 and into the exhaust mamfold of the vacuum: pump.. “The vacuum pumps .

. '_M(ifh_‘_ R

T

i to the upstream side of the filter bank. . ', : : =
" Filter papers from the air samplers are’ counted for their polomum P
) content in parallel plate alpha counters v

.in risk areas at Mound Laboratory are provided by:a laundry which is
" divided into two operatmg areas, a hxgh -risk (hot) section and a low— j- . ‘
‘risk (cold) sectlon. Enghly contaminated clothmg is washed separately' :
< from sl1ghtly contammated clothing to av01d gross contamxnatmn of all’.~
. _\laundry operatlons and ‘clothing. : ’ o

.. =+ (The* Spencer. Turbme Co “type. 7) will accommodate up to 80 air sam-,f
. plers and are capable of dlschargmg 30cu ft of. air per minute agamst 8
-a 22-in."pressure head.: The air from these: ‘pumps is dlscharged mto -
- the upstream :side of the laboratory air-filter bank. m o " :

v 'The downstream air from each filter is sampled for its polomum -

" content before d1scharg1ng mto the exhaust.stack. In’ most cases ‘the

sampled air from the downstream side of the f1lter bank is. returned

7

5.3 Process Mamtormg The processmg of polomum and the fabri--

" cation of neutron and alpha sources .involves radiation- ‘intensities that’

paper and into.a’ vent wh1ch leads to the flow 1nd1cator (rotameter) . o :{.. o

,

are potentlally hazardous. These radiations, whlch 1nclude alpha beta,

‘gamma, and neutron emissions, are contmuously momtored by a
. variety of mstruments Chapter 9 glves a descr1pt1on of some of these

mstruments ' S . ' ! '
Process momtors are. usually equlpped w1th audlble or v1sual alarms
which are actuated when max1mum ‘permissible exposure ‘levels are ex-

" ceeded.’ Occas1onally it is’ desxrable to make a permanent record, of the .
" amount of radiation emltted from a gwen process, and for these're- ' ‘~

v

qu1rements the momtormg mstrument is connected to a supplementary
recorder Lo T S -

5 4 Latmdry Momtormg. ‘Facilities for cleansmg 'thde clothlné *worn'

Clothlng is: not released from the hlgh -risk laundry untll a' health

dis/min (20 000 d1s/m1n for coveralls), as registered by a portable sur-

‘vey meter (V1ctoreen ‘Model 356), before being released for reuse. If

this contammatzlon level cannot be realized: after two washmgs in the

hlgh-rlsk laundry, . the garment is discarded. ~ ", - S oL

‘ Shghtly contammated -clothing .is washed in the low rlsk laundry

Contammatmn levels on the clothing from this sect:on are momtored SR

E ‘in the same’ manner as in the high-risk laundry. Towels, underclothmg,

‘and socks’ must register less than 2000 dis/min per 100 sq cm before

", they are released for reuse, whereas other clothing may indicate up to

. . ..
- P . -

' phys1cs representatlve has’ monitored the clothmg for its contammatmn .
- level. No 100 sq cm sect10n of clothmg “should indicate more than 5000.

P
P

1 .‘ ‘v’(“-




e

5000 d1s/m1n per 100 sq cm- and still be usable Polomum can be re-.

- moved from white clothmg through the use of’ citric: acid, whereas in-

dyed clothmg the polonium is tenacmusly held-and is- very difficult to

" remove. Apparently, in the case of dyed. clothmg, polomum complexmg

occurs w1th agents. 1ntroduced in the dyemg process.
Clothmg worn in clean Areas is. spot checked for contammatmn

. Personnel workmg in the risk sections of the laundry must wear pro-

» tective clothlng, wh1ch 1nc1udes rubber ‘boots and. gloves, as well as
* submit. to frequent surveys of-the-level-of hand contamination..

5.5 Surface Surveys. Methods for- locatlng radioactive contammants
on equ1pment laboratory ‘surfaces, and personnel mclude surface sur- -

.. veys by direct reading and surface su'rveys from’ w1pe samples The

d1rect readmg ‘survey.is usually made with a portable air- 1omzat10n, g
* rate- meter 1nstrument whlch is suspended d1rect1y above the surface

* being surveyed Experlence has 1nd1cated that, owmg to the’ nature of
polomum and-its: compounds, 1t 1is more important.to evaluate con- .
tam1nat1on on loose dust rather than to take direct surface readmgs. .
A techmque for measurmg removable surface contam1nat1on cons1sts
in w1p1ng a 40-5q in. area w1th a 4.25- cm- d1ameter f1lter paper. A

g © representative. sample can. be obtamed by mak.mg six w1pes ‘with the E

f1lter paper across areas. 1\1n wide by 6 to.8 in.; long These w1pes are :

made at random within the area: to be’ surveyed A hlgh degree of re-.

produ01b111ty is attamable W1th wipe surveys S . ,
The w1pe samples are evaluated by an air- proportlonal alpha counter

- which is connected to a'pulse- rate meter 01rcu1t o ! . ‘
5.6 Enmronmental Surveys. Env1ronmental surveys are those 1n

wh1ch the area surroundmg Mound Laboratory is. mon1tored for its

polomum concentratmn Similar surveys were: conducted around the -

fac111t1es whlch constltuted the Dayton PrOJect The manners- by wh1ch
polomum can escape 1nto surroundmg reglons 1nclude the release of
polomum through air exhaust systems, the transmittal from unknowmgly

' contammated clothmg worn outs1de of the confinés of the laboratories, '

.and the transportatlon of polomum in the effluent waste from the labo- g
ratory areas. Samtary sewers carrled the efﬂuent wastes from the
Dayton PrOJect because at that t1me no waste dlSposal fac111t1es h
were,ava1lable and the sanltary sewers ‘afforded a large d11ut10n fac-
“tor. Mound Laboratory has ‘its own waste msposal system wh1ch was ‘
descrlbed in Chap 11, o : e

L Early env1ronmenta1 surveys at the Dayton PrOJect cons1sted in

- taking air, water~ mud and vegetatmn samples at selected points sur—

; roundmg the polomum productlon areas. W1th~the c1ty of Dajyton’ as

vy

‘the ‘¢center of the env1ronmenta1 survey area/ samphng locatmns ex-
tended outward on each 15 deg radlus ‘for d15tances of 50 to 75 m11es



é;, ’ : Y A second env1ronmental survey route was. shaped hke a plus 51gn, S .

" and the 1ntersect10n of the east- west and north-south routes occurred v
in prox1m1ty to: Mound Laboratory o .

RS + The Great M1am1 River flows’ through the-city of Dayton (where the '

~ e Dayton PrOJect was estabhshed) and adjacent to the city of. M1amlsburg,
-+ . Ohio (where Mound: Laboratory is located). Waste effluents -are; and

Cs - have been, dlscharged into this river, some before treatment for re- - <

. moval of the polomum and some after treatment Surveys iof the rzver
‘near, the pomts where the waste discharges into the rlver ‘and’ pomts
further downstream ‘have been of particular interest in surveymg for
polomum Flgure 13.4 shows the mud and water survey routes along '

. IR the Great, anml Rrver where samplmg sites 8 and 9 are at-the’ actxve-

S " effiuent- waste sewer outlét from the Dayton PrOJect and samphng 51tes ‘
s+ 42-and 43 are. at the effluent waste ouflet from Mound Laboratory

; Many of these samplmg s1tes ‘have been dlscontlnued because it has e

been determined. that very little polonium’ accumulated at these pomts.

b

3

The frequency of sample collection at most of- the remammg samplmg i -

P sites has-also been, reduced.” . : : :
S1m11ar type routes for environmental air surveys have been es
_ tablished, ‘and Fig. 13. 5 shows six of thesé routes on whlch air’ sam— '. S
- ples are taken at the numbered dots. The cxty of Mlamlsburg 1s at the i
~ . .7 center.of the concentrlc circles at point. No. l. B T A P
i o The processmg of mud and water samples to recover the polomum
' ' -for’ counting is accomphshed through the use of 31mp1e operat1ons.
The countmg ‘of the recovered polomum is done in. parallel plate alpha
counters. i e R
" There have: been ) no test results from any of the envxronmental sam-_
plmg sites which showed excessive amounts of polomum present for
-any. apprec1able perlod of txme S

- 5.7 Healt}z i'Physzcs Countmg Samples collected by the Health
Lo Phys1cs Sectlon of Mound Laboratory are assayed for their polomum "
' content by alpha countmg of the sample. Types of samples;evaluated..
® in this mannef 1nc1ude urine samples, air samples wipe samples,- and
' samples of mud water, air, and vegetauon obtamed through env1ron—

L Since the: maxxmum permxsslble level of polomum is qmte low low-a
Jevel alpha countmg techniques are employed‘ ‘Counting’ rooms 4nd al-, -
) pha’ counters are kept scrupulously clean to maintain countmg back-

. ‘,-:a. . grounds as near zero as possible, and samples are counted. for.a suffi-

<

c1ently long tlme to attajn acceptable statlstlcal accuracy Countmg . o

equlpment must be :stable in operation, free of spurious. responses, .and
=! " must be: malntamed in good operating condition. - )
o A separate counting laboratory-is provided for low- level health
. phys1cs -counting.:: This:laboratory is maintained-in ultraclean condi-

POV AU
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> dowless gas-flow proportmnal counters which have better long-time

tlons by bemg physxcally 1solated from other laboratory bu11d1ngs, by
‘_" ,permlttmg only essent1al traiflc to and from other laboratones by pro—
viding-special clean laboratory clothmg, and by requiring access, to the

s

laboratory through an air lock and a_change house.
" Low- resolutlon parallel plate alpha ‘counters are used for countmg

low-level alpha’ samples. These counters are being’ supplanted by win- " . v .

stability than the parallel- -plate counter, and in addltmn have a. ‘very E o g

. low background count and greater countmg versatlhty owing to the1r o

'short resolving time ‘and 1arge area sample holder.

Proportmnal counters des1gned spec1f1ca11y for countmg au' samples o

\ - depos1ted on f1lter paper’ of various sizes are alsé employed in’ health

physms countmg These counters are connected to 1ntegrat1ng pulse— P
rate meters- Wthh 1nd1cate the average countmg rate d1rectly ona )
cahbrated meter. ‘These counters are’ generally of thé'gas-flow type”

. which are more stable and dependable than air proportlonal counters
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Appendlx A— (Contmued)

"Qééux‘regcpt SAA v (K)
50 abe T 3,433.0.0 29,121
75, a,b - - 3,431.15 29,136.4 -
25 abe . 3,404.8.. 29,362
' 50. ab - 3,398. 49 - 29,416:4
AT5 e ab ¢ 3,396.35 -29,435.0
100 'a,b 3,382.43 29,556.1
10. ab | 73,381.58 :29,563.5
20-. ab. . 337329 29,636.2
25 ‘ab. 3,365.47. 29,705.0
10 s ab ©:.3,364.67, 29,712.1 .
35 -4 ad . 3,346.66 . 29,872.0

s ajb. - 7 3,342.39 29,910.2 -

. 600 . - abe ."3,328.61 30,034.0 "

-100 - -'ab’ .. 7 3,319.77 30,114.0
250 T cab - .3,286.39 30,419.8°
50 " ab '(3,283.90 " 30,442.9.
20 - . -ad 3,283.62 - 30,445.4
150 ab . 3,283.10 *30,450.3 -

10, . comb '3, 280 26 30,476.7
200 .. bd. - 3,260.06 30,665.5
50 T Talb 3,257.62° 30,688.4

-600 a,b,e™ 3,240.23 30,853.1
400 + -1 aibr | ) 3,189.01 31,348.7 0
.200 ©y oAb . 8,115.95 32,083.7
. = - v, . ‘A - _.' -

, 450 | ab¢ ., 3,069.29 32,5714
150 .- sae - »j,l -; :3.048.64 32,792.0
50 " 3 034.26 32,947.4

2,500w - - '3,003: 21 33,288.0
600 - 2 958.90 33,786.5
400 ‘. 2,919. 31‘ 34,244.7,

%1125 | 2,890.25 34,589.0°
300 k! 2,866.01 34,881.5
250 g 2.824.13. 35,398.7
‘400 | 2,800.24. 35,700.7 .,
100§ . - 2,777.90 35,987.8 -
6007, 2761 .91 36,196.2 "
200 ; ' 2,671.89 37,418.3°
A7oop. 2,663.33 37,535.8 -
300 ° - 2,645.36 37,790.8 -
] S R
200 , "% 2,637.08, 37,910.2
400 - : 2,587.63  38,633.9
100 h : 2,583.54- 38,695.0
300° *! 2,578.79 38,766.3
400 2,562.31 - 39,015.6

A
., < R
| 7 .
':' *T ) T

e

- s ) K
cephiDp=a Lt
Lept'Di -4 T
.
’ S i

6p''p; -850 ..

‘6p ’po —-6p (‘s“) 75 ’s"

“6p' 'D; -6 -
gt DI-7
) GP 'Dz 8
LI B

. BP 'p; -9l
6pt 'P, 3°

6pt ’Pi L4

- ot ln; Sug

/' "7 L.
6p' 'D; — 25 . R

‘.
.

6p' *Py - 5¢

K

’P, 63




. g Appendlx A——(Contmued) o
. N . . N .
oA ‘Ihtensityt ’ Occurrencet _A, A \\v-(K) Classmcatlon
o : Lo : : C
C i 500w a,c 2'5‘58"0L 39 081.2 ’P' 6p ¢s" 7s 5s2
" sl 300 .a,¢. = 2;557.33  39,091.6. 6 3P, -1 :
RO 300 ‘a,c ‘2, 534 95 39,436.7 “6pt *P, —8°v
ne 150 “a 2534 19.:39,448:5 S
200 h ced oot 2;502:18 - 39,953.1 2 )
ot 2 E I Lo -
A 2700, . ae- 2,490.56 "40,139.5 - v sp‘ n; - 131 or 13z
i TeL 700 ac . 12,483.97 '40,246.0 3p, —9l .o e
e . 150 h cd . 2;473.85 .40,410.6 - :
e 1500w ac :2,450.11 :40,802.1 6pt ’P' 6p° (‘s”) 7s 38
Y ) a . 2,426.13 41,205 4 6p' 'D; — 16} or 162
i . - 250 a:’" "2,431.74° 41,2801 6pt 'D; — 17 or 172
Grtoaee 250 - a '2,344.63 '4'2t;6‘37‘;6.'-' 6pt 3P, _~11° ‘
Pl an, +2,336:42 7 M- s .
ST T 50 T . a- . 12,325.39 429903 .
: 1 -200 a. 2,284.22 43,765, 1 B
: o 200 - ac L -2,22204 44,9876 ¢ 6P, —13%or 15}
Do 300 .- a,c, 2,220.67  -45,017.4 eptipg~3)
I 300 h a,c 2,203:80 45,3620 ° BERER
L ‘ :30 a 2,170.71 46;053.5 6p' P{ — 16} or 16). .
. 2 : oan 2,167.22 46,127.7 6p'.3p, -1 or 173+ ;
‘ S Tsom ed 2,158.94 46,3045 v, ’
S 10, ‘a’. 12,153.37 '46,424.3 . N )
- N ‘ : 2,139.01 46,735.9 6p*3py — 51"
: e " 2,050.48 . 48,753.5 ~  6p'3p) —s8) .
RN ‘ a "2,016.97 49,5634 .- eptipy-9) -
4 j' - . W TV et - _’f o :.' N I : ’ . ,’: - <
R _ /‘Ihtensity . OccurrenceI Ay ATV (K)o .' Classification
P A ’ AN . . L '
N 3 1,922 51,488 | L
T 1 1,933.8' 7 51;712 g sp‘ py .—1%
- - ' ,19194 52,100 6p' °Pj — 2§
" ] ’ Th hazy, dlffuse, w = wide; and ‘7 = doubtful assng‘nment to polonium, | .
L IUnder occurrence a signifies. observation in the low-frequency elec- -
" trodeless dxscharge b.denotes. observation in the hlgh-frequency electrodeless
. digcharge; ¢ represents observation” in the spark dlscharge and d means that
L the lme was measured on only one; spectrogram . o,
»' ‘ H ‘\> xl : ' =
. - ) - \( " <A : . 7. *
- ' i ’ ¢
o P ‘.4 - (. N ) E
- oo ~ . . 3
B R - R . -

N

n
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N Appendix B
ENERGY LEVELS OF Pol
oo ‘ Relative value
Configuration - Level notation (K) ,
6p! Spy 0
6p! Spy 7,514
6p* 3py 16,831
6p* 'p; 21,679
ep® (48%) 7s 5s) 39,081
6p® (4s%) 78 sy 40,802
L 51,712
29 52,099
3 52,532
43 53,027
. . 5 54,250
63 ) 55,465
9 55,923
8 56,268
, ooy 57,077
o 6p® (s')8p? . 10,0r 10, 59,354
. Lo 11 ) 59,469
6p® (‘") 8p ? 12, or 12, 59,583
. . s aadjoer13 61,818.
' gpt(4sh) 9p 2 - :14p.0r 14, 62,704
ept s 9p 20 - 15 or 15, 62,806
. 16} or 163 - 62,884
o o o afer1y 62,959
et s 10p? 18 0r18 64,551

Comments

T

~Tep (8") 8883 7 .

- 46p3 (430) 8s ’S? ?. ‘ > :




E V! vt - .
1 K : ’
e . - Molecule Pozoa P02°B
R et e Inten- Wavelength Frequency
B o LSyl YA T (K)
e T 2 3,583, . 28,143
. .3 - 3,562.00 . 28,066
. > .47 T .g%719. . 27,988
. 4 .3,581.6 - 27,913 °
e . 4 35914 27,836
” 4 . . .o
. - T 3,601.4 . 27,759
e ;oD T4 361137, 27,683
o . -0 . '3,644.1° . '27,434°
‘0, 3,645.6 . 27433
roa 0 :3,647.8 -+ 27, 406~"
i 1° . .3,656.9 27 338
- Bt '3,659.3%" | 27,320 .
v, . 0 3,666.2 \\27.268.
: ' 1 '3,668.6  27,251.. "
A ‘ 2. 3,672 - 27,231, "
Ly . 1 * .‘27.’2410‘
- h . 27,165
, 27‘1‘44 :
e . - 27,1207
. L2 - 27, 077 .
S © 3. a5 amioss
: S e .3 '3,698.9 " 797,027 °
X : 1 3,704.2 ' 7 26, 989
. . 3. 3,707:7 - " 26,963
" 28,7113 26,937
F 4 3,720:3° T aelgtzi
. ¢ .2 3,724.2 726,844 -
: . 2 _ '3,732.9 26,781
R 3 T 03,7373 26,750
S 2, .3,745:9. : 26,688
Yt5. 73,7505 26,656",
L3 . 3,759.4. 26,592
. 4 ‘3,764:1° ' +126,559,
: ’ -3 '3,771.9 " 26,462, -
Paid 4 31.7'91.9 - 26, :/365, L

’

Appendlx C - .:

LT e OBSERVED BAND HEADS OF POLONIUM

*, Molecule Po?® po2t?

BEARE ANOHKN OO0 G- Ad Wb

TR LG PR AR g W

sity’ T A

3,553.4

' 3,563.0.
3,573.0
3,582.7
3, 592 5"

3, 602.3
3,612.3
3,645.0
3,646.7
" 3,648.9.
. 3,658.3
3,660.6
- 3,667, 3
3,669.6
-3,672.2°
3,675.0
. 3,681.1
. '3,684.1°
3,687.4

+

~

.

L

. 3,699.7
37049
s V38,7087

. T31212
13,7253
3,733.9

'"8,738.3°

‘ 3,751.5 -
3,765.1

3,792.7

3,760.4

13,7788 -

P

'

©3,693.0 -
U3:696.2:

.. Inten- Watelength, .Frequency ‘

(K

28,134, -

" 28,058
27,980,
| 27,904
27,828 .

27,752

. 27,675
27,427
27,414 -

. 27,398

27,327

217,310,
217,260

’ 27243~ .

27 224

27,203» '

- 27,158

..27,136.

27,112

27,071 %

27,047 .

" can,002 -
~ - 26,984 °

3,712.3.

- 13,747.0 .

'26,956" "

.26,930
26,865

'26,836 '

', 26,774
26,743

' 26,648

© 26,585

'26,552
26,456"
. 26,359

"26,680

v

\!
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. Appendix C—(Continued) - -
. : - s, . *

. ‘Mi:}e'cule 130?“ Pi_)z,“ Molecule Eom Potlt .
[ = - A (e A N
Inten~ ‘Wavelength, Frequency Inten- ‘Wavelength, Frequency

sity* - A CEK) sity - A K)
. 2% 3,795:1 26;342° ; 1? 3,795.3 - 26,341
-3 " 3,808.1- - 26,266 4 3,806.9: -+ % 26,261
2 3,809.00 - 26,246 "1 - 3,809.4  26,243°
5  3,820.6 26,167 4 - 3,821.3 26,162
.3 . 3,822.8° 26,151 1 3,823:5 26,147 -
0 3,834.4 26,072 L Co
4 ©3,835.4 - - 26,066 ; 2 3,835.9 26,062 _
1 3,837.2 26,053 1 3,838.0 ‘26,048 -
1 3,840.0° 26,034 1. 3,840.5° 26,031 - -
3, ,38435° 26,011 2 - 3,844.1, 26,007 -
"3/ 3,850.2 25,965 2 3,850.8 ., 25,961
1?  3,8518 . 25955 1 3,852.5 25,950
2 3,854.1 25,939 -~ - 2 38545 ‘" 25936
5 .  3,858.4' - 25,910 3 " 3,858.8 25,907
3 " 3,865.4 25,863 2, 3,865.9, 25,860
.
2 3,868.4 © 25,843 1 3,869.0 .. 25,839
1 3,871.0° 25,826 1?7  3,87.7. 25,821
5 " 3,873.5 - 25,809 . 4 3,874.0 25,806 .
4 - 3,874.9" -~ 25,800 ' 3 3,875.3 7 ',25,797 ;
1° - 3,881.0 25,759 1? 3,883 . 25,757
‘0- 3,883.2 - 25,745 . .o
2 | -3,8854 ° 25,730 "1 3,885.8. " 25,727
5 - 3,888.91 °° 25,707 3 3,889.3- 25,704
4 " 3,889.9 - 25,700 2 - 3,890.3° 25,698 - .
0 '.3,892.4 ! 25,684 0 t RS
‘T- - 3,896,8 o 25,655 1 3,897.3 - 25,652 .
C2- ' 03,9000 . 25,634 17 3,900.3 25,632 -
B 0123,90415 25,604 - 4 . 3,948 25,602
"2 '3,905.2 25,600 4 3,905.5 ' 25,598
.57 - .3,906.4 . 25,592 4 .3,906.7 25,590
L1 l3,9113 25,560 oo ST T
3.7 3,912.6° 0 25,551 2 * 3,912.8 25,550 .
8 '7 3,920.4° © 25,500 5 3,920.6 ' 25499
© 2., 39215 % 25493 4 3,921.7° 25,492 .
Tt 3,928.3 . 25,449 53,9286 -25447 ,
‘3 lapal7. +l 25427 - 1 - 3,938 25426
-5 1 393616 25,395 3 3,936.8' < 25,394 :
g1l a,938:3 Y 25,385 2 ; . 25,385 .
8. - 3,94434. " 25,345 a - .. 25,345 "
3, 3,934 - 25288 T 953.3° %7 25,288 |
L7 39577 25,260 .1 3,957.4 . 25,262
10 +-¥ " 3,960.6 25,242 B . r8,960.T" - 25,241 ¢
20577 3,968.,6 , 4- -3,9688° 25191
;LoLL39702 ¢ - T39700) To2s081 0
L4t 39765 3:°,3,9765 25,141 0
.81 1°3,977.3 © 25,136 6 - %3,9773 - 25,136
3 7 .3,984.4 25,091 2?: 39846 ° 25090
6 . .3,985.1 25,086 6  3,985.0 - 25,087
.3 3,992.6 25,039 33,9027 - 25039
2 39942 ' 25028 13,9942 [ 25029
1
t
:
: T '
U . : o
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‘ ". " Appendix C—(Continued) . - .
. 47 s o e ST
- " Molecule Po™® po?® .. " Moleciile Po?"’ pgH!?
! . ;ten- Wavelength, Frequency. , Inten- Wavelength, Frequency
e e sity A K) - sity, .’ A. (K)
- - 19 3,996.0- 25,018 1., 3,995,8 ' 25,019
. T 4.+ . 4,000.8. 24,988 3. . 4,000.7 . 24,989
’ , 7., .- 4,001.9~ - 24,981 .- 4,001.7 24,982
‘ 4,0045 . . 24,965 -
g T2, 4,008.6 . . .24,939 1 . 4,0084 . 24,941
. 2 4,009.7 . 24,932 2 -4,009.6 - 24,933
z . . .3 . 4,016.6-  .24,890 2. 4,016.5..  '24,890
'. i 3.7 .. 40175 24,884 3 . 4,017.5 24,884
i . 5 4,019.0. . 24,875 _ 6 4,018:8 24,876
g - T4 - 4,025.2, . 24,836 - T3 - 4,025.1 24,837,
. N - . i LA
] 4,026.4 24,829 * - 4,026.4_ 24,829
. . 6 - 4,026.6. 24,828 . o
. ‘ ; 4 4,083.2 24,787 . 3 4,033.0 24,788
N . 2.« 4,036.4 . 24,768 2 4,036.0 24,770
AT 2 4,041.2 . 24,738, 2 7 404009 24,740
“ ' 3 4,042.1. 24,733 C 3 - 4,041 | 24,73%
‘ 5 4,044.0 7 24,721 .- 6 4,043.6 - 24,723°
- - S ' 2 '4,046.5 | . [ 24,706
2, .4,049.3 24,689 1 4,049.0 . . 24,691
. 3 4,050.3 24,683 - 07 .4,049.9- 24,685
- I . .
) g 4 . 4,051.7 24,674 , 1° . 4,051.1 , . 24,678
. 7. . 4,057.9 - 24,636 5 4,057.5 24,639
‘ 4 4,094 . .24,627 1 4,058.9.*. . 24,630
. 87 4,061.6. 24,614 3.7, 4,061.0 ", 24,618
. 2 . 4,063.6 . ' 24,602 07?7 . 4,063.4 24,603
» 3 4,066.1 . 24,567 2., 4,065.6 . _ 24,590
S £: 4,067.1 24,581, 07 4,086.7. 24,583
10, 4,069.1 24,569 7. .. 4,088.7 24,571
‘2 . 4,073.9, 24,540 1 . 4,073.3 24,543
. 30, 40749 . 24,534 . 3 . 4,074.5 . 24,536 .
- T 4,019.4 24,507 1. 4,079.0 ¢ 24,509
. 3 4,082.1 24,490 ‘2 4,081.5 .., 24,494
6. | 4,084.5 .. 24,476 4 7 4,084.0 24,479
. 10 4,086.9 24,462, 8§ 4,086.4- . 24,465,
oo : 4 .7 4,090.8 - 24,438 ¢ 3. 4,002 T 24,442
T 2. .. 4,091.6 . 24,433 - e T
’ - _ 3., 4,094, 24,417 5 . 4,094.0 - 24,419
. . 2. .. 4,098.8 24,391 1 .. 40082 . 24,395
- 4. 4,100.0 24,383 4% 2 . 4,099.4 - 24,387
2. 42008 - [ 24,379° . o o
o 2 4,102.0 - - 24,371 1. . 4,101:5 24,374
. 3. 4,050 _ 24,354 2 . 4,104:4 24,357
. 2 4,106.6 - . 24,344 1.. . 4,106.0 24,348
" 2 :4,107.9° ¢ - 24,336 1 4,107.3 24,340
» 3. 4209.8 . 24,325 2] . 4,109.1.. . 24,329
~ ! 4,111.3 24,316 - . o
: ; . 10 4,112.4 24,310 7 4,111.9_ 24,313
p b 4. 4,115.1. . ; 24,294 2", 4,114.2: 24,299
N . 8., 4,117.5 ... 24,280 4 4,116,9: -, 24,283
. 07, 41216 . 24,256 . o .
N N " 2 . -
- . .
, o " -
[ > - . 5
o N . : .
. ‘. : . e S e c RN

Y

Py
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‘% Appendix C— (Continued) » , T

Mblecu!é sz°', Pott®

Inten-' Wavelength, Frequency

Molecule;‘lzozlo Pot? L.

Inten-' Waveléng‘tli; frequénc}v , . .

4,279.8

sity” . _A. X) .- sity A (K) -
4 4,123.8.: 24,243 2 4,122.9 24,248
3 4,124.5" 24,239 . :
7 7 4,127.7 24,220 3 4,126.7 24,226
5° 4,130.9 - 24,201 5 -4,130.1 .. 24,206
3 4,131.8 24,196 0? 4,131.0 © - 24,200 .
6 .+ 4,133.1 24,188 2 4,132.5 24,192
8 4,138.3° . 24,158 6 4,137.6 24,162 -
27 -4,139.5 24,151 0? 4,138.8 24,155 .
2 4,140.9 . 24,143 )
4 4,143.0 24,130 2 4,142.3 24,134
’ . ? 4,143.7, 24,126
.- 8 4,148.0 . 24,101 ‘2 4,147.1 24,106
.1, 4,148.8 24,097 ’
2 4,150.7° 24,086 1 4,150.1 24,089
3 4,153.4 . 24,070 3 41525 24,075
o ) 4,153.9 . 24,087
10 4,156.9 24,050 8 -4,156.0 24,055
2 4,161.1 24,025 2 4,160.1 24,081 g
3 7 4,164.2. 24,007 2 4,163.5 24,012. ’
2 4,165.2 24,002 ) .
3 4,166.4 23,995 3. 4,165.4 24,001
3. 4,176.5 23,937 1 4,175.7 23,941 3
1 .4,179.6 23,919 Co .
‘2 - 4,181.4 23,909 0?7 41805 23,914 -
8 4,183.2 23,898 3 4,182.2 23,904 )
5 - 4,187.1 23,876 2 4,185.8 23,884
3 4,190.5. 23,857 2 4,189.5 23,862 "
6 4,198.0 23,814 2 4,197.0 23,820 ,
T4 7 4,200.0 23,803 1 4,198.8 23,810 - -
24,2022 23,790 0 4,201.3 . 23,795
10 -7 4,209.5 23,749 5 4,208.5 23,755
R 34,2001 23,751
L . N 1 4,211.9 23,736
1 74,2149 23,719 ) - .
"3 4,220.8 23,686 z 4,219:6 23,692 .
0?7 ; 4,223:2 23,872 C )
6 . 4,224.3 23,666 "3 . 4,2232 23,672 N
34,2320 23,623 2 4,230.6 23,631 - '
2+ 4,233.7 .- © 23,613 1 4,232.6 23,620
6 4,236.1 23,600 . 5 4,235.0° 23,606 ¢
3 4 4,243:8 23,557 3 4,242.7 23,563
27 4,247.2 . 23,538 .2 4,245.9 23,546
Y2 ' 4,254.8 23,496 1 4,253.6 23,503
" 4- ... 4,258.5 23,476 2 4,257.2 23,483 . ,
8 7. 4,263.3 , 23,449 44,2617 23,4587 ’ .
‘2 4,266.1 23,434 1 4,265.1 23,440
2 ' 4,267.8 23,425 2 4,266.6 23,431 ,
6 4,270.5 23,410 . 3 4,269.0 23,418
3 - 4,278.2 23,368 2 4,276.7° ° 23,376 <
1 4,281.3 23,351 2 23,359 -




. Appendlx C—(Contmued) v o
- . ‘.
ety Molecule Pom Pom -, ,.Molecule Po“° Pom -'»,
. "
,' - lnben- ‘Wavelength Fx-equency "Inten- -Wavelength;. I-‘xl'equency
Lty LA LK) sity [ LA X)
. 42854 - 23,329 3 - 4,283.8. .- 23,937 O
' " '4,290,5. 23,301 - 4 ,.4 288 9" © 23,309 :
.. 4,291.67 [ . 23,295 i S T
, ~'4,292.8 7 23,288 2, 4 201.5. . 23,205
- 4,297:7- . 23,262 5 . .4,296.1.° - 23,270 - :
74,3004 .. 23,247 1 ° 4,2088 . 23,256 . ;
.4,302.1. . 23,238 1« 74,3004 " 23,247 :
'4,304.71 23,224 1. -7 4,303:1 © - 23,233 . .
M B . - . H
' < ‘ . "o e
zMolecule Po'm Poz“ . ‘Molecu.le‘Po"‘ pott® Molecule Po’"’ Po“” S
. Inten- Wavelength, Frequency Inten- Wavelength ,"Frequency " Inten- Wavelength.. Frequency
A ® sty u() < Bity . A x®
- 4,3100 ¢ 23,195 R 07 .4,3084 . 23,204
"4,312.4 ‘.23, 182 . S0 2. 43107 . 23,192
" 4,315.7 7% 5 23,165 o2 L7 4,313.9 ¢ 23,174
7.8 23,153 T30 4,318.0 23,163
J. 23,143 2. 4,818 23, 152.
"5\ . 43232 | 23,125
"2 4,3254 23,113
. 28,075 i 3 .. 4,330.6. - 23,085
;23,066 ;0 . 4,332.5 23,075
-23,021 - 3 4,34017 23,081 .
- 23,006 . 1 .4,343.4 23,017/
22,998 2 4,3451 - | 23,008
. 22,981 ‘ 2. 4,348.2 22,992
e 22,969 5 '4,350.4 ,122,980 -
122,959 ¢ 4. . 4,352.67 ' 22,968
4,359.7. . 22,931 . N T . 4,357.7 .22,941
74,3618 . 422,920~ -, T1. 74,3601 (22,939
T 74,3671 ;22,892 . 2, . 4,364.9 . - 22,904
. .4,3684 3 "1 ..4,366.0,.° 122,898
4,370.8 7 22,8737 - 1 4,368.% . 22,884
.. 4,373,0 -+ 22,861 ./ . . T2 4,371.1 © 22,871
Toa,8772 o 22,8389 .0 22,841 3" 4,375.1 ;22,850
. 4,379.0. - .22,830.%. . . 1. . 14,3767, .- 22,842 °
, 4,380.2 22,824 = . % ) .5 S4:378.1 .. 22,835 "
4,381.3 .- 22,8187 1 i LT 2. 4,379.0. v . 22,830
,4,382.0,' _ogez,814.. . : 3. - +4,379.7 22,826
4,384.8 - +22;800. : - 2 . 4,382.6" 22,811,
4,3874 ,..222,7865 - 0.2 T, 22,7897 7 6. 4,385.1 22,798
4,389.3; .. ¢ ;22 776 JEENN 4 | 4,388:9° . | 22,789
. . s e
. 4,;;92.‘6 . 22,759- . - Lo, o -4, 390.4 ) .‘22,771
© 74,3946, 22,749 > - TrL , < 3. 4,3923 . 22,761
" 4,396, 9. 22,737 ¢ G 0-2-.7 4,394.5 i .. 22,749
4,808, 1, .22,679 02 22,681, --3 i :4,405.8 22,691
4,409.4, 22,672 . S ;
P s . Y,
- Sy iR > A
W N, F *



S ~ .
0 T : . 361 7 .
. b Appendix C— (Continued) . , ' :
‘ 7 Mélecule Po™® Pt © . . Molecule Pot® Pot®? “Molecule Pol® po¥y: ) N
AR N N N B
I Inten-" Wavelength Frequency - Inten- “Wavelength, Frequency Inten- >Wave[gﬂgth, . 'Frequency - R N
: sity . A (K sity A x i
' 0 0?7 4,411.3 22,663, 2 .. 4,409.6 - 22,671
: 2 0. - 4,414.7 22,645 3 2. jaal12.9. . . 22,654, -
1 - 1 4,413.7 © .. 22,650 -
= 2L 4,416.8 ;22,634 . 307 04,4145, . 22,646 ‘
= 1 ‘4,419.,1»7" .22, 623 : . 2 4,417.3 " 22,632 .
T 20 4226 0 22,6050 0 - 44218 22,608 3 - 44201 © 22,618: !
Do o2 caazez 22,597 . R 3. 44218 . .0 22,609
P L. 4,42907 . 22,569 . 2 4,427.3 - 22,581° \
- 0 - 44316 : -22,559° 1 4,429.4 22,5707 :
“ 2+ -4,436.0 -~ . 22,537 B 1 4433.7° < 22,548 ’
3 4,443:4 22,499 <02 -4,442.8 22,502 3. \4',4;0.9 St 22,512
- 0: -  4,446.6 22,483 - - 1 44442 - T 22,495, -
o 0. . 44481 23475 T : 0 . " 4,445.8 22,487
o 4 4,450.5 22, 463 S0 444909 22,466 7 4,448.0 . 22,476
) o . - ‘ 3 “4,4485 -7 22,473
Qo 2 ~4,451.9 ;" 22,456 i - 54,4494 . . 22,469 .
A 17y, 4,454.6 22,442 . A 2 .0 c 4,452.2. F . 22,455,
‘ 2 4,457.7 - 22,427 6 ' - 4,455:3 22,439
3, 44592 22418 4. 44572 7 2 429 .
¥ 1 4,462.4 ., .22,403, 1 4,459.8 " 1. 22,416
o o2 4,464.9 .. 22,391 T3 . 44625770 "22,403 -
» ‘1. . 4,468.8 ; . 22,381 24,4643 1 22,394
. 2 44715 22,358 v o8 4,469:0 ° 777 22,370 .
C 2o 44787 22,322 0, 44782 22,324 5 ' 4,478.1 T " 22,335 ..
" . RN o _ : 0. 4,480.7- ;. 22,312 °©
4 T4,485.9 - . 22,286 1 44852 22,289 6  .4,483.3 - 92,200,
. o 2] . 44872 22,279 R . . 2 4,484.5, 22,208
< 2. ~4,489.8 7 22,266 oo 2 - 44873 1 22,219,
—— e e 3. .- 4,490.6 - 22,263,
L 27 -4,500.3 . 22,215 . 3 ©4,497.7 1. . 22,227
oo - o2l 45020 - 22,208 i et Y4998 | 22,2197
s i o S . .0 | 45028 7 22,302 -
F2 -, 0 4,506.6 ° 22,183° .3 | - -4,504.3 ' 22,195 ’
T2 ?7 .. 4,513.8. 22,149 - 3. .. 4,5114 V.- 22,160, .
o L2 0-. 4 520.5 . 22,115 327 4, 5187 22,124,
LT o esele) f. : ' SR Lol
N e L 4522 6. B 1 4,519.8 22,119- . ¢
: B, B o0 4,523.8 " 22,099 .
! 4.0 . 4-.528.7 ] 0. T4,628.1° ' 22,078 51 -4,525.8"! " 22,089
L2 4,529.9 S B 4,527.} ; - 22,083
17 4Bl - 02 55, S S 20 . 45300 i 22,069 °
20 4,535.9. .. 22, 040' 0 - 4,635.3. - 22,043 4. 11'4,533.1- j - 22,054
2 uC 4,535, b 22,082 . L 40 4,534 . 122,046
<0 -5, /4,540.8. -, 22,018 A o . 17 - 4,538.0. 22,030 _ -
g 04,5432, .y 22, o\os_, .0 4,542.5 . 22,008 4 .4,5400 1 7 22,020 -
2.1 4550.1 ", .F21,970 0 4,549.3 21,975 . 3. 45471 " 21,986
<z 3-7--4,557.3 " 21,937 0 .4,556.5 21,941 3’  -4,554.3 - ,21,951
L 0' ' .4,558.2; - 21,032 - L. 2 4,555.1 21,947
i . 787 4,564.6] " 121,902 0 4,563.7 21,906 4°. - 4,561.5° - 21,916
R VL. . 4,565.6 . 21,897 . 4 - 4,562.8 - ‘21,911
’ s
L Q‘ : N . . .
’ Y . ol e
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Molecule 11‘02“o Po?%.” v

I

Molecule Po”' Pozos )
A

Appendlx C it (Contmued)

Molecule Pom Pom
A

Inten— Wavelength Frequency Inten— Wavelength Frequency Inten-

‘sity - A (K)
27, 4,568.3° . 21,884 -
2. -4,571.9 21,867
1 .4,573.1- 21,861 °
0 4,576.4 21,845 °

22t 4,578.9¢ 721,833
177 74,5808 21,824
3 . .4,586.0 - 21,799

-3 7 14,593.1 21,766

T 307 4,600.3 721,732 -

2 4,601.2 21,727

.3 4,607.8 - -, 21,696-

T3 7 4,608.7 ¢ 121,692

3 " 4,614.9 ° 21,663
2. 4,616.3 - 21,656
34,6220 '21,830-

3 4,629:1 .. 21,596

©3 ° 74,636.3° ;21,563
2, 4,637.1 21,559 -

.27 . 4,643.6 . 21,529
2 4,644.6. 21,524

"0 4,647.9° " .. 21,509
2 4,651.7 /7. 21,494 °

o2 4,652.2 21,489

S 3 .:4,658.1 21,462

"1 . 4,659.9 21,454
3 - 4,665.2 21,429

"4 T 46724 21,3%

3 14,679.7 ° ' 21,363

.3 74,6805 - 21,359
- P \ . . Lo
24,6874 - 321,328°

- 17 74,6881 21,325 .

‘0 4,691.0 - ‘)21—,311 »
-3 ¢ 4,694.5. - 21,296
‘2 -4,695.7 21,290 °
4 47015 0 21,264
3 4,708.6  -.'21,232 -

21 - 4i709.8 21,226." ;
3.. 4,715.9° 21,199
'3 4,716.8 - 21,195
3 - 4,724.0 "7 21,163
J3°. -4,730:8- 21,182

‘1 4,731.8 - 21,128
07  4,734.7 21,115
34,7379 Y 21,101,

sity .

0

o 0 -

1 .

1

1

g
1

‘1

0

-t

0:

1
1.

1’

17

¢
.1
1. - -

9

1

1

A K) T
R | .
4,5701 ;. 21,870
- 4,572.5 21 864
| 4,585.2 21;803
. 4,592:3 21,770,
1 4,599.5 - - 21,735
o
4,614.1 21,667
46213 21,633
4,628.3 21,600
4,635.5 21,567 '
4,642.6 -+ 21,534
- ey -
1
4,657.3 " 21,466
i
46644 21,433
4,671.6 21,400
TL4,6788 21,367
c e
4;,893.5 21,300
4,700.6 -+ 21,268 -
4,707.7° - 21,236
4:714.9 21,203
. ¥ .
4,729.8 21,137 °
47369 . 21,105
s o

.

sity

S N R O MWW N

PWOHDN P MR HRNONN ORHMD WHWEO.~ NONNDM NN WWN N

_Wavelength F,requency

A K.
. 4,565.1' - -.21,899
. 4,568.7 . 21,882
- 4,570.1 - 21,875
S 4,573.2° ¢ 21,860
 4,574.5 - - .21,854
4,575.7 " 21,848
4,577.7. - -~ 21,839

. 4,582.9 121,814
4,590.0 .- - 21,780

i 4,590.9 21,776
4,597.1 21,747
T..4,598.0 - 21,743
~4,604.5 - 21,712
. 4,605.7 21,706
4,611.6 21,678
:4,613.0 -, 21,672

. 4,618.8 21,646
fi 4,625.7 - 25,612
- 04,6329 <7 21,579
4,633.7 21,575
4,636.7.° - 21,561
4,640.1 21,545
4,641.2 . 21,540

" 4,644.1 21,527-
4,647.5 © 21,511

T 4,648.7 21,505
"4,653.0 21,486 -
4,654.6 , 21,478
4,656.4 . 21,470
"4,661.7 - 21,445
4,668.8 21,413

. 4,669.4 121,410
" 7.4,676.0- 21,380
-4,676.7° 21,377
4,679.5 - 21,364
'4,683.5 - 21,346
4,684.4 - ''21,341 .
4,687.2 . 21,329
4,690.8 " 21,312
4,692.0 © - 21,307
4,697.8 21,281
'4,704.9 21,249
4,706.2 . 21,243
4,712.1 21,216 .
'4,713.0 ° 21,212’

- 4,720.0 ' 21,181

- 4,727.0 21,149
1.4,727.9° 21,145
4,730.8 - " 21,132

' 4,734.0 ‘21,118

' PN . N
* s

f

i

<

o

s
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Appendix C—(Continged) )

363

. Molecule Po2® Po?® Molecule Po?®® po?®® Molecule Po?!® po?!?
A A < —_ A
Inten- Wavelength, Frequency Inten- Wavelength, Frequency Inten- Wavelength, Frequency
sity - A (K) sity A (K) sity A (K)
2 4,739.5 21,093 1 4,735.7 21,110
3 4,744.9 21,069 1 4,744.0 21,073 3 4,741.1 21,086
3 4,752.1 21,037 1~ 4,751.2 21,041 .2 4,748.2 21,055
1 4,753.4 21,032 1 4,749.3 21,050
2 4,759.4 21,005 1 4,758.3 21,010 1 4,755.4 21,023
3 4,760.2 21,002 3 4,756.2 21,019
3 4,767.2 20,971 1 4,763.2 20,988
1 4,763.8 20,986
0 4,770.6 20,956 0 4,766.6 20,973
3 4,774.2 20,940 1 4,773.1 20,945 2 4,770.2 20,958
1. 4,775.3 20,935 1 4,771.4. 20,952
0 4,778.5 20,921 0 4,774.3 20,940
3 4,781.3 20,909 1 4,780.3 20,913 2 4,777.3 20,926
1 4,783.2 20,901 "0 4,779.0 20,919
0 4,786.3 20,887
3 4,788.4 20,878 ] 4,787.3 20,883 2 4,784.3 20,896
2 4,789.9 20,871 1 4,785.7 20,890
2 4,795.7 20,846 0? 4,794.8 20,851 0 4,791.5 20,864
1 4,796.7 20,846 1 4,792.5 20,860
3 4,803.7 20,811 1 4,802.9 20,815 2 4,799.6 20,829
2 4,810.8 20,781 0?7  4,809.7 20,786 1 4,806.5 20,799
1 4,811.5 20,778 0 4,807.3 20,796
3 4,817.9 20,750 1 4,816.9 20,754 1 4,813.6 20,769
0 4,815.0 20,763
2 4,825.0 20,720 0 4,823.9 20,724 1 4,820.6 . 20,739
2 4,832.0 20,690 0 4,831.0 20,694 1 4,827.7 20,708
1 4,833.6 20,683 . 0 4,829.2 20,702
-1 4,839.3 20,658 0 4,838.2 20,663 07 4,834.9 20,677
2 . 4,840.4 20,654 1 4,836.0 \ 20,672
2 4,847.4° 20,624 0?  4,846.5 20,628 2 4,843.0 20,643
2 4,854.3 . 20,595 0 4,853.1 20,600 1 4,849.8 20,614
0?  4,855.4 20,590 . 1 4,850.7 20,610
2 4,861.4 20,564 0 4,860.3, 20,569 1 4,856.9 20,584
0 4,863.1 . 20,557 P 0 4,858.6 . 20,576
1 14,868.5 20,534 1 4,864.0 20,553
. ) 0? 4,871.1 20,524
0 4,874.6 20,509
2, 4,883.0 20,474 07 4,878.3 20,493
2 4,883.9 20,470 1 4,879.2 20,489
0?  4,890.3 20,443 .
1 4,891.0 20,440 - . 1 4,886.3 20,460
2 4,897.9 20,411 0 4,896.8 20,416 ()} 4,893.3 20,430
1 4,906.8 20,374 . 1 4,901.9 20,395
2 4,912.1 20,352 17 .4,911.0 20,357 0 4,907.4 . 20,372
1 4,913.6 20,346 ’ (1 4,908.8 20,366
Y 4,919.3 20,322 0?7 4,9184 20,326 0 4,914.4 20,343
1 4,920.6 20,317 1 4,915.8 20,337
1 4,926.4 20,293 .
2 4,927.8 20,288 2 4,922.6 20,309
2 4,934.6 20,259 1 4,929.8 20,279
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Appendix C— (Continued)

’ Molecule Po?® po208 Molecule Po?% po2%? Molecule Po?! po?!?
‘ A A - A,
Inten- Wavelength, Frequency Inten- Wavelength, Frequency Inten- Wavelength, Frequency
sity A . (K)- " ity A (K) sity A {K) .
3 . 4,941.4 20,231 1 4,940.2 20,236 1 ' 4,936.6 20,251 . .
1 4,948.3 20,203 1 4,943.5 20,223 )
] 4,950.4 20,195 ) ro : ' L
2 4,955.7 20,173 - 0?  4,954.5 20,178 0 4,950.8 20,193 .
1 4,957.0 20,168 : 0 '4,952.3 20,187 -
1 4,964.1 20,139 1 4,959.1 20,159
o 1 4,971.0 20,111 0?  4,969.6 20,117 2 4,966.0 20,131
B |  4,972.6 20,105 ) -
2 4,978.0 '20,083 . : _ ’
Ao 1 , 4,985.5 ) 20,053 0 4,984.2 20,05§ 17 4,980.1 20,074
1. 4,986.4 20,049 s '
1 4,992.5 20,024 0 4,991.3 . 20,029 1 4,987.2 20,046
. 0 4,994.4 20,017 ; : :
(] 4,998.5 20,000
' 1 4,999.6 19,996 0 4,994.3 . 20,017
0 4,998.8 19,999
’ 1 5,002.4" 19,985
1 5,009.3 19,957,
. . 0 5,016.4 19,929
1 5,023.2 19,902
0 5,0305 19,873
. 1 5,045.4 19,815 4
. 0 5,052.3 19,787
0 5,066.3 19,733
0 5,071.9 19,711
1 5,095.1 19,621
' 0 5,102.1 19,594
1 5,109.5 19,566
1

? 5,131.2 19,483

<4
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Observed ieyel Calculated level-

value (K)

0
156
309
463
617 .
769

921
1072
1221
1371
1520
1668
1816
1963
2108
2253

2399
2542
2686
2829
12969

3112
3251,
3391 .
3529
3668

3806
3943
4080
4215
4350

Appendix D
VIBRATIONAL ENERGY LEVELS OF GROUND STATE OF Po;

value (K)

0
156
310
464
617
770

922
1073
1223
1373
1522

1670
1818
1965
2111

v 2256

2401
2545
2688
2830
2972

3113
3253
3393
3532
3670

3808
3944
4080
4215
4350

”

31
32
33
34
35

36
37

.38
-39

40

41

42
43

45

-46

47
48

49

50

51
52
53
54
55
56

Observed level
value (K)

4483
4617
4750
4881
5012

5143
5272
5401
5530
5657

5784
5910
6035
6160
6283

6407
6528
6650

6770

6890

7010
7128

T 7246

'(

7363
7477
7592)

Calculated level
©, value (K)

4484
4617
4749
4881
5012

5142

5272
5401
5529
5656

5783

5909
6034
6158
6282

. 6406
6527
6649
6770

6890
7009

7128
7246
7363
7480
7596

210




Append1x E

0N

VIBRATIONAL ENERGY LEVELS OF EXCITED STATE OF Poz“’
REFERRED TO LOWEST LEVEL OF GROUND STATE

.Observed value Calculated value
Level ‘ (K) (K)
0 25,125 25,125
1 25,233 25,233
2 25,340 25,339
3 25,446 " 25,465
4 25,550 25,550
5 25,654 25,654
6 25,757 - 25,758
7 25,860 25,860
8 25,961 * 25,961
9 26,062 . 26,062
10 26,162 26,162
11 26,260 26,261
12 26,359 26,359
13 26,455 26,456
14 26,551 - 26,553 : -
15 . 26,647 26,648
16 26,741 26,743
17 26,835 26,837 o =
18 26,932 26,930
19 27,023 27,022
20 27,112 127,113 N i
21 27,204 27,203
22 27,294 27,293
23 27,380 , 27,382 ‘ : v :
24 27,469 27,469 v :
25 27,554 27,556 T

366
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Appendix F

COMPARISON OF OBSERVED AND CALCULATED ISOTOPE SHIFTS

po%OB_Po%lo POZOB pozos_PO%w
Frequency in Po3! Calculated Observed Calculated Observed
Band (K) (K) (K) (K) (K)
4-0 , 25,550 1.9 1
5-0 ? 25,652 : 2.4 3
6-0 25,757 2.8 2
7-0 25,860 3.3 3
80 25,961 3.8 4
9-0 26,062 4.2 4
10-0 26,162 4.7 5
11-0 26,261 5.1 "5
12-0 26,359 5.5 6
13-0 26,456 5.9 6
14-0 26,552 6.3 7
15-0 26,648 . . 6.7" 8
16-0 26,743 7.1 7 -
17-0 26,836 : .5 8 i
18-0 .. 26,930 - . 7.8 7
19-0 5 27,022 " 8.2 T s v
.20-0 ' 27,112 8.6 8
21-0 27,203 o 8.9 . 7
22-0 27,292 9.3 . 8
24-0 ? 27,468 9.9
25-0? - - 27,556 10.2 .
2-1 25,181 0.2 i}
3-1 25,288 0.7 0
4-1 25,394 . L2 1
5-1 25,499 /1.6 i
6—1 25,602 2.1 2
7-1 25,704 ' 2.6 3
8-1 25,806 3.1 3
9-1. 25,907 3.5 3
10-1 26,007 3.9 4

367
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Appendix F— (Continued)

—

L, ' ' P§§°3—Po§’° Po208 p_ozos_po%w'
Frequency in Poj!® Calculated Observed Caict_xlaj:ed Observed
Band (K) S® - ® () (K).
1
16-1 ? 26,585 = 6.3 T,
17-1" 26,680 6.7 8
18—-1 26,774 7.1 7
19-1 . 26,865 7.5 7
20—-1 - 26,956 - 7.8 7
21-1 27,047 8.2 7 ,
22-1 27,136 8.5 8
23—1 T, 27,224 8.9 7
L 24-1 27,310 9.2 10
S 25-1 ? 27,398 9.5 . 8
26-1 ? 27,485 . 9.8 8
27-1 ? 27,568 . 101 10 &
1-2 ? 24,925 1.1 1
2-2: 25,029 ' —0.6 0
3-2 25,136 . . —0.1 0
4-2 25,241 0.4 1.
5—2 25,345 0.9 . 0
6-2 25,447 1.3 . 2
7-2 25,550 . 1.8 1
8-2 25,652 . 2.3 3
12-2 ? 26,048 4.0 5
13-2 26,147 T 4.4 4
14-2 26,243, 4.8 3
5-2 ? " 26,341 5.2 1
20-2 26,804 7.1 3
22-2 26,984 7.8 5
23-2 27,071 8.1 6
24-2 27,158 ‘ 8.4 7"
25-2 27,243 8.7 8
26—2 . 27,327 9.0 11
27—-2 ? 27,414 ¢ 9.3 9
28-2 27,498 9.6 7
29-2 27,581 9.9 8 y
1-3 24,770 -1.8 -2
2-3 24,876 -1.3 -1
3-3 24,982 y —0.8 -1
4-3 25,087 . —0.3 1 :
5—3 25,191 ; 0.2 0
6—3 ? 25,295 0.6 0
8-3 25,499 1.5 1
9-3 25,598 2.0 2
10-3 ' 2

25,698 : 2.5

i

0
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. ' Appendix F— (Continued)

- POZOS pozos;t,ogto

. Po3%-po3!?
Freduepc'y in Poj!® Calculated Observed Calculated Observed

e (K)o (K) (K) - (K) (K)
25,797 2.9 "3
26,280 ’ 4.8 - 5
26,375 5.2 1

. 26,469 ' 5.6 '
27,260 8.6 .8
27,344 8.9 8
27,4217 9.2 7
217,509 9.5 - 8
27,591 9.8 .6
24,509 -3.1 -2
24,618 —2.5 —4
24,723 v =20 -2
24,829 —1.5 0
24,933 -1.0 -1
25,039 -0.5 0
25,141 0.0 0
25,241 0.4 1
25,345 0.9 0
25,447 1.3 2
25,839 3.0 4.
25,936 3.4 3
26,031 3.8 3 -
26,585 6.0 7
. 26,674 6.4 " 6
26,763 6.7 7
26,850 7.0 7
24,357 -3.9 -3
24,465 - -3.3 -3
24,571 -2.8 -2
24,678 -2.3 —4
' 24,884 C—1.4 0
'24,989 -1.0 1
25,090 —0.5 1
25,191 0.0 0
25,394 0.9 - 1
25,492 T4 1
25,590 1.8 2 o
26,698 6.2 6
26,785 6.6
24,206 —4,5 -5
24,313 —4,0 -3
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Appendix F—(Continued)

3 ¢ Pogos_Poglo pozoa Pozos_pogw
- Frequency in Po%“). Calculated Observed Calculated: Observed
Band (K) (K) (K) (K) (K). B
2—6 . 24,419 -3.5 -2
4-6 24,630 -2.5 -3
5-6 24,734 -2.0 -1 .
6—6 24,837 ~1.5 -1.
7-6 ? 24,941 -1.1 -2
9-6 25,141 -0.1 0 -
10—6 25,241 0.4 1
14—6 25,632 2.0 . 2
15—6 25,727 2.4 3
16—6 25,821 2.8 5
18—6 26,007 3.5 4
21-6 26,280 4.6 5
0-17 24,055 ~5.2 -5
1-7 24,162 —4.6 —4
3-7 24,374 -4.0 -3
4-7 24,479 -3.3 . -3
5-7 24,583 -2.7 -2
6—7 24,685 -2.2 . -2
77 24,788 -1.7 -1
8—7 ' 24,890 -1.3 0
9-7 24,989 —-0.8 -1
10-7 25,090 -0.4 1
12-7 25,288 0.5 0 .
13-7 25,385 0.9 0
16-7 25,670. 2.0
19-7 25,950 3.2 5
-0—-8 23,909 —5.9 -6
1-8 24,012 -5.4 -5
3-8 7 24,226 —4.4 -6
4-8 24,329 ~3.9 —4 -
6—8 24,536 —2.9 -2
7-8 24,639 -2.5 -3
8-8 24,740 -2,0 -2 -
9-8 9 24,837 -1.8 -1
15—8 25,426 0.9 1
16—8 25,521 1.3 - 0 i
18—8 ? 25,704 2.1 3
19-8 ? 25,797 2.5, 3 '
. 0-9 23,755 -6.5 " -6 7
1-9 23,862 —5.9 -5
3-9 24,075 —4.7 -5 )



"

s

Band: “.

5=
6—
S8~
9—
1-
2-

-t
!O‘DtDCD!D!DGD

?
?

[y

3-

0-10
2—10
4—10
5—-10
7-10
8-10
9-10
11-10
13-10
14-10 ?
19-10
20—-10

0-11
1-11 ?
2-11
4-11 7

- 6-11

L7111
9 11

10-11

- 12-11

13-11

-14-11

15-11 2

17-11

Frequency in Poj

“

o

g

“

) Appendixi F —{Continued)

RS ‘(K): My

24,283
24,387
24,590
24,691
24,890
24,989
25,087

23,606
23,820
24,031
24,134
24,340 .
24,442
24,543
24,740
24,933
25,029
25,499
25,590

23,458
23,563
23,672
- 23,884
24,089
24,192
24,395
24,494
24,691
24,788

24,884 -

24,982,
25, 167
25 262

23,309

£y

'23,418 -

123,525 °

23,631
23,736
23,941
24,248
24,348

N

210

Poi®-Pod!"

Calculated . Observed .

K)
—4.1
-3.6 .
-2.7.

2.2

-14
-1.0°
-0.5

-7.2
-6.2
~5.2 .
~4,7
~3.7
-3.3.:
-2,9
- —2,0
-1.1
=0,7
1.1
1.5 ..

-17.9
-7.4 .
—6.9 .
-5.9.
—4.9
—-4,5
-3.6
-3.2.
-2.7
-2.1.
-1.5
-1.1 .
- =03
+0.1

-8.6
-8.1
f*7;6
-71 ..
-~6.6
~5.6
~4,2
-3.7

(K)

- —3 .

-4
-3
-2
"0

-1
—6
-6
-6
-4
—4
-4
-3
-2
-1

0

1

2

-9 .

-6
-6
-8

-3 .

-4
-4
-4
-2
-1
-0
-1
1

+2 -

-8

-7
-8

-4

.—5i

-4

‘. -

Poltt pozos po%w _

Calculated Observed

-(K)

®)
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Appendix F;(Continued) .

Pogos_Pogw P08 PoX9_polt.
Frequency in Po}'® Calculated Observed - Calculated ' Observed'
‘Band K Xy - X K K) -
12-12 ? 24,543 T —2.9 -3
13-12 24,639 . =25 -3
14-12 24,734 —-2.1 -1
15-12 24,829 ' -1.9 0
16-12 24,925 -1.3 1
17-12 . 25,019 T =10 -1
20-12 25,295 ‘ 0.1 0
0~-13 ? 23,163 -9.2 ~10
1-13 23,270 -8.7 - -8
2-13 23,376 ‘ -8:2 . -8
3-13 7 23,483 . -7.7 -7
5-13 23,692 - -6.7 . —6
6-13 23,795 —6.2 -5
8-13 ? 24,001 -5.3 -6
10-13 24,200 -4.5 . —4
12-13 24,395 ~ -3.7 -4
13-13 2 . 24,494 -3.3 -4
14-13 24,590 . -29 - -3
15~13 24,685 ~2.4 -2
19-13 25,058 ) -0.9 -2
0—-14 23,017 : -9.9 —-11
1-14 23,125 -9.4 -10
'2-14 ? 23,233 —8.9 -9
3—-14 23,337 -8.4 -8
4-14 7 23,440 K -7.9 . -6 -
5-14 23,546 T 7.4 -8
 6-14 23,649 -6.9
7-14 23,751 —6.4
10—14 24,055 © =51 -5
11-14 24,155 —-4,7 -4
15-14 ? 24,536 ' -3.1 -2 "
16-14 ? 24,630 -2.7 -3
17-14 7 24,723 ‘ -2.3 -2
0-15 22,871 -10.5 = -10
1-15 22,980 T —10.0 -1
"2-15 ? 23,085 -9.5  -10
3-15 "23,192 =900 - -10
4-15 ? 23,295 ~8.5 -7
6—15 . 23,503 —-7.5 -7
7-15 23,606 , -7.0 -6
9-15 23,5610 -6.2 -7 ;
/

EY)



G

t

Band

12—-15
14-15
156—-15
18—-15
19-15

1-16

2-16

3-16 ?
4-16
5—-16
6-16
8-16
11-16
12—-16
13-16
15-16
19-16 ?
20—~16

~ N N Y

0-17
1-17
2-17
3-17
4-17

5=17 ?

6-17,

7-17

8-17 ? -

10-17 ?
13-17

14-17 7

16-17
18-17 ?
20-17 ?

0-18
1-18
2-18
3-18
5-18
6-18 ?
7-18
9-18
11-18 ?

' Freqﬁency in Po
(K)

24,106
24,299
24,395
24,678
24,770

22,875
22,941
23,050
23,152
23,256
23,359
23,563
23,862
23,959
24,055
24,298
24,618
24,706

22,581
22,691
22,798
22,904
23,008 |
23,113 -
23,215
23,318
23,418
23,620
23,914
24,012
24,200
24,387
24,571

22,439
22,548
22,654
22,761 °
22,968
23,075
23,174
23,376
23,572

Appendix F— (Continued)

210
2

313

Po}"-poj!’

Calculated Observed

(K}

—5.0
—4.1
-3.7
—-2.6
-2.2

~10.6
~10.1
-9.6
-9.1
-8.6
-8.2
-7.3
-6.0
-5.6
-5.2
~4.4
-2.9
-2.5

-11.8
-11.3
-10.8
-10.3
-9.8
-9.3
—-8.8
-8.3
-17.9
~7.0
~5.8
~5.3
4.5
~-3.8
-3.1

-12.4.
-11.9

—11.4-

-10.9
-9.9
-9.4
-8.9
-8.1
-7.2

(K)

-5
-5
-4
-4
-2

-11
~-10
-9
-9
-9
-8
-6
-5
-8
-5
-5
-4

-12

-12
—-12
—12
-10
—-11
- —8
-10
-8
-7
-5
-5
-4

—4

-12
-11
-11
-12
-9
-9
-9
-8
-4

POZOB P0209_Po§10

Calculated Observed

(K)

—8.5
-8.1

(K)

-10
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Appendix F— (Continued) °

v Pogos_Pogw ) P°208 P0203_P0§10
. “Frequency .in Po%10 Calculated Observed Calculated - Observed
Band Ky (K) K) - (K) , (K) ;
12-18 23,672 —-6.8 -6
,0—19 ? 22,293 -13.0- -14
1-19 ? 22,403 -12.5 -12. )
2-19 22,512 -12.0 -13 -9.0 -10
S 3-19 22,618 = —11.5 —~13 —8.6 -10
5-19 22,826 =10.5 -12 ' DR
6-19 22,929 -10.0 -9 o
7-19 23,031 —-9.5 ~10
9-19 23,233 -8.7 , =9
11-19, 23,431 ‘ -7.8 - -6
13-19 ? 23,623 =10 o
16—-19 23,914 ~5.8 - -5
19-19 . 24,192 —4.7 —4 ’
20-19 24,283 -4.3 -3,
1-20 22,263 —~13.6 ‘
2-20 . 22,370 —13.0 -12 : .
3-20 22,476 —-12.3 -13 - —9.2 -10
4-20 22,581 ~11.6 —12 "
6—-20 22,289 ‘ —-10.7 —-13
'8-20 '22,992 -9.8 —-11
. 10—20 . 23,192 -8.9 -10'
12-20 _ 23,390 : - -8.1
" 13-207? 23,490 ' -7.6 ~6
0-21 ? 22,008 -14.2 -12 o "
2-21 7 22,227 -13.2 ) ~12 '
3-21 22,335 -12.7 ~13 -9.5 =11
4-21 22,439 -12.2 -12 ' b
621 22,646 -11.3 -12
7-21 22,769 -10.8 -12
8-21 22,850 -10.6 -11 C, -17.8 -9
9-21 22,951 -9.9 S e
10-21 23,050 " -9.5 -9
12-21° . 23,247 -8.6 -9
14-21 23,440 -7.8 . -6 : . v,
15-21'?° 28,537 ~7.4 Y -
-16-21 | 23,631 -7.1 -8
C18-21 7 23,810 —-6.3 -7
19-21 ? 23,904 . -5.9 ~6 ‘
2-22 22,089 -13.8 -14 -10.4 -11
3-22 © . 22,195. -13.3 - -14 © ~10.0° -12
4-22 22,299 -12.8 -13° - =96  -10-

5-22 22,403, -12.3 -12

a7

B

o



-y

T

Band

6—~22
722
9-~22
11~-22
13-22
1622

2-23
3-23
_4-23
5—-23
7-23
8-—23
9-23
10—-23
11-23
12-23
13—23
14-23
18-23
19-23
1-24
2~24
3-24
4-24

5—24

624
8-24
10-24

12-24

13—-24
0-25
3-25
4-25

5-25 °

6—25
8-25

. 9-25
10-25
. 11-25
12-25.

13-25

14-25

Frequency in P
(K)

22,507
22,609
22,811
23,008
23,204
- 23,490

21,947
22,054
22,160
22,263
22,469
22,570
22,671
22,771
22,871
22,968
23,065
23,163
23,537
23,631

21,706
21,812
21,916
22,020
22,124 -
22,227 -
22,429
22,632
. 22,830
22,929

21,455
21,776
21,882

Appéndix F —(Continued)

210 -

03

21,986.- .

22,089
22,293
22,394
22,495
22,593
22,691
22,789
22,884

375

Po}’-poj'

210

Calculated Observed Calculated Observed

K)

~11.8
~11.4
~10.6
-9.7
~8.9
~7.7

-14.4
—-13.9
~13.5
~13.0
-12.1
—11.6
-11.2
. =10.7
~10.2
-9.8
-9.4
-9.0
-7.5
-7.1

-15.5
-15.0
-14.5
-14.0
-13.5
-13.0
=12.0

-tl(l.2ﬁ
-10.4

-10.0

-16.6
-15.1°
—-14.6
~14.1°
—~13.6
-12.7
-12.2
~11.8
-11.4

-11.0

-10,6
-10.2

Al

~-14

X)

-~12
~11
-10
-9
-6

-15
-14
-14

-13
-11
-11
-12
-10

-9

-10

-10
-7
-8

-14
~15
-13
-12

-10

-9
-12

g
-16 .

-15
-15
-14
-14
-13

-12
-12

+—-13

~-11

. —10.2

Polos P0209_P°z
Ky x)
-10.4 -11
-10.1 -11
~-8.4 -8
-10.9 -10
~-10.5 ;—'12
~10.1 . -9
-11.0 o —12
-10.6 ~11"

~i1 -




15-25
16~25

4-26
- 5—26
6-26
7—-26
9-26
11-26
13-26
15—-26
}9—26

1-27 2
5-27
6-27
7-27
8-27 ?
9-27
10-27
12-27

13-27 ?

14-27

16—27

19-27 ?
20-27 ?

3-28
4-28
5-28
. 6—28
7-28
8-28
10-28
1228
14-28
15-28 ?
16-28
19-28 ?
20-28

- 6-29 2

7-29
- 8-29.
9-29

Frequency in Pot? . Calculated
(K)

(K)

22,980
23,075

21,743
21,848
21,951
22,054
22,256
. 22,455
22,650
22,842
23,215

21,292
21,712
21,814
21,916
22,020
22,119
22,219
22,416
22,512
22,609
22,798
. 23,075
23,163

21,364
21,470
21,575
21,678
21,780
21,882
22,083
-.22,279
22,473
22,570
22,664
22,941
23,031

21,545
21,646
21,747
21,848

’

‘ -Appendix F— (Continued)

- Pof®-pot0

-9.8
—,9).4

~15.1
—14.6
~-14.2
-13.7
-12.8

~12.0

~11.2
~10.3
-8.8

-1
—15.2

—14.8
—~14.4
—14.0
—13.6
~13.2
-12.1
-11.7
-11.3
~10.5
~9.4
-9.0

—-16.7
-16.2

- ~15.7

-15.2
-14.8
~14.4
~13.5
—-12.6

<118
-11.4

—11,0

-10.0

-9.6°

~15.8°

-15.3
—~14.8

~14.4

. (K)

—-11

-9
~16
15
—14

-14°

—-12
-13

-12

—-12
-8

—-15
—16
~15
—-14
=15
—14
-13
—-13
-13
—-12
—-12

-9
-10

C —16
~16
-15
-14

ST
- ~14
-13

-11
—12
-10
-10

—16
—16
-15
—15

.Observed Calculat

Po208 Po?_poj10

{K)

-10.7
—10.3

—-11.1

—10.8
-10.5

~9.0

-7.9

—-11.4
~=11.1

+<10.8

-11.9

‘<115

-11.1

ed Obseérved

(K)

=10
_11 ‘

—~11
‘=10

—-12

-10

—11-

-10

=12

~11
-13

-12 ,

ey

[}

3

T a

T



]

Band

10-29
11-29
13-29

- 3-30

5-30
6—30
7-30

8—30 -

9-30
10—-30

11-30 .

12-30
13-30
14-30
15-30
16—-30
17-30
18—-30
19-30
20-30

1-31

7-31

8-31

9--31.

10-31
11-31

12-31

14-31
18-31

6~32
8--32
9-32
10-32
11-32
12-32
13-32

14-32 -

15-32

- 16-32

17-32
18-32

Appendix F — (Continued)

. Frequency in Po3!

(K)

21,947
22,046
22,241

21,096
21,307
21,410
21,511
21,612
21,712
. 21,812
21,911
22,008
22,106
22,202
22,299
22,394
22,487
22,581
22,671
22,761

20,750
21,377
21,478 .
21,579
21,678
21,776
21,875
22,069
22,444

21,145
.. . 21,346
: 21,445
21,545
21,646
21,743
21,839
21,936
22,030
22,124
22,219
22,312

311

Po®-Pof!?

) Calculated Observed
X)

(K)

-14,0
-—~13.6
"—~12.8

-17.8
~16.8

~16.4
~15.9
~15.5
~15.0
~14.5
~14.1
-13.7
-13.3
-12.8
-12.4
-12.0
—11.6
-11.2
-10.8
-10.4

-19.4
—16.6
-16.1
—15,7
-15.2
—14.7

-14.3 -

-13.5
-11.9

-17.4°

-16.5
-16.1

-15.6-

-15.2

-14.8.

-14.4
—14.0
-13.6
-13.2
-12.8
-12.4

-15
—-14
-13

-17
-17

~-17
-16

~16

~14
~12
-14

-13
-13
-12
-12
-11
-12

—-18
—-16
—16
-15

-14

-14.

-17
—-18
-16
-16
-16

—-16
-15

-=14
-13
-13

Po?8 Pt _podtt
Calculated-' Observed

(K) (K)
~11.6 -12
-9.3 -10
-8.1 -8
-12.1 -12
-11.8 -12
-11.4 -11
-10.7 =11
-124 “12
-11.7 =11
S-11:4 -13 -
-9.9 -9




e B ' P R . Appendix/Ff_(QQn@@pged)

, , 4 ! Po3%-po3!t?

.. . - . Frequency in Po3'’. Calculated Observed
Band ®K O ® (K)
19-32 22,403 ' -12,0 -12
-0-33 2 120,372 . ~20.9 -20

4-33 7 20,799 - —18.9 -18
'‘7-33°. - 21,110 S~ =175 =17

., 8-33 21,2120 . —17.0 =17

‘9~33 21,312 -16.6. . —16
10-33 21,413. —16.2 = -17
1-33 - 21,511 A ~-15.7 . ~17
13-33 21,706 S —-149 . -14
15-33 ? 21,899 <141  -15
19-33 22.270 - -12.6 ‘

. 3-34 ? 20,563 -19.9 -

9-34 - 21,181 . -17.1. -18
10-34 21,281 -16.7 C—17
11-34 " 721,380 -16.3 -17
12-34 21,478 = - -15.8° -16
13-34 21,575 -15.4 -16

. 14-34 . 21,872 © =150 - ~16

16—-34 ? 21,860 -14.2 © -15
18-34 ? 22,046 o -1850 0 -14
. 6-35? 20,750 : -19.0

8—-35 7 20,952 —18.0 C—17
. 8-35 21,050 ~17.6 -18
10-35 21,149 S -17.2 -17
11-35 T 21,249 -16.7 - . —-17 .
12-35 ? 21,346 : ~-16.3 -18..

, . 18=35- | 21,445 -159 = -16
14-35 21,542 ‘ -15.5-
16—~35 ? 21,730 ~14.8 -15
f 17-85 ' 21,825 o —-14.4
©18-35 % 21,916 o —141 -14 .

-9-36 ©20,919 ~ - -181-  -18
10-36 21,019 =177 =17
11-36 © 21,118 -17.2 -17
12-36 . ©-21,216 . ¢ —-16.8 -17
'13-36 ? 21,312/ -16.4 —-16

© o 14+36 21,410 = = -16.0 .

15-36 , 21,5056 - -—15.8 ' —16

© 17-36 21,693 ' -14.8 - -15
4-377 20,279 . -20.9 . -20

6-37 ? 20,489 - - —20.0 -19

208 209 _p.210 .
Po™ Po Po: )

Calcﬁl_ated, Observed
“AK)

" —=15.7
- —14,2

+12.5
‘T —12.2

C . —12.5
©—12.2
T —11.9

-12.9

-12.5-

“-12.2
-10.6

- ~12.9
- —12.6
-12.3

)

-15

-=13

-12°

—13

—-13

-12

-11
-13

—12

—.io ‘

" -13 .
-13
~-12°

(%)%

RN}

B

]



tide

&

N

" Band

10-37
11-37
12-37
13-37
14-37
15-37
16-37
17-37
18-37
19-37

2-38
7-38
8-38
11-38
12-38
1338
15-38
16-38
18-38 ?

11-39
12-39
13-39
14-39
15-39.?
16-39

5-40 ?

N N N N N

'12—40

13-+40-
14—-40
17-40 ?

5-41?
12-41
13-41

© 14-43
'15-41

16—-41
18-41
20—41 ?
13-42
14—42
15-42

Frequency in P

X)

20,890
. 20,988
21,086
21,184
21,281
21,377
21,470
21,561
-21,657
21,747

19,929
20,460
20,563
20,860
20,958
21,055
21,249
21,341
21,527

20,731
20,829
20,926
- 21,023
21,118
21,212

19,999
20,702
20,799
. 20,896
21,181
19,873
20,576
20,672
20,769
120,864
20,958
21,145
21,329

20,546
20,643
20,739

Appendix F —(Continued)

210
07"

379

Pol®-Poftt

P°208 p0209_ PO; 10

Calculated Observed Calculated . Observed

(K)

—18.1
-17.7
- —17.3
-16.9
-16.5

-16.1"

' --15.8

—~15.4°

-15.0
—-14.6

~22.4
~20.1

~19.6

-18.2

~17.8~
~-17.4 -
~16.6
-16:2
-15.4.

-18.7

—-18.3

-17.9
-17.5
-17.1
-16.7.

-21.9
~18.7
-18.3

.—17.9'3 .
-16.8 -

—22.3

-19.2°

-18.8

-18.4:
~18.0.

~17.6

-16.8"
-16.0

-19.0
~18.6

-18.2

K}

-19
-17
-17
—-17
-17
-18
-16

—~16
-15

-20

~14
-18
~-18
~17
~16
-18

-16

- —18

-17
-18
-17
-17

- —19
- =18

-18

- —18

.—19
-18.
-19

-18

- -18

-17
-18
-18

-19
-19

(K)

-_'13.0

-12.4

-11.0

-13.4
-13.1
-12.5

-13.4

<2131

- :—12.8

f1-13.7
_.-13.4

.. —13.8

~13.5
—13.2.

- —14.0
-13.7

X)

-13

-13

-12 7

-13

—14 -

-13

-13

R E I

=13 -,

2137

—15 &8 ~.
- <13 -

-13

-15 -
—~15
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‘Appendix F— (Continued) .
/ S | Pozoa'_Pogto

_ Band K) : (K) (K)
16—-42 20,833 -17.8"

17242 20,926 C-17.4 —17
18-42 21,019 - . —17.0 ~17
.19-42 21,110 C-16.70 . =17
5-43 7 - 19,621 -23.2°
10-43 ? 20,131 -21.0 -20°
14—43 . 20,518 -19.3

 15-43 20,614 -18.9 -19
16-43 20,708 © -185 -18
19-43 20,986 ' -17.4 .
14-447? 20,39 . -19.7 ©  -19

- 15—44 ? 20,489 -19.3  -19
16-44 - 20,584 -18.9 - —-20
17-44 © 20,677 ' -18.5 -19
18-44 20,769 -18.1 ° -~19
19—44 © 20,860 . ~17.8 ~14
20-44 20,952 ‘ ~17.5 -17
.15—45 . 20,366 -19.8  -20
- 1645 20,460 © —19.4 ' =20
17-45 20,553 , -19.0 ' -19
19-45 ? 20,739 . -18.2 -19
20-45 ? 20,829 - -17.9 -18
12-46 19,957 | -21.4 .
16-46 ~ 20,337 -19.9 =20
17-46 - 20,430 " -19.5 -19
18-46 ? 20,524 T -19.1 A
19-46 20,614 : ~18.7 =19
13~47? - 19,929 —21.4

1747 20,309 © - —~19.8 -21
19-47 20,493 -19.0 -19
20-47 20,584 —-18.7 -20
17-48 . 20,187 ' —20.3 -19
18-48 - . 20,279, - -19.9 —20
19-48 ? 20,372 -19.5 —-20
18—49 20,159 -20.3 -20
19-49 20,251 . ~20.0 -20
20-49 20,343 © ~19.6 -21
19-50 T 20,131 -20.3  -20

20-50 20,223 - -20.0 —-20

pOZOB P°209 ~-p

(K)

-13.1 .

—15.8

-14,2

- —13.9

-14.,2

~-13.9
-13.6

. —13.7
-13.4

-14.6

—14.,0
-14.0

'~14.6

-15.0
-14.7
-15.2

210 -

03
~' Frequency in Po}!® Calculated ' Observed ' Calculated Observed

(K

-13

—14

-14
—-14 .

-15

C 14

-15

~15
~14

~14 .

—14

-15

-15

-15

(&3

¥}

o

[

h
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Band

21-51.

20-52
21-52

[l

21-53
= 22-53

21-54
22-54
23—-54

22—-55
23-55

23-56
24-56

25-58
25-59
26—-60

26-61
27-61

»

Appéndix F— (Continued)

Frequency in Po!
K)
20,193

19,985
20,074

19,957,
20,046

19,841
19,929
20,017

19,815
19,902

19,787
19,873

19,733
19,621
19,594

19,483
19,566

2

210

=
-

381

Po3®-p

Calculated Observed
(K)

X)

'—20.0

©—-20.7
—20.4

—20.8
—20.4

-21.2
—-20.8
-20.5

—-21.2
—20.8

-21.2
—20.9

-21.3
-21.6
-21.5

—-21.6
-21.3

210
44

—-20

-21

—-22

-21

Pt® Po?®-pojl?

Calculated Observed

(K) ®)
~15.0 -15
-15.3 -16-
-15.3 -17
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INDEX

‘A

Absorption of alpha partlcles 1n
matter, 331-333
for neutron productxon 314316
Absorption spectra of polomum chlonde,
61-69, 70 -
Accelerators for neutron production, 313
Accommodation coefﬂcxent of blsmuth
197 . _
Activated carbon in waste—disposal
process, 301, 304-305 -
Activation cross sectlon neutron, for
B1?®, 147
Activity coefficient of polomum, 192-
199
Adsorption, a.gents for waste disposal
301, 304-305 =
by polonium suspensions, *127-129
scavenging agents, 129-130
by titanium dioxide, 131-132
Air, change rates of, 338-339
filtration of, 338-339 '
monitoring of, 342
samples, 341, 346-347"
Airborne polonium, equipment for
‘measuring, 342-345 .
permissible levels of 336-337
Allotropy of polonium, 19 20 -
Alpha: monitor, Sopkometer description,
213-214-
Alpha particles, 11-13; 15
absorption, 332
" assay of, 118-119, 121- 122 182-183
184, 194, 216-222 B
calorimetric measurement of, 290"
counting of, 216-222; 324~ 325, 341—350
diffusion of, 332-333 ’ :

1.

383

Alpha particles; energy of, 12-13
measurement of, 212- 214 216-222,
290, 333
neutron production by, 314-316 31'7
range of, 13, 331-333
tolerances for, 336~337
Alpha phase of polonium, ctystal e
structure, 20-21
density of, 21-22°
description of, 19 e
electrical resistivity of, 24-26
thermal coefficient of electrical
resistivity, 26 i
Alpha sources, 313, 331-333
coverings for, 331-332
measurement of, 333 -

prepdration of, 332-333-

o transportation of, 333

Animals, excretion of polonium by, 104—
107, 109
LDg, for, 98
polonium effects on, 97- 100
Anisotropy, poloniuxn chloride crystals,
4 :
Aqua Nuchar in’ waste-disposal process,
301 ’
‘Arsenic as' reduclng agent 129+
Assay in’ polonium process; alpha .
particle, 121-122 182-184 194,
216-222 )
‘ beta particle,-121-122" ‘-
bismuth slug,‘153-156 214-245 "
‘ calorimetric, 272, 290- 291"
- chemical, 153°
gamma, 154-156, 183-184
of insoluble residies, 122 °
of lead dioxide, 118-119
by multiple-input counters, 235

-
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Assay in polomum process quality,
184-187 '
quantity, 182-184
by radioelectric cell, 232~ 230
radiometrlc ‘instrumentation for,
212-217
Autoradiographs (see Ra.dloautographs)

B

Bacteria in waste-disposal process, -

304, 305
Beryllium, in neutron sources, effi-
ciency of, 332
'neutron source, 313-314, 317-318
neutron-source containe’rs, 322
polonide, 93
‘powder surface area,’ 322
salts in neutron sources, 321
Beryllium polonide,, propertles of, 93
Beta particles, assay of, 121122, 289 .
calorimetric assay of 289
personnel tolerance for, .335-336
in polonium radiation, 8, 14
Beta phase of polonium, 19-20
crystal structure of, 20~21
density of, 21-22 . -
electrical resistivity of, 2426
thermal coefficient of electrical
resistivity, 26 .. .
Biological research with polomum 97

.. Bismuth, assay of, in polonium process,

153-156 214-215
canning, 151 .
cross section, 147-148 . ¢

" decanning, 156-163 ,
dissolition, 163-164 . .
equations for polonium growth in ir-

radiated, 141 -144,.156 -
heat of vapor1zai:10n, 198
irradiated distillation process, 192

handling and storage, 151-153

_ isomer, 140, 147 -
particle size, 128 - R
polonium precipitation, 126, 135-136
polonium ratio, 165-166 .o .
preparation for 1rra.diation, 150154
process for concentrating polonium,
- 166-173 :

" purity, for neutron irradiation, 149-
' 150 . T
recovery of; 187—188 e '
separation of polonium from, 139
solutions, denitration of, 164-165

i

\

'

s

‘B1smuth in waste—disposal operations,

311
Blood, disorders due to polonium,’ 110-
112
polonitim dlstributlon in 108-109
Bone marrow, polonium effects, 112
Boron in neutron sources, 313-314
318-321, 322 . )
-Breeding cycle in polonium ~injected
rats, 112-113.

Bridge thermometer for, calorimetry,
295

Buffered solutions, dialysis of polonium
in; 65

C
Calcium chloride in waste-disposal
process, 301
-Calcium polonide, characterlstics of 93
‘Calorimeters, accuracy, range, and
‘precision of, 289 :
a.pplicatlons, 272, 291 292
assembly, 291-295
- . auxiliary equipment for, 262-265 -
bath stirrmg, 292!
calibration of, 275-276, 279.

' comparison with particle counters 290
constructional features, 292
definition of. terms for, 274-275
early types of, 272
"equations for, 279 .
error limitations in, 275, 283-289
guard rings in, 279
heater factor:in, definition’ of 281
ice type, 290-291 o
measurements. with, 289

' Newton’s law of cooling in, 274
Mound Laboratory type 273
operation of, 275-276- .

Calorimetric assay, of electrodeposited

polonlum, 183,
of irradiated bismuth 156

Ca.lorimetry, assay of polonium by, 290-

291
calculation of curie value, 283-286
definition of terms in, 274-275
‘differential method in, 272, 2'76. 283-
289 . .
electrical ana.logues in 276-—279
- half life in. polon.lum by, 291
limitations of, 290 - Y
in neutron-source measurements, C
325-326, :
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_Calorimetry, sirvey of, 272

theory of, 274~289 :
Cancer in animals due to polonium, 100
Canning of bismuth slugs, 151 ° ’
Cataphoresis of polonium, 60-61: )
Chemical properties of poldniun{ 33

" Circuit diagrams (see Schematxc

diagrams)
Clarifier in waste disposal, 302-304 :

" Clariflocculators, maintenance of, 310 .

in waste~disposal process, 302-304
Clothing, cleaning of, wher contami-
nated, 345-346 . '
worn in contaminated areas, 340
Coagulation, with glue in polonium
processing, 123
of radioactive waste, 302-304
tellurium, in polonlum processing, 178
Cobalt as impurity in bismuth jacket,
- 157
Coefficients, accommoda.tlon, of bismuth,
197 '
activity, in distilling polonium, 197-
198
. expansion, of polonium, 24
resistivity, of polonium, 26
Colloidal properties of polonium, 52-60
Complex formation, in buffering agents
55
in hydrochloric acid 50 .
Compounds of sodium in neutron
- sources, 321 - ;
Concentra.tion of polonium,. bismuth
process, 166-173 o
. from bismuth solutions, 166-173
. in blood, 108 '
‘factors, from irradiated blsmuth
199-200 . ’ L
in humans, 335-336
from irradiated bismuth, 148-149
193-199, 207
. in irradiated bismuth as function of
time, 149 .
in laboratory vicinity, 346-347
maximum permissible, in humans, 100
" in rats, 103
in urine, 114
silver process, 173-175
* tellurium process, 175-178
using hydrogen sulfide, 134-138
using tellurium, 134-138 .
Contamination, radioactive, from’
alpha sources, 331
control of spread, 339-341 p

1

Contamination, radioactive levels,

-Controllers, calorimeter, 292

I .
14 . '

airborne,-342-345
area classification, 339-340 o
clothing, 345-346 = B
environmental, 346-349 '
surface surveys of, 346 )
of low-geometry ilpha counter, 221~
222 _ '
prevention of spread of, 335
procedures in evernt of, 340-341
removal of, 341

plating, polonium solution, 252-259
proportional bath, in calorimeters
262-264
thyratron heater, in calorimeters
262-264
Conversion factor, Bi?® {o Bim 139
curies of polonium per watt, 279-283
Correction factor, in calorimetric
assay, 272
for neutron-counting sta.nda.rds, 328
Counters, alpha, in alpha-source
" preparation, 333
in neutron-source preparation, 324
alpha particle, 212-213, 216-222
Geiger, 212, 235-236
neutron, 230; 235
in neutron-source preparation,’
325-326 .
particle, comparison with calorime-
ters, 290 ’ -
"limits of usefulness, 290,
Crystal structurée, of beryllium polonide,
93 Lo .
of calcium polonide, 93 . .- e
of lead polonide, 91 too -
of nickel polonide, 91 . . .
of platinum polonide, 91 T v
of polonium, 20-2{ - Sy e :
of polonium bromide, 43
of polonium chlorides, 41~42 .
of polonium oxide, 35 .
predicted for polonium, 33
of silver polonide, 91 °
of sodium polonide, 93 "

of zinc polonide; 89; 91 . ‘i
Cyclotron, polonium production by, 140 N
D

Decanning of irradiated bismuth slugs,
156-163
by acid, 160-163
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Decanning of irradlated blsmuth slugs, ’

by caustlc, 159 :
by extemal heat 157-159
-mechanical, 157 .
Decomposition potentlals in acid .50-
lutions, 72-78 '
Decontammatlon .agents for, 341
" ease of, in laboratory d951gn, 339
of neutron sources, 322
Demtration of dissolved blsmuth slug
‘solutions, 164-165.
by evaporatwn, 164 o
by formaldehyde 136, 165
by formic. acid, 165 ’
by urea, 165 )
of reduction-deposmon end product
169 )
Deposiuon of polonium, from ac1d so0-
. lutxons 179-182
' -agitation method, 166-167
on arsenic, 129 S
bed method, 167 Lo
from bismuth solutxons 166 173

178-179
column method, 167

by electrolysis, , 138, 1797182% '

flotation method, 167 . -

for lead dioxide assay, 121-122

for neutron-source production, 317—
318 ,

polarograph for, 249—2_5,2, ]

silver process, 173-175 -

Deuterons, for producing neutrons, 313
for producing polonium, 140

Dialysis of polonium, 52-60
in buffered solutxons, 55
in-unbuffered solutlons, 56-57 |

'Discharge tube, equipment for ionizmg
polonium, 265-269. . .

Dissociation potential of polonium
molecule 30-31 e -

Dlstlllatlon of polonium apparatus for .
199-200, 204

corrosxon of- apparatus, 204 207-210

equ111br1um mixtures.of polonium-
bismuth, 192-199, . . .-

from irradiated b1smuth 192

from metal foils, 4-5, ...,

rates of 192- 199 201 204

vacuum, 192-199.

Dosage of polonium, in animals, single-

.and multiple-dose comparlsons,
109 - :
~dangerous, in man, 104,

Ny P
j“{) wf . o

i igbiat . - e

386 - ¢ S .

i

histopathological effects of; 110-112.
lethal, in animals, 98 [
Dosimeter, pocket for. personnel

monitoring, . 342 .
radioelectric-cell type, 226 228

E

Electrodeposition of polonium; from
-alkaline solutions, 182:° B
electrodes.for, 187-188
inorganic acids, 181"
nitric'dcid, 179-180"
organic acids, 182
purity of deposit, 179 184-186
Electromagnetlc radlatlon from polo-- .
nium, 13-14 : -
Electrometer, underwater. type for - -
gamma assay, 156, 238-239 '
Electroscope, Lauritsen, for radio- - -
metric assay, 212
Energy levels of polonium I, 355
Environmental surveys for personnel
protection, 346-347 o
" Erythrocytes, polonium’ effects on, 112

Film badges for personnel monitoring,
342

Fission spectrum from neutron sources, .

321

Flocculator in waste—dlsposal process,
302-304

Fluorine, in neutron productmn 314
salts of, in neutron sources, 321

Foil' holder (see Microfoil’ holder)

Dosagerof polomum, hematolog1cal and "

Formaldehyde, as denitrating agent 136

in demtratmg dlssolved blsmuth slugs,
165
Formic acid in demtratmg dxssolved
bismuth slugs, 165 o
Gamma radiation, assay of, in calo-.
rimeters, 289 : ,
in concentrated polomum solutlons
183-184 .
in irradlated blsmuth 155 156 .
counting of, in: neutron-source prepa-
ration, 324 . , . ... . - .
detectors, four—mput mlxer 235

i " radioelectric cell, 222-230.. .. .
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Gamma radiation, detectors, rotating
source, 235-236
underwater type, 238-239
wall-mounted type, 236-238
in neutron reactions, 314
from neutron sources, 328-329
personnel tolerance for, 335-336
from polonium, 11, 13-14, 15
Gavage, in animals, 98 .
in tissue, distribution of polonium,
104-108
Gestation in polonium-injected rats, 113

H

Half life, decay-constant relation, 147
effects in calorimeters, 290
factor in assay of polonium, 182
factors, radium and polonium, in
neutron production, 317
of polonium, 8-11, 147
by alpha counting, 8-9
biological, in humans, 114
calorimetric value for, 9-11, 273,
291
Hall effect in polonium, 26
Health physics, contamination, removal
of, 341
counting procedures, 347 350
laboratory~design influences, 337
personnel monitoring, 186-187, 341-
342
personnel protection, 335
procedures in radioactive spills
340-341
traffic in areas containing radio-
_activity, 339

‘Hematocrit, effect of polonium on, 112

Hematological effects of polonium in-
animals, 98, 110—112
Hemoglobin, polomum concentration 1n
108-109 :
polonium effects on, 111-112 )
Histopathological effects in animals,
98, 110-112
Hoods for personnel protection, 186-
187, 387
Hydrazine, for separating tellurium and
polonium, 134, 137
as tellurium process reducing agent
178 . .
Hydrolysis, of polonium bromide 44
of polonium chloride, 39
_in waste-disposal process, 311

s

387 : i

Impurities, in bismuth for irradiation,
149-150 .
in bismuth jackets for irradiation, -
151, 156-157
in jrradiated bismuth slugs, assay
effects, 153-154
in polonium foils, producing neutrons,
186
in polonium-silica residues, 132
silver, in polonium separation, 135
Indium foils for neutron counting, 328
Induction heater, low power, for gen-
eral use, 259
for neutron-source preparation, 324
Insoluble residues, assay methods for,
122
recovery of polonium from, 132 133
Instrumentation, 212 :
Intravenous injection, histopathological
and hematological effects of, 110-
112
multiple doses, 98
of polonium into animals, 97
single doses, 98
Ionization chamber, for bismuth- slug
assay, 214-215
for depletion of electrolysis solution
measurements, 215-216
hemispherical type, for alpha-particle :
assay, 213-214
Isotopes of polonium, artificxally pro- " ’
duced, 7-8
naturally occurring, 7

K

~

K X rays from polonium, 14 15

Kidney, polonium effects upon, 100
106, 107, 110-111

Kiln process for polonium puriﬁcation,
4-5 ’

L

L X rays from polonium, 14-15
Laundry, facilities for Health Physics
functions, 339

monitoring of clothing, 345-346
Lauritsen electroscope, in assay of ir-

- radiated bismuth, 154

in beta assay of lead dioxide, 121
LDq,, 20 day, for animals, 98, 101




Lead carbonate; as precxpitant in polo-
nium process, 123

Lead chloride conversxon to lead ni-
‘trate, 124-126 :

Lead dioxide, ‘analysis of; 118

‘dissolution of, 122-124"
from’ pitchblende (diaéram), 117
‘polonium solutions, filtration of,
. 123-124
,as polomum source, 116
. radioactive assayof, 118-119
Lead nitrate, by conversion of Iead
chlor1de, in polonium process,
124-126 . . | e
from lead dmxxde, 122 123 Ll
polonium. removal from solutlons of,
126-127 ’
polomum separation from, 127-132
Lead polonide, properties of, 91
Leucocytes, polonium effects on;, 112
Liquid neutron sources,.321
Lithium in neutron sources, 321.
Liver, effects of polonium on, 100, 106,
107, 110-111
Lymphocytes effects of polonium on,
112

f

M

M X rays from polonium, 14-15

Magnesium in neutron sources,-321

Manganese in neutron counting, 326

Manganin-platinum bridge thermome- "
ter in calorimetry, 295 - .

-Metabolism of polonium, in animals,

101
in'humans, 114 .
Microbalance, quartz-fiber type (see
Quartz~-fiber microbalance) -

' Microfoil holder for purity. assay; 259-

262 o
Moderator, in.neutron counting; 230
"in néutron shielding; 3292331
in neutron therrna\liz‘ation,ﬂalO
Molecular spectrum of polonium, 30,
356-364, 367-381 '

SN

Neutron activation cross section of
1209 147-148 - : ol
bombardment of bismuth for produc-
ing polonium, 140, 142 . .~
counters; 230; 235; 324-326, " -

Nickel polonide, properties of, 91
Nuclear properties of polonium, 7

Oestrus cycle in polonium inJected A

‘Personnel,- Health Physlcs monitorlng, .

‘. )

Neutron, counting, 186, 326-328 .. - \

cross section by pile-‘osclllation" ,
method, 148° - . s { ,

emission, from neutron sources, 324
from plated foils, 181, 186. L

emissivity, of polonium tetrabro-- {

mide, 45
of polonium tetrachlorlde, 45
flux for polonium production, 148-149 * ‘T

. production of, 313-316-
‘ properties and reactlons summarxzed

{318 -

protons in produttion of - 313

shielding, 329-330

yield as & function of alpha energy,
314-315 :

tn

Neutron sources, and alpha sources

313
comparison of types, 326-328
containers for, 322 - ST
efficiency of, 322" - S
equipment for preparation of, 324-326
fission spectrum froin, 321
internal pressures in, 322
preparation of, 317-322 .
quantity of poloniim in, 331

" radiation from, 328-329

from radium and polonium, 317 -
sealing of containers for, 322-324

temperature. of, 328

transportation of, 330-331
uses of, 331 ’

. Nickel carbonyl for sealing neutron

sources, 322 '~f

Lo ‘111'

rats, 112-113

on

Optical spectrnm of polonium 2'7 29,

351-354

P
)

341-342 .o oy :
protection from. radiation, 186 187, : i
335, 336, 337, 339-340, 345-346 - T B

Physical properties of polonlumk 18-19
" Platinum polonide, propertiesof, 9f -
" Pocket dosimeter-(seé: Dosimetér) - ..’



'Polarog'rap};y,'electrodeposition of '

polonium- by, 249-252 - .

of polonium in acid solutions; 78-88

Polonium, ad'sorptmn on suspended

matter, 128- 129 . .| P

adsorpnon on titanium dioxxde. 131-
132 P

airborne, measurement of, 342-345

alpha phase of, 19-20

appear\'ance of, 18 . .

assay by calorimetry, 290-291

behaviér of, 19

beryllium neutron sources, 317- 318

beta phase of, 19-20

bismuth mixtures, volatility of, 193-
199

bismuth process, 166-176

bismuth ratio,’improvement in, 165-
166 ’

boiling point of, 24

boron neutron sources, 318-321 ‘

bromide, preparation and properties
of, 42-45 .

calories per curie of, 328

* chemical separation of, from ir-

radiated bismuth, 139

chlorides, preparation and reactions
of, 35-42 . -

colloidal effects of, 59

complex ions of, 60-61

decay, heat released by, 279

decomposition pétential of, 72-79

density of, 21, 33 .

diffusion in metals, 27 -

dioxide, preparation and propeﬂies .

of, 32-35 -
“.discovery of, 1-2
distillation from bismuth 192
electrochemical properties of, 70-90
-equations for growth of, in irradlated
bismuth, 141~ -144, 156
fluoride, preparation and properties
" of, 45-46 - ‘
growth, after irradiation ceases,

144-146
in neutron irradiated blsmuth
141-144 ° ., :

' maximum rate ln, 144
saturation in, 143
in RaD, 121-122 - .. . k
heat of vaporization, 24 '
1odide, preparation of, 45
ionic, pH ranges, 59 . . .
ionization of, 265-269 , .

Polomum ‘{onization potential of 27 ¢

from lead residues, 116 - .
melting point of, 22-23, 33
metal compounds, 89-93
mock-fission neutron sources, 321
for neutron productlon, 317
neutron sources, mxscella.neous
types, 321
oxides, preparatlon and properties
of, 33-35 .
permissible personnel exposure to,
335-336 .
plating controller, 252—259
polonides, 89-93
beryllium, 93
calcium, 93 K
lead, 91
nickel, 91
" platinum, 91
silver, 91-93
sodium, 93
zinc, 89-91
precipitation, by ammonium hydrox—
ide, 172-173
by bismuth-~lead. mtrate, 124, 126~
127
with bismuth, practicability of, 127
with hydrazine, 137
by hydrogen sulfide, 46, 134
with tellurium, 135, 175~178
predicted properties of, 33
process, neutron counters for, 230 .
process monitoring in preparatlon of,
345 )

. produced- by deuterons, 140

production, 141 v .
production’control‘factors, 146 . - -
production, neutron ﬂux effects, 148-. .

149. . )
purity of plated foils, 179 184. .
quality assay of, 184-186

° quantity assay. of, 182-184 oy

range of alpha particles from, 331-332 °

rate of growth in irradiated bismuth

144 -

recovery irom hydrochloric acid
133-134 -

redox potential of, 88-91 166 .

reduction, 128-129, 134

reduction and deposition, 166, 173-
175 ‘

removal, from contaminated matter,

341 ‘. :

from waste- solutions 297




f

Polonium resistiwty of, 24-26
sedimentation rates for, 57, .59
from selicious residues,.132-134
separation from tellurium, 178"
. silver process, 173-175
solubility of, 46-53
sulfide, 46
tellurium process, 175 176
thermal coefficient of expansion.of,
24

thickness of layer in neutron sources,
322 - i

toxicity, in animals, 101-104, 110-112
in vital organs of rats, 104-108

uranium, equilibrium ratio, 2-3

volatility of, 4, 33, 193-199

watts per curie of, 279 ' .

‘weighing, with microbalance, 239-250

X radiation from, 14, 15

yield from irradlated bismuth, 141~
144 BN )

Protons in neutron productlon 313—314
Purification of polonium, bismuth

process, 166-173

distillation process, 192

quality assay in, 184-186

quantity assay in, 182

silver process, 173-175

tellurium process, 175-178

Q

Quality assay of polonium, 184-186 -
Quantity assay of polonium, 182
Quartz-fiber drawing apparatus, 248-
250 I
Quartz-fiber microbalance,. construction
-of, 242-249
fiber drawing apparatus for 248-250
purity determination by, 185-186 '
- weighing polonium with, 239-250

R

Radiation, alpha, from polonium, 11-13
beta, from polonium, 8, 14

- calorimetric measurement of, 289
confinement of, 337
detectors, multiple input, 235
‘electromagnetic, from polonium, 13-

14 S

irom neutron sources, 328- 329
from polonium, 11-14, {5
permissible exposure to, 335-336 -

Radiation, personnel protectibn from,

335 - J
" tolerances, from neutron sources,
329

types measured by radioelectric
cells, 222-223
Radioactive waste (see Waste, radio-
active)-. :
Radioelectric cell, applicatlons of,
225-229
assay of polonium solutions with, 183
contact difference of potential of, 222
design of, 229-230
electrodes for, 222
filling gases for, 222
precision of, 229
radiometric assay by, 59~60
Radium in neutron-source preparation,
317
Radium bromide in neutron- -source
preparation, 317 .
Reduction and deposition, agltation
method, 166-167
bed method, 167
column method, 167
flotation method, 167
of polonium, 166, 173-175 *
in neutron sources, 317 )
Reduction of polonium, by bismuth,
127-129
by metallic arsenic, 129
by metallic silver,%129 .
recovery of polonium by, .130-131
" using stannous chioride, 135
Reproductive system disorders in polo-
nium injected rats, 112-113
Resistance-bridge calorimeter, 273
assembly of, 293-295 , .
theory of, 279 -

’

——l

Resistivity, electncal of polomum -

24-26 - -
thermal coefficient of, 26
Retention of polonium, in humans, 114
in rat tissue, 104-109 .
River surveys for environmental con-
tamination checks, 347

S
Sand filtersl maintenance of, 310

in radloactlve waste disposa,l 305—-
. 307

‘ Scavengmg of polomum agents in

waste disposal, 301-302 -,

()
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: Scavenging of polonium, by arsenic
o compounds, 129

by bismuth compounds, 127-129

by miscellaneous materials, 129-131
A Schematic diagrams, of alpha momtor,

213
bridge thermometer, 267
calorimeter bath control, 264
L coupling unit, polonium ionization
apparatus, 269
four-input gamma mixer, 232
ionization chambers, bismuth slug
= type, 215
electrolysis of solution type, 216
hemispherical type, 214
low-geometry alpha counter, 217, 219
low-power induction heater, 260
neutron monitor, 231
150-volt power supply, 258
plating control, 254, 255
pocket dosimeter, 227
polarograph, 251
quartz-fiber microbalance, 244
rotating-source gamma-counter, 237
two-input neutron mixer, 233
underwater electrometer, 240
vacuum-tube voltmeter, 257
wall-mounting gamma monitor, 234
Shielding, of alpha sources, 333-
of irradiated bismuth, 153 .
of neutrons, 329-330

Siliceous residues, composition of, 132

reagents for polonium recovery from,
132-133
recovery-of polonium from 132-134
" procedures for, 135-138
Silver, as impurity in bismuth for ir-
radiation,. 149-150, 154
- as polonium-lead nitrate reducing
agent, 129
pi'ocess polonium concentration,
v . 173-175
reduction-deposition of polonium,
173-175
& ~ separation of polonium, 175
.separation of polonium from, 135
‘*} . separation of polonium and, in
' tellurium process, 178
Silver polonide, properties of, 91
Sodium, compounds, in neutron sources,
321
polonide, properties of, 93
sulfide in waste-disposal process,
301

I

Solubility of polonium, 46-52
in acetic acid, 51
in citric acid, 51
in hydrochloric acid, 50
in hydrofluoric acid, 50
in nitric acid, 46-50
in oxalic acid, 51"
in perchloric acid, 50-51
in phosphoric acid, 50
in sodium hydroxide, 51-52
in sulfuric acid, 50
in tartaric acid, 51
in various reagents, 52
Spectrometer, crystal, for measuring
gamma radiation from neutron
sources, 328-329
Spectrum, fission, from neutron
sources, 321
of polonium, 351-365
molecular, 30-31
optical, 27-29
Spontaneous deposition of polonium, 1,
3, 71, 121-122, 129, 176, 179
Stannous chloride, process, for polo-
nium preparation, 172
in reduction of tellurium and polo-
nium, 135, 137

T

Tellurium, process, for polonium con-
centration, 134-138, 175-178
separat'ion of, from polonium, 178
Titanium dioxide, as polonium process-
* ing agent, 131 132 :
Toxicity of polomum acute, in a.mmals
101-104
chronic, in rats, 103-104
histopathological and hematological
effects of, 110-112
in rats and mice, 101
in vital organs of rats, 104 ,
Transmutation, of bismuth, 140 .
of polonium, 140-141 .

- Tumors, incidence of, in rats, 103-104 ~

v

U

Unbuffered solutions, dialysis of polo-
nium in; 56~57

Uranium-polonium equilibrium ratio,
2-3

Urea for denitration of dissolved bis-
muth slugs, 165

\




' 'Volatility, of polonium, 33

EXAEA :

. e

b ks et T . T L.

" Urine, allowable levels of ra.dxoactlwty

in, 336
, personnel monitoring by sampling of,
341-342 .

v .

Valence of polonium, 76-78 ‘
Vapor pressure, of bismuth,: 193-199
of polonium, 23, 193-199

KO

removal from electrodes, 4-5
separation of polonium and bis- °
- muth, 193-199
of polonium fluoride, 45
‘relative, of polonium-bismuth mxx—
) tures, 193-199
temperature effects, 194, 204

w

Waste, radioactive, chemical composi-
tion of, 298-300 -
coagulation and sedimentation of,
" 302-304
collection of, 300-301"
concentration of, 299-300
cost of operation in disposal of, 311-
312
‘disposal of, 297
effect of bacteria on, 304
éffluent of process, 298, 307
final treatment of, 304-305
gas formation in, 304, 308 B
" isotopes /in, 299-300

Waste, radioactlve, laboratory, treatment

of, 297-298,,300-301 . - .
lines, types of, 300-301
liquid, process for disposal-of, 300~
307 . . . #
particle size in, 300 R he
plant maintenance, for disposal of,
310-311
preliminary treatment of, -301-302, ~
reagents for disposal of, 301
reduction in volume of, 307-310
* sedimentation of, 302-304 .
sludge, 302-304 ’ =
.solid, process for dispoeal of, 307-
310
unit, functions of, 297-298
Wetting agents in polonium processmg,
v 126, 131

. w

<

X radiation from polonium, 14-15
X-ray diffraction, coefficient of thermal
expansion measurements 24 )
crystal structure of polonium by, p
20-21 - ,
phase transition temperature by, 19~
20 ' "
X-ray procedures. for determination of
polonium density, 21-22 °

[
“Z\ .

Zinc, as impurity in bismuth jacket, 157
polonide, properties of, '89-91
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