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Shortly after the inception 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- 
tr ict  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 Engineer District. 
The Monsanto Chemical Co. then undertook the task of solving, at i t s  
Dayton facility, some of the chemical 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 d e  Dayton Project, Dr. Malcolm M. Haring 
was named Laboratory Director and served in that position until his 
death in January 1952. 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 preliminary organization and personnel recruiting at 
the Company’s Central Research Department, a permanent installation 
on Nicholas Road in Dayton, Ohio. When Central Research activities 
b e b n  to expand to other temporary sites in Dayton during World W a r  
11, 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 
a t  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 servicg facilities 
were added until the site finally contained 20 buildings. It w a s  referred 
to as Unit III of Monsanto’s Central Research Department (Unit I1 was 
another government project, not related to atomic energy), and it was 
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used, in part, for research ,into the extraction and purification of polo- 
nium 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 after intensive decontamination opera- 
tions had been completed. 

Meanwhile the Corps of Engineers had rented Runnymede' Playhouse 
for  use by the project, and MonsFto tookpossession 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' 

'originally been constructyd by a wealthy family for  recreational uses. 
It 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 prpgram until Mound Laboratory was completed 
in 1949: By that time the basic structure had become so contaminated 

I with radioactivity that decontamination was impossible; tqerefore the 
building was completely* demolished, and the foundations were covered 
with 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 disposition. 

By late 1945 the Manhattan Engineer District reached the conclusion 
that the . research organization 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 containingan aboriginal Indian mound from 
which Mound Laboratory eventually took its name. In July 1946 Mon- 
santo was authorized to proceed with the design of the plant, then re- 
ferred to as Unit v. Monsanto engaged the firm of Giffels and Vallet 
of Detroit to perform design 'services, and the plant was built by the 
Maxon Construction Co., Dayton, Ohio, under a prime contract with d e  
Manhattan Engineer District. 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 time that Monsanto was authorized to proceed with the 
design and construction 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 
energy program passed to the United States Atomic Energy Commission' 
in January 1947: Mr. Kenneth A. Dunbar was appointed Manager of the 
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Dayton Area Office in April 1947, and he was succeeded in February 
! 1950 by Mr. Fred H:' Belcher. Dr. John H. Roberson became Area Man- 

. '1 

' ager in May 1952: 
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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 Pier re  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 i ts  radioactivity in the concen- 
tration process. They found it consistently in the bismuth-containing 
fractions and consequently suspected i ts  chemical similarity to bismuth. 4 

A pure end product was-not obtained by their method of preparation, but 
in their f irst  attempt they succeeded in obtaining a sample of polonium 
which was 400 times as active a s  uranium. Pure polonium is approxi- 
mately 6.5 x lo9 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- 
ration weighed about 2 mg and probably contained approximately 0.1 
mg of polonium. 

Polonium was not recognized with certainty a s  a new element for 7 
or 8 years after its discovery. Marckwald, who made valuable con- 
tributions, to the procedure for isolating polonium, at first doubtedkhe 
identity of his preparations with those of the Curies. He was impressed 
by its similarity to tellurium and suggested the name “radiotelluri- 

ride and also discovered that tellurium could be precipitated by r e -  
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.6 

after Hofmann, Gonder, and W01f17 had reported the results of their ex- 
periments on the repeated electrolysis of lead solutions obtained from 

I 

He separated it from bismuth by reduction with stannous chlo- Um.*93-5 

Recognition of polonium as  a new element became general about 1905, 
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pitchblende and aft-er the half-life measurements by Rutherford’ had 
proved that radiotellurium and polonium 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 hirected toward acquiring information on this type of radioactive- 
particle emitter. The preparation of neutron sources and alpha sources 
has constituted a major interest at these si tes,  and as a result of in- 
vestigations for improving source-preparation processes, a consider - 
able wealth of “by-product” information on the physical, nuclear, 
chemical, and biological properties of alpha emitters has been ac- 
cumulated. Polonium, which w a s  one of the radioisotopes investigated, ‘ 
is almost a unique alpha emitter in that: (1) it is relatieely 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 gives excellent specific-activity characteristics 
for research purposes a s  well a s  for commercial purposes; (5) it has 
a high relative volatility which assures ease in partial purification of 
the element by volatilization a s  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 (either small o r  large scale 
operations are practicable); and (7) it emits a sufficiently energetic 
alpha particle 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 production of radium. A mixture of 
active and inactive lead, known officially as “ r a d i ~ l e a d , ” ~  i s  precipi- 
tated as lead sulfate in the radium-refining process. Polonium i s  formed 
spontaneously a s  a result of the decay of radioactive lead (RaDZi0): 

The equilibrium ratio of uranium to polonium is 1.19 x 10”. Conse- 
quently pitchblende, 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 Hevesyg state that radiolead precipitated from uranium ores  might 
contain a s  much a s  2 mg of polonium,per ton. However, this relatively 
high content of polonium was not found by Fernelius.and Larsen,” who 
assayed numerous samples of radioactive lead dioxide from the Port  
Hope radium refinery in 1943. They reported that 6 tons of lead dioxide 
was available 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. Pr ior  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 (BaD 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 a r e  described, but the most successful method ac- 
cording to Dillon and Streeti5 started with radioactive lead dioxide. 
This was converted to lead chloride by treating it with concentrated 
hydrochloric acid: 

\ 

PbO, + 4HC1 4 PbC12 + C12 + 2H2O 

The lead chloride was washed until it  was  only slightly acid, and then it 
was added to a solution of 0.03N hydrochloric acid whic-h.was heated to 
boiling during the plating process. The polonium deposited spontaneously 
in 12 to 14 h r  on etched nickel plates which were suspended in the boiling 
acid solution. After the removal of the polonium, the lead chloride which 
precipitated on cooling was stored i n  earthenware crocks 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 decay 
of radium-D. In these operations the polonium was not removed from 
the nickel plates; these were dissolved directly in the alldy melts for the 
production of electrodes for spa rk  plugs. Dillon claimed to separate 15 

. to 20 jg of polonium from a 50-lb batch of lead chloride at’each “milking.” 
This yield of polonium i s  approximately 3.0 curies per ton of lead &ox- 
ide. (One curie of polonium i s  equivalent to 0.222473 mg.16) 

- 

4. PREPARATION OF POLONIUM.BY THE MONSANTO.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- 

L- 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 
1 
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radioactive lead residues from the Port  Hope radium refinery. The pro- ~ m 
duction schedule-at Port  Hope called for  30 curies of radium per month; 
hence this appeared to be an excellent potential source of polonium. 

The first shipment of approximately 3% 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 approxi- 
mately 40 curies. 

Three possible methods were investigated for the production of polo- 
nium from radioactive lead residues: (1) the lead chloride (Dillon) , 

process, (2) a dry. thermal volatilization method, and (3)  a wet chemical 
method. The last process is discussed in detail in Chap. 6. 

4.2 Lead Chloride Process.  The Dillon process appeared from the 
patent literature to be a workable method which could be put into im- 
mediate operation. After preliminary laboratory experiments indicated 
that the process was workable, operations on a comparatively small 
scale were undertaken at the Monsanto Chemical Co. plant at Monsanto, 
Ill., early in 1944. By Mar .  1, 1944, 3 tons'of( radioactive lead had been 
processed, and approximately 2.5 curies of polonium had been deposited 
on nickel and copper plates. This represented an estimated efficiencyt7 
of about 80 per cent in the removal of the polonium'from the lead dioxide. 

The plating of the polonium on copper and nickel s t r ips  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 aperoximately 1700 sq ft. Attempts to concentrate and col- 
lect the polonium from'the metal surfaces by distillation in a large 
quartz still were only partially successful, and because, by March 1944, 
other production processes had proved more promising, the lead chlo- 
ride project was abandoned. 

4.3 Kiln Process." The volatility of polonium was recognized by 
the early workers.' Hofmann, Gonder, and Wolfl' observed that the 
alpha activity could be removed from the electrodes by heating to bright 
red heat. Rutherford'' reported that the alpha and beta activities from 

I 

* radioactive lead could be separated by heating the active deposits on 
platinum foils to lOOO"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, I ,  

that polonium might be separated from lead dioxide by direct heating. 
Prelim'inary 'laboratory experiments indicated that the activity could be 
removed from lead dioxide by heating to 600 to 700°C in a s t ream of 
carbon dioxide. Two small stainless-steel kilns were built21 and tested. 
The first'was'anugitator type with a capacity of 3 to 8 lb, and the sec- 
ond was a rotary type with a capacity of about 15 lb. The latter was 
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built with dimensions 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 brass  
finger containing a Pyrex glass-wool filter. However, results were in- 
consistent, caused, in part, by the difficulties in screening out inactive 
dust particles 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 grossly 
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 irradiated-bismuth process. The 
first step in the procedure" was the treatment of the lead dioxfde with 
concentrated nitric acid and 27 per cent hydrogen peroxide to convert 
the lead dioxide to lead nitrate: 

$ 

PbOz + 2HN03 + HzOz - Pb(N03)2 + 0' + 2H20 

Pr ior  to filtration of the insoluble portion of the ore,  lead carbonate 
was added to  reduce the acidity to approximately pH 4.0.; This addition 
caused the precipitatidn of a number of undesirable elements, including 
iron and aluminum. The insoluble siliceous residue which was sepa- 
rated ,by filtration 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- 
t ra te  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 
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lead dioxide. The milking of the lead nitrate solutions did not proceed 
beyond the pilot-plant stage, although a total of 35'tons of lead dioxide 
was treated to prepare the nitrate solutions. - - 

4,5 Bismuth Process. The first irradiated bismuth was received 
from the Clinton reactor. The nuclear reactions are 

. .  
83Bi209 + - 8,Bi210(RaE) 81P0210 

The bismuth from the Clinton reactor contained from 0:032to 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 (Pozi0) by the Curies' 
in 1898. Six other, polonium isotopes, Po211 (AcC'), Poziz (ThC'), 
(RaC'), Pozi5 (AcA), Po216 (ThA), and Po218 (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. Po21' was identified by Marsden and Wilson2 as a result of their 
investigation of the branching in the decay of Bi2" (AcC). Pozi2 was 

, postulated by Marsden and Barratt3 to explain the branching in tho- 
rium-C, and its existence was verified by Barratt4 when he determined 
the range of the Po2l2 alpha particle. Hahn and Meitner's investigation5 
into the radioactive decay of radon directed Fajans6ST tolthe discovery 
of Po214. Pozi5 was described by Rutherford,* Geiger and Marsden,' and 
Geiger.'O Based on the investigation of Geiger and Marsden," Ruther- 
ford and Geigeri2 showed the existence of Po216. Rutherford'? postulated 
the existence of Po2" as one of the decay products of radon,'?nd B r y g  
and Kleemani4 measured the range of the alpha particle from this iso- 
tope; however, Rutherfordi5 attributed this alpha-range measuFement 

1 

- 
to  the [correct isotope. 1 \ \  

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 bismuth with high-energy particles or as a result of 
artificially produced decay chains. Poz1' was produced as a result of 
the alpha decay of Em2l', which occurs in the decay chain of artificially 
produced U220 ( see  reference 16) .  PoziT is the product of the alpha de- 
cay of Em221 (see reference 17). The neutron-deficient polonium iso- 
topes (Po2O0 to  Po2l0) have been produced by bombardment of bismuth 
and lead isotopes with high-energy deuterons and alpha particles. The 

, 

r 
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production of these,isotopes has been carried out by a group at  the 
'University of California Radiation Laboratory.'*-21 The neutron- 
deficient isotopes have been, observed to decay by alpha-particle emis- 
sion or  by orbital-electron capture, except for Pozo3 for which no alpha 

alpha emitters in general, although some (Po215, Pozi6, and Poz1*) have 
been reported to decay, to a small extent, by beta emission. The alpha- 
particle energies of the polonium isotopes range from 4.86 Mev for 
Pozo3 to 8.78 Mev for Poz1'; the half lives range from approximately 
3 x sec to approximately 100 years for Poz" and Pozo9, respec- 

- tively. A presentation of some of the nuclear properties (origin, half 
life, mode of decay, radiation, and radiation en&gy) of the polonium 
isotopes can be found in the Table of Isotopes, compiled by Hollander, 
Perlman, and Seaborg.22 

, 

, particle has been observed. The neutron-rich polonium isotopes a re  

2. HALF LIFE OF Po,21o 

2.1 General. The half life of Poz10 has bee; studied frequently since 
i ts  discovery by the Curies.' The half life has been reported to  be within 
the limits of 129 to 148 
value of 140 days reported by M. Curie.24 The values reported prior to 
1946, however, were obtained with minute samples of uncertain purity 
which greatly handicapped the attainment of a high degree of precision. 
Subsequent to 1946, four determinations of the half life of polonium 
were made; three measurements (using relatively large quantities of 
polonium) were made by calorimetric methods, and one measurement 
used counting techniques. 

with most of the values close to the 

2.2 Half Life by Counting. A half-life determination based on a 
counting technique was made by Curtisz5 at Mound Laboratory. The 
sample was prepared by deposition of approximately 0.5 mc of purified 
Poz1' onto a glass slide from a nitric acid solution. The sample was 
covered with m'ica weighing 0.92 mg/sq cm, with an additional cover 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 absorption. 

Eighty-one measurements of the counting rate were made, each  
m'easurement consisting of two or more separate counts totaling at 
least 5 x lo5 counts'. A small!background correction was applied to ac- 
count for  the increase of'background counts during the course of the 
experiment. The observed counting rate varied from approximately 
46,000 to  9000 counts/min. I 

.. 
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The half life was  determined by a least-squares best fit of the data. 
The half life of polonium, found by counting, was 138.374 f 0.032 days. 

2.3 Half Life by Calorimetric Methods. Beamer and EastonZ6 have 
reported a value of 138.3 days f 0.1 per cent for the half life of Pozi0. 
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.27 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 CoulterZ8 at the Dayton Project in 1944. 

Another recent determination of the half life was made by Ginnings 
and coworkers29 of the National Bureau of Standards; they obtained a 
value of 138.39 days f 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- 
t e r  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 a s  the ice melted. The volume change 
was determined by weighing the amount of mercury forced into the 
calorimeter to replace the volume lost a s  the ice melted. The calo- 
rimeter was calibrated i n  t e rms  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 
a s  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 
fi t t id with a ser ies  of Dewar flasks to reduce heat losses. 

The half life of Poz1' has also been measured by Eichelberger and 
coworkers3' of Mound Laboratory'using calorimeters of the Rutherford 
and'Robinson31 steady-state twin-bridge type developed at the Dayton 
Project and Mound .Laboratory. They found a value of 138.4005 f 0.0051 
days for the half life. This value was the grand mean result obtained 
from six ser ies  of measurements of five different samples using four 
different calorimeters. (A detailed discussion of the calorimeters used 
may be found in Chap. 10.) 

The calorimeters used for these measurements were immersed in a 
temperature-regulated water bath maintained to within 0.00I"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 within 

' (  1'F. The 'introduction of the sample into the calorimeter caused the 
internal temperature of the calorimeter to r i se  until the heat loss to 
the bath was equal to that supplied by the sample. 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- 
sistance, the sample was removed and a current was introduced into a 
calibrating heater, within the calorimeter, in an amount sufficient to 
cause nearly the same change of bridge resistance a s  did the sample. 

Table 2.1-Description of Samples  Used to Determine the Half Life  of PoZl0 

. 

I 

Sample Mount Initial watts Method of deposition 

1 P t  0.47891 f 0.00005 Electrodeposit ion 
2 P t  0.0165429 f 0.0000004 ~ Electrodeposit ion 
3 Pt 0.25586 f 0.00001 Volatilization 

, 4  Pt 0.28334 f 0.00002 Volatilization 
5 Inside hollow 1.14697 i 0.00004 Volatilization 

sphere 

The heater resistance was concurrently measured, 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 difference in the bridge 
unbalance between the sample and the heater. 

, A description of the five samples used for the determination of the 
8 half life is shown in Table 2.1. 
, A list of the half lives obtained from these samples and the calo- 

rimeters used ior each determination is given in Table 2.2. 
I 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.30 

, 

The effect of the.probable e r ro r s  was such that a s  long as experi- 
mental conditions were duplicated for  every power determination, the 
half life was more accurate than the power determinations and ap- I ' 

' 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 life 
was weighted in an inverse proportion to the square of its probable 
error .  This work resulted in a more precise determination of the half 
life of Po2l0 than any value previously reported. 

, 
I 

I. 
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Table 2.2-Values of the Half Life of Pozta 

Calorim- 
e t e r  

A 
B 
B "  
B 
C 

* D ,  

T i m e  covered 
by measure-  

Sample ments ,  days  

i 250 
3 6177 
4 357 
5 352 
2 153 
4 105 

No. of 
obser -  
vations 

19 
32 
32 
36 
20 
24 ' 

Half life, 
days  

138.391 
138.401 
138.408 
138.4059 
138.410 
138.314 

Probable 
error, 

days  

0.023 
0.012 
0.014 
0.0068 
0.024 
0.024 

Grand mean average  138.4005 f 0.0051 days  

t Only two measurements  w e r e  taken after the 284th day. 

3. RADIATION 

The types of radiation associated with the decay of Pozio a re  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  groups32 of less  than 
5.298 Mev energy, stimulated a search for the corresponding gamma 
r a y s  f r o m  the lead nucleus. Although it was later learned that the ob- 
served fine structure originated from other causes,33 the search for 
the corresponding gamma rays led to mLuch 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 Poz1? 
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 difference between these alphas i s  accounted for in the emission 
of the 0.8-Mev gamma radiation which is observed from Pozio. 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 particular interest to the early investi- I 

gators, although it was some time before it was realized thatAhe range' 
could not be determined uniquely because of the statistical fluctuation 
of the energy loss of the alpha particles as they passed throbgh 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 

' 

I *  

= 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 a i r  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 a s  the mean range, E, and is illustrated a s  curve A in 
Fig. 2.1. The extrapolated range, R, is obtained by extending the linear 
portion of the straggling curve to the abscissa, a s  shown by curve B in 
Fig. 2.1. 

II) 
W A 

L a 

0 

b 

5, 
L w m 

z 

W 
? 
t 
a" 

Fig. 2.1-Range of Po2'' 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 
o r  electronically, with a scintillator, the particles may not have suf- 
ficient energy near the end of their path to cause an observable event. 
An additional straggling of the range curve is caused by the energy loss 
of the alpha particles in escaping through the polonium film. Only 
atoms lying on the surface of the sample contribute to the true range 
measurement. 

(b) Energy of Po2i0Alpha Particles. Absolute measurement of the 
energy of the main group of Pozio alpha particles was made by Rosen- 
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blum and D u p ~ u y ~ ~  and by Lewis and B ~ w d e n . ~ ~  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 B r i g g ~ ~ ~  and Holloway 
and Li~ingston.~ '  Lewis and Bowden reported the value of the polonium 
alpha energy a s  5.2984 f 0.0021 MeV. Recently, De Benedetti and 
M i n t ~ n ~ ~  have observed a lower-energy group of alpha particles from 
PoZl0. 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 lo5 alphas of 5.298 Mev energy. 

The alpha-particle energies of Rosenblum and D u p o ~ y , ~ ~  Lewis and 
B~wden , '~  and B r i g g ~ ~ ~  were determined by a magnetic deflection meth- 
od. The lower-energy alphas found by De Benedetti and M i n t ~ n ~ ~  were 
measured in coincidence with the 0.8-Mev gammas by a pulse-height 
analyzer. 

(c) Range of PoZt0Alpha Particles. The range of the Pozi0 alpha 
particles is usually reported for standard conditions of temperature and 
pressure in air (15°C and 760 mm Hg pressure). Holloway and Living- 
ston3' report the mean range of the Pozi0 alphas a s  3.842 * 0.006 cm 
under standard conditions. They also report the extrapolated range a s  
3.870 f 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 Levin3$ in 1906. 

3.2 Electromagnetic Radiations Associated with Pozt0. (a) General. 
Three electromagnetic radiations associated with Po2'' 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 a re  the result of the 
daughter-lead nucleus being left in an excited state (0.8-Mev gammas), 
o r  a r e  due to ionization of the electronic shel1,by the passage of the 
alpha particles, o r  a r e  due to internal conversion of the 0.8-Mev gam- 
mas giving r ise  to characteristic X rays of lead. 

\ 

(b) Gamma Radiation. The occurrence of gamma rays associated 
with Pozi0 decay was subject to controveqsy until comparatively re -  
cently. In 1914 Russell and Chadwick4' 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 field. These apparent gammas were later suggested as*being 
protons from alpha-particle collisions with nuclei of the air. As. late 
as 1929, Curie and Joliotqi reported that no gamma rays were emitted 
by polonium, although L X rays were.observed from the silver support. 
Bothe and B e ~ k e r ~ ~  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 f 0.006 
Mev by Alburger and Friedlander" in 1951 andlas 0.804 f 0.005 Mev 

, by Pringle and coworkers44 in 1952. The intensity of this gamma radia- 
tion has been reported as 1.8 f,0.14 x 
coworkers,45 and as 1.6 f 0.2 x 
gamma radiation is the result'of the change of the residual lead nucleus 
from the first excited state to the ground state.43 Alpha particles of 
approximately the correct intensity and energy have been observed by 
De Benedetti and Mint01-i'~ to confirm the existence of this excited 

- 

, , 
t 2 

quantum/dis by Grace and 
quantum/dis by R i o ~ . ~ ~  This 

, 

* state. 
I .  

' (c) X Radiation. The energy of the 80-kev X rays has been reported 
as 77 f 2 kev by Pringle and  coworker^'^ and as 76 f 4 kev by Barber 
and Helm.4T The intensity of this radiation has been reported to be 
1.5 f 0.5 x 
0.5 x quantum/dis by R ~ O U . ~ ~  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 coworkersd5 re- 
port a soft beta)radiation of 1.2 f 0.3 x 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 f 1.7 per cent for this process. However, Pringle and coworkers44 
report that less  than 1 per cent of the 80-kev K X rays a r e  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 particles through the electronic configuration of the residual lead 
nucleus. The exact method of production 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 
C h a ~ q . ~ ~  However, the theory that these radiations were of nuclear 
origin! was discredited by  wade^^^ when he failed to  confirm the fine 
structure of the alpha radiation observed by Chang. 

* I  

quantum/dis by Grace and and as 1.6 f 

Another group of very soft (10-kev) X rays has been observed to be 
I associated with the decay of Pozi0. These were suggested by Joliot and 

Curied8 to  be L and M X radiation from polonium. They later reported 
the intensity of the L X radiation as 1.5 X 

erence 49). Recent reports have verified the existence of this radiation 
and have indicated that the L and M X radiation originates either by the 

'ionization of the residual lead nucleus by the escaping alpha particles 
o r  by internal conversion of the 0.8-Mev gammas. Rubinson and Bern- 
stein5' claim to  have proved the existence of lead L X rays having a 
yield of 2.93 f, 0.44 x quantum/dis, and they observed what they 
presumed to be M X rays from polonium sources. Rioud6 in 1952 re- 

, quantum/dis (see ref- 

' 

, 

' . ported the intensity of the lead L X rays as 2.2 f 0.5 x lo-' quantum/dis. - 
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4. SUMMARY 

3 The radiation -psociated with the decay of PO~?' is of three types, 
alpha, gam-ma, and X. The alpha radiatidn falls into two groups, the 
main group at 5.298 Mev energy and a weaker group of approximately 
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 77 and 
10 kev. Of these three radiations, only the alpha particles- originate 
with pol?nium. The 0.8-Mev gammas are the result of the decay of an. 

s 

' 

f excited state of the lead nucleus. The X rays result when vacancies in 

Table 2.3-Radiation Associated with Pozio Decay 

Type of Energy, Abundance, 
radiation Mev % Origin 

* C Y  5.298 i 0.002 - 100 a decay of P o  

- 4.5 - 0.001 d7 CY1 CY decay of Po to 
excited state Pbzo6 

1.8 + 0.14 x Decay of Pbzo6 
I 

* Y  0.804 f 0.005 
gamma/& s excited st'ate ' 

I X r ays  - 0.07 

0.804 - K and L Internal conversion , 

, X-ray binding of 0.8-Mev gammas . 
energy 

the residual lead electronic configuration are filled. These vacancies . , . . 
may be the result of either ionization by the escaping alpha particles , ' 
o r  by internal conversion of the 0.8-Mev gammas. Beta particles have 
been+reported which presumably arise from internal conversion of th 
0.8-Mev gammas. The existence of these particles has not been well 
substantiated. A detailed listing of the radiation associated with Pozi0 
is shown in Table 2 .3 .  

. '  .. 
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Chapter 3 

I 

because of the intense radioactivity of the element; in a-ddition, early 
workers were handicapped by the necessity of working with minute 
amounts of impure 'material. Consequently many of the physical con- 
stants reported in the literature a r e  the result of calculations based on 
'the known properties of neighboring elements in the periodic table. Di- 
rect  measurements of a considerable number of the physical properties 

, of polonium have been made at  the Dayton PFoject and at  Mound Labora- 
tory. These include the determination of density, melting point, vapor 
pressure,  heat of vaporization, studies of the optical spectrum and the 
,crystal structure of the element, and measurements of the electrical 

. resistivity and the Hall effect. The physical properties which have been 
dete,rmined a r e  related directly or indirectly to the prepar5tion of po- 
lonium; for example, studies of the vapor pressure have led to methods 

' of preparing high-purity samples of polonium by fractional volatiliza- 

The accurate measurement of the properties of polonium is difficult 

*. 

' 

? .  . I tion. 

.. 2. PHYSICAL CHARACTERISTICS OF POLONIUM ,, 

PHYSICAL PROPERTIES OF POLONIUM ' 
\ , 

By James M. Goode 

b 

1. INTRODUCTION 

\ '  
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2.2 PhysicaZ Behavior. Polonium volatilizes readily in a vacuum 

and deposits in the form of a bright shiny mirror  if the polonium’ is 
pure, although the deposit may be dull gray or  black if the polonium 
preparation is impuqe. This mirror  imparts, to quartz or glass, a blue- - %  I 

white ‘glow that may be easily seen in a darkenyd 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 I.D. tube o r  capillary. 
One curie is readily visible when distributed over 1 cm length of a 
10-mm I.D. tube. 

The action of high concentrations of polonium alpha particles on 
quartz or Pyrex  glass causes the quartz or  glass to “craze,” or form 
small  irregular cracks, on the surface exposed to the radiation. This 
crazing tends to weaken quartz o r  Pyrex containers; therefore caution 
must be exercised in handling old polonium ampoules. Crazing is not 
observed in small thin-walled X-ray capillaries made of either quartz 
or.Pyrex, although these capillaries may collapse under the bombard- 
ment of alpha particles and recoil‘atoms if the capillaries have been 
evacuated. The apparent anomaly in the difference in effects observed 
between thin-walled and thick-walled quartz o r  Pyrex glass under bom- 
bardment of alpha particles is not understood. 

- 

\ 

I 
, 

‘ 

I 

3. PHYSICAL CONSTANTS OF POLONIUM 

3.1 AZZotropy and Transition Temperature. The allotropy of polo- 
nium was first  observed by Maxwell’ a s  a result of an abrupt change in ’ 
the electrical resistivity near 100°C. This abrupt change was inter- 
preted as the transformation of polonium from a low-temperature (or 
alpha) phase tb a high-temperature (or beta) phase. Maxwell observed I 
that the two phases coexisted for long periods of time over a wide range 
of temperature.. The posqibility that the hysteresis of the two phases 
over a wite temperature range was the result of a slow reaction rate -. 
was investigated and discarded because no indication of a r,everse (beta- 
to-alpha) transitioq was observed when a sample was held 15°C below ’, 

the beginning of the alpha-to-beta transition for 4 hr. 
The temperature range of the transition was estimated by Maxwell to . 

be between 65 and 130°C. He observed that the transition temperature’ I 

range was  a function of the thickness of the polonium film; the thicker . 
the film the lower the transition temperature range. .A temperature , 
range. of 100 ,to 13O”C‘was obtained for a sample estimated to’be 350 - 

atoms thick, and.a- sample 10,000 atoms thick displayed a temperature- 

. 
8 

J 

\ 

range of 65 to 85°C. , .. s ,  

I Tlie temper’ature of this phase transition was investigated by &ode3 
with a single sample using X-ray diffraction-procedures. The sample 
was isolated in an-inert atmosphere (helium) and mounted on a gold- 
plated thin brass  plate. Temperature measurements were made with a 

+- 
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hermocouple which was soft-soldered to the brass  plate a t  a posit 
oppos,ite, the polonium., The sample consisted of 114 g of poloniiim 
purified by fractional volatilization immediately%bef 
and it was, uniformly distributed over a 5/,,-in.-dia er circle. The l 

the experiment, 
1 

5 
' 

'- sample. was deposited on the-brass plate by distillation from a'quartz 
ampoule., The ampoule; with one end removed, was pla 

-can andthesed by an induction heater until the poloniu -- onto the brass plate. The thickness of the deposited s 

: , samples used by Maxwell. The .ph'enomena observed were estimated to 
have-taken place within a volume restricted to a depth of 50 x 10T5 cm 
because of the lack of penetration of the X rays. ,The phase change was 

in a tantalum . 
I 

, 
, 

; proximately 300 x cm, as compared to 1 to 25 x 

, 

. observed by recording the intensity of the strongest di,ffraction lines of ,, ' . 
a phase as the sample was heated or  cooled. For this 
sition of the high- to low-temper 
he reverse transition began at  1 5°C. The transi- I ' 

<phase began at ' ' 

on was rapid a t  temperatures well beyond those limits'but quite slow, 
although apparently continuing, at  temperatures near the start ,  of4the ' - 7  

* #  

1, 

3.2\ Crystal Structure. The existence of the two phases of polonium 

. alpha) phase as e simple cubic structure; OA-, and the high-temperature 

1 

suggested by Maxwell2 was confirmed by Beamer and Maxwe114s5 by 
X-ray diffraction studies. They reported the low-temperature (or ,  

(or-beta) phase a s  a simple rhombohedral structure, Did. The lattice 
parameter, unit-cell edge a,; was 3.345 f 0.002 A for the simple cubic 

- structure (alpha phase),, and the' parameters of the rhombohedral struc- 
were a, = 3.359 f 0.002 A, and (Y (interaxial angle) = 

. 
,- 

'.& 
' .  

h - The samples for these experiments were prepared by successive , 
tillation of 30 to 100 pg'of polonium into 'a lithiaborosilicate 
ing #Poi') capillary, 0.3 to 0.4 mm in diameter with a 20-p 
ss. Samples prepared in this way yield excellent powder 

Y !  X-ray diffraction photographs: I 

beta crystal-structu7e studies of Beamer' and Max 
ased on powder diffraction photographs, Single-crystal 

diffraction patterns of the material were not obtained because the in- 
of polonium, both from alpha particles and from nuclear - 

recoils, was sufficient to destroy any single crystal of usable size that 
was formed. 

t 

7 
ucture of polonium was first  studied by Rollier and 

ectron diffraction of a film approximhely 100 A thick. 
xwel14 showed that the pattern that Rollier .and cowork- 
s due to a mixture of the alpha and deta phases of -., 

, I  - - 
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'&  . - A 6ecent reevaluation of polonium X-ray data from Mound'Labora- . 

- p well;-however, the crystal lattice parameters were obtained with ~ I 

tory' verifies ,the crystal structure determined. by Beamer and Mkx-  

. greater precision. The lattice parameter for the-alpha phaselwas a. = . - 
'3.359 f'0.002, .A, and the lattice parameters for the beta phase were , 

a,, =-3.366 f 0.0022A'yd CY = 98"5' f 2'. The bkta phase may also be ip- 
dexed in the hexagonal system crystal notation as ao*= 5:084 f 0.003 

. G 

\ 

I .  . -  

A and co = 4.943 f 0.003 A. The above values are given for a tempera- 
ture of 39 i 15°C. These v i b e s  were obtained by combining several 
se t s  of data from differentisamples and patterns. The most accurate 
values for the beta phase ,were calculated by the method of least 
squares .a I 

polonium was  first measured by Maxwell2 in 1946. He found the density 
of polonium to'be 9.4 2 0.5 g/cu cm. The measurement was made by 
centrifugally casting an "ingot" of polonium into a precalibrated capil-_ 
lary tube having a square end. The mass of the poloniumwas deter- 
mined by calorimetric measurement of the heat evolved4n the*decay of 
the sample by a method similar to that used by Beamer and Easton' to.  
determine the half life of polonium. The weight of-the sample was 
calculated'to*be 1201 f 6 pg. The length of the ingot was measured 
after the sample cooled overnight in an oil bath,a<-50°C. The length 
of the,ingot was approxihately 2.44 mm over a bath-temperature range 
of 0 to 142°C. Maxwell was unable to detect the allot;.opic transforma- 
tion that oycurs in  F a t  temperature range. The densit 
g/cu cm measured by, Maxwell would apply equally we 
low- or high-temperature phase.. 

polonium was measured by Brody" at  
Four determjnations of the de.nsity we 

tionst were consistent except that,the 1; 
onal'volatilization for the last three experiments. 

experiments were performed with polonium yhicli had been volatili 
into a capillari  tube. (The capillary tube was$calibrated by successive ~ . 
additions of mercury wherein the length of the mercury thread'as well 
a s  the,additional weight of the tube were measured.) The capillary tube,' 
at a helium pressure 'of approximately 100 mm Hg, was mounted in a - 5 , '  ~ 

special furnace and heated to 400°C. The furnace was then mounted in a 
' centrifuge: and rotated a t  2000 rpm for 20 min to drive the polonium into. 

the end oflthe calibrated capillary tube whereithe polonium solidifi 
. The tube was allow-ed to finish cooling, and the<length of the polo 
thread was measured with a traveling microscope at room temperature 

\ (approximately 25°C). The length of the thread could be measured by 

3.3 Density. ,The nsity of a comparatively massive. sample of 
-. 

, 

~ 

I- ' 

' * this means to within 0.1 per cent of its over-all length of approximately 
5 mm. Although th-e measurement of the thread was carried out at room 

, * 
- 
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. *  ' temperature, the temperatuie of the polonium was approximately >50"C 
above room temperature. This temperature differential was estimated 
from an observation that a like quantity of polonium had melted a t  a . 
furnace temperature of 200"C,' although the melting point of poloniumg 
had been established a s  approximately 250°C (see reference 2). After 
the length of the polonium thread had been measured, the quantity of 
polonium was determined by calorimetric measurement of the heat 
evolved in the polonium decay. 

f i rs t  experiment was 8.69 f 0.19 g/cu cm. This sample had not had 
high-volatiljty impurities removed. The densities for the polonium 

. 

-- The density of the polonium, at  25°C room temperature, used in the 

used in the rest  of the measurements were 9.34 f 0.14, 9.34 f 0.21, and 
9.20 f 0.17 g/cu cm. These samples had both high- and low-volatility 
impurities removed by fractional volatilization. In view of the tempera- 
ture under which these densities were measur,ed, i.e., approximately 
75"C, these densities refer to the high-temperature (or beta) phase of ' 
polonium since the phase change of alpha to beta polonium is essentially 

The density of-polonium can be computed also from X-ray data from 
1 . 'complete a t  75°C (see reference 3).- 

knowledge of the volume of theunit  cell-and the numberof atoms that 
occupy the unit cell. Clark" defines the unit cell as ". . . the smallest 
possible subdivision,which has the properties of the visible macro- 
crystal and which, by the repetition or translation-of itself in all direc- 
tions, builds the crystal." On this basis the density of the alpha phase 
is'9.196 f 0.006 g/cu cm. The X-ray density of the beta phase is 
9.398 f 0.006 g/cu cm (see reference 7), which is in agreement with 
the values found by Maxwell an9 Brody:';The X-ray density represents I 

the density of a perfect' material having no distortions or  vacancies-in 
any of the atomic positions; it is the upper limit for any measured 
density. The deviation of the measured density from the X-ray density 
'may indicate the degree of imperfection of the material, the lack of 
purity of the material, o r  any combination of both. 

Gmelin" as approximately 1800OC. This value represents estimates 
,and predictions but is not based on experimental evidence. Mende16evi3 
predicted the melting point of the material to be low but was no more 
specific. 

wasmade by Maxwell,' who reported the melting point as 246 to 254°C. 
" - A lower value of 237:C was also reported for one everiment .  These 

-values were obtained from observations on the change of slope of the 
resistivity curve and by direct visual observation. 

' 

~ 

, 

.3.4 - Melting Point. The melting poiht of polonium is listed by 

\ 

The first experimental determination of. the melting point of polonium 

~ 

Determination of the melting point was also made a t  the Dayton Proj- 
$ ect and Mound Laboratory. Davisi4 reported a value of 262 f 5°C for the 

* - .  I -  
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melting point 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 melting-point determination was made by Joyl5 by micro- 
scopic observation of a thin layer of polonium metal in a'thin-walled 
quartz'capillary mounted on a Kofler hot stage. Melting was observed 
to take place a t  252 f 2°C. 

by Brooks" in the temperature range ?f 438 to 745°C. The vapor pres-  
sure  was measured with a quartz "sickle gauge" and mercury manome- 
ter.  The polonium was contained within the body of the sickle gauge 
which was used as a measuring device for small pressures  and pres-  
sure  differences. A mercury manometer was used to measure the 
pressure of a balancing gas. An elaborate furnace system ensured 
proper temperature distribution; therefore the sample temperature was 
the lowest of the system. The polonium sample was very carefully 
purified before the experiment. The quartz.sickle gauge was thor- 
oughly outgassed before introduction of the sample. I 

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 balancing pressure of 
a i r  was admitted around the sickle gauge. The pressure of this balanc- 
ing gas was measured with a mercury manometer which was read with e 

a cathetometer. The sickle gauge was returned to approximately null 
position with the balancing pressure,  and a correction was made ,to the 
manometer reading to correct for the deviation of the sickle gauge from 
the null position. The sickle P u g e  was calibrated for slight deviations 

,from the null position. The vapor pressure was measured a t  10 tem- I 

peratures between 438 and 745°C during the first 2 days of the eweri- 
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. 

The relation between vapor pressure and temperature was calculated 
by the least-squares method for a best fit to a linear curve of log P vk. 
1/T. The pressure was measured to *O.l mm. Individual measure- 
ments were weighted in proportion to the square of the pressure.  .The 
relation between vapor pressure and temperature was found to be 

\ 

3.5 Vapor Pressure. The vapor pressure of polonium was measured 

The vapor pressure was determined by measuring the temperature 

I 
i I  
, 
, 

I 

* +  + 7.2345 f 0.0068 
-5377.8 * 6.7 

T log P = 
4 

where T is the temperature in "K and P is the pressure in millimeters 
of mercury . 
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3.6 Boiling Point. From the equation of vapor pressure vs. tem- 
perature, the extrapolated boiling point is 962~04 ~'1.93"C. 

\ 

3.7 Heat of Vaporization. From the vapor pressure vs. temperature 
relation, the latent heat of vaporization is 24,597 f 31 calories/mole. 

3.8 Coefficient of Thermal Expansion. The coefficient of thermal 
expansion of alpha polonium was measured by Brocklehurst and Vas- 
samilletiP a t  the Dayton Project. They measured the coefficient of ex- 
pansion by observing 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 window 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 f 1.5 x lo4  cm/cm/deg. 

resulted in three values of the linear coefficient of thermal expansion 
of alpha polonium. An average of the three values obtained by weight- 
ing inversely as the square of the probable e r ro r  is 23.5 + 2 x lo4 
cm/cm/deg over the temperature range of -196 to +30°C. These values 
of the coefficient of thermal expansion were obtained by observing the 
unit-cell length a t  room temperature and at the temperature of boiling 
liquid nitrogen. The temperature of boiling liquid nitrogen was attained 
by spraying the sample capillary with a fine spray of, 1' uid nitrogen, 
thus keeping the sample at the boiling point of liquid nitrogen. An in- 
ternal standard of a gold wire was used to determine the temperature 
of the sample at'room temperature since the temperature of the sample 
wddd have been an unknown amount higher than its surroundings (in 
air) owing to the heat released in the  decay of the polonium. 

An earlier report on the coefficient of linear expansion of polonium 
was made by Beamer and Ihaxwel15 as an incidental observation'in con- 
nection with their X-ray work. They reported a value of 50 f 25 x lo4 
cm/cm/deg for the coefficient of linear expansion of beta polonium. An 
anomalous value for the coefficient of linear expansion of alpha polo- 
nium, reported by Beamer and Maxwell, can be shown to have been due 
to another effect.l8 / 

was f i rs t  measured by Mahel12 and by Maxwell and Beamer,' who ob- 
served the voltage drop across  a thin film of polonium mounted between 
30-mil tungsten electrodes which were sealed through the end of a . 
Pyrex-glass electrode holder. The film of polonium was vaporized onto 

Later work by &odei8 a t  Mound Laboratory, using a similar method, 

P 

3.9 Electrical Resistivity. The electrical resistivity of polonium 

I 
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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 
approFmately 10 by 1% mm which contained the tungsten electrodes, to 
ensure accurate deposition of the polonium film. 

The polonium used for the resistivity measurements was f i rs t  puri- 
fied by electrodeposition (from a dilute nitric acid solution) onto a 
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 polonium film a s  a function of temperature. 

The quantity of polonium used in the experiment, between 15 and 400 
pg, 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 t races  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 e r ro r  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 obtained 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 f 10 pohm-cm. For the 
beta (or high-temperature) form of polonium, the average of five values 
at 0°C was 44 f 10 pohm-cm. 
A value of the electrical resistivity of polonium was obtained as an 

incidental measurement by Manring and Wehmeyer'' of Mound Labora- 
tory.  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 9,5.5 whm- 
cm for the: electrical resistivity of polonium. 

The electrical resistivity was measured by Manrin8' a t  Mound Labo- 
ratory in 1949. The resistivity-was measured by observing the change 
in Q of a tuned circuit as6a ring-type sample of polonium was intro- 
duced into the primary driver-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 calibrated with 

- 

5 

~ 

. 
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I tantalum rings whose resistance pe r  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 , 

c 
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' brass cohar.  Obseriations were then made as the polonium ring con- % ' 1  1. ' brass cohar.  Obseriations were then made as the polonium ring con- 

' tained in the quartz tubetwas inserted in the primary coil. When a dis- 
continuous polonium ring was formed, no change in Q could be observed 
when it was inserted into the coil, thus showing that conduction in thy 
quartz o r  conduction by ion currents was not measurable. The ring hav- 
i n i  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 f 10 pohm-cm at 20°C. 

3.10 'Thermal Coefficient of Electrical Resistivity. ' The thermal co- 
efficient of electrical resistivity was determined by Maxwell2 and by 
ManringZ1 in connection with their resistivity measurements by ob- 
servation of the, resistivity as a function of temperature. Maxwell found 
the thermal coefficient (average of five values) to be 0.0046 ohm/ohm/C 
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 
+68OC) to be 0.00421 ohm/ohm/"C. 

' 3.11 Hall  Effect. If a current, ix, i spassed  through a sheet of metal 
in the X direction, and a magnetic field, HZ, is applied along the Z axis, 
a voltage will appear along the Y direction of the metal. The production 
of this voltage and its magnitude is the Hall effect. From a determina- 
tion of the Hall effect, information is obtained concerning the number, 
type, and mobility of the  charge carriers in the metaf. The Hall effect 
in polonium was studied by Manring and Wehmeyer2' a t  Mound Labora- 
tory'in 1950. 

~ 
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The sample mount consisted of a quartz plate 2 'cm long and 0.4 cm 
wide, with printed platinum sfrips for current electrodes a t  each end 
andt with point-printed platinum contacts equidistant between the ends 
along the edges of the sample mount for the Hall voltage contacts. Po- 
1,onium was distilled onto the plate from platinum foils in an induction-' 
heated nickel boat. The sample consisted of 2.431 x lo-' g of polonium. 

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 equipotential line, the increase 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 limit of 0.03 mv 
for the Hall voltage. On the basis of this upper limit for the Hall volt- 
age, the minimum number of current carriers was determined to be 
3 x 1ozi3 carriers/cu cm. Since there are 3 x loz2 polonium atoms per  
cubic centimeter, this indicates that there is at least'one current car- 
rier for IO polonium' atoms. 

' I 

. 

The attempt to detect thet Hall voltage was not s,uccessful.' An increase 
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4. DIFFUSION OF POLONIUM INTO METALS 

- The diffusion of polonium into metals has long been subject to quali- I 

tative study. The first quantitative data were published by Hevesy and 
ObrushevaZ2 in connection with the self-diffusion of lead. They meas- 
ured 'a  value of 1.5 x lo-'' sq  cm/sec for the diffusion constant of po- 
Ionium into lead at 310°C. Later JedrzejowskiZ3 measured a value of 
2.4 x sq cm/sec for the diffusion constant of polonium into plati- 
num at approximately 900°C. 

The$diffusion of polonium into metals was studied by Foster and 
EylesZ4 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 a t  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 e r ro r  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 10"ssq cm/sec at 20°C and 5 x lo-" sq cm/sec at 500°C. 
The diffusion qonstant for stainless steel was approximately 1 x lo-'' 
sq cm/sec at 300°C and 5 x lo-" sq cm/sec at 750°C. The diffusion 

and 5 x 

' 

$. ' 
I 
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Y constant for  bismuth was approximately 5 x lo-" sq cm/sec at 150°C 
sq  cm/sec at 200°C. 

5. OPTICAL SPECTRUM OF POLONIUM 

The investigation of1 the optical spectrum of polonium was b e d n  in 
1910 by M. Curie and Debie~-ne.'~ They concentrated the polonium from 
several tons of uranium ores  and obtained approximately 0.1 mg of PO-' 

' residue were tentatively 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 
a t  4170.5 ,A has been confirmed a8 one of the persistent lines of polo-' 
nium; the others have not been observed.EB Another spark line was ob- 
served by Czapek" at 2450.0 A. Karlik and PetterssonZ8 used a gaseous 
discharge, with hydrogen, helium, and neon acting as carr iers ,  to find 

+ 
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I lonium in a 2-mg residue. Four lines from the spark spectrum of the 
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2406.61 
2426.45 
2439.39 , 
2450.09 Strong 
2477.32 

28 

2725.34 
2737.50 
2761.91 
2800.28 
2823.73 

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 helium and hydrogen, respectively, and there- 
fore were considered likely to be due to impurities. 

The emission spectrum of polonium was inGestigated by StanGorth, 
Beasecker, and Economided9 at the Dayton Project. Thirty-three lines 
assigned to polonium were observed. The spectrum was obtained by 

' 

2546.71 
2558.11 Strong 
2598.28 
2599.55 
2602.07' 

.. . 

t - 

3003.25 Strong 
3004.09 
3008.19 
3015.40 
3026.341 

3 045.69 
3054.73 
3205.67 

I .  Table 3.1- Wavelengths of Polonium Lines Observed by Staniforth, 
Beasecker, and Economides 

I Wavelength, Wavelength, 
A Comment A Comment 

2483.96 
2490.4 
2520.28 
2538.32 
2546.48 

2 849.1 8 ' 
2936.59 
2972.92 
2989.70 ' 
2 994.79 

I 



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, o r  400, Mc/sec) generator (Chap. 9, Sec. 
4.8) were wrapped around a sealed quartz ampoule of polonium plus 
carrier'gas, o r  polonium alone. .If the ampoule was heated to apprord- 
mately 4OO0C, a car r ie r  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 I. 

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 s tar t  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  0 I, 
S I, Se I,,and Te I. The proposed energy levels of Po I derived from the 
analysis are presented in Appendix B. The levels from 6p3 (4;) np are 
regarded a s  tentative. Because of the expected overlap of levelstfrom 
6d with those from 78, it has not been possible to assign configurations 
to odd levels except for those arising from 6p3 (4:) ns. 

The ionization potential of Po I has been estimated from the energy. 
levels by making certain assumptions about the identities of levels 7; 
and 8!. These 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 6p4 'Pi. The result is 

= 67,980 cm-', corresponding to an ionization potential of 8.43 volts for  
the neutral polonium atom. 

c 
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' 6. MOLECULAR SPECTRUM OF POLONIUM 

By George W. Charles" 

There has been no reference to the molecular spectrum of polo- 
nium in the literature. Early in the study of the polonium spectrum at 
Mound Laboratory, a molecular spectrum was observed. When a prob- 
lem of the assay of,mi&ures of Pozo8 and Pozos arose in 1951, the prob- 
lem of the molecular spectrumh was reexamined. A systematic study 
w a s  made of the discharge conditions under which bands were obtained. 
As  a result of these studies)and of the isotope assay problem, numerous 
spectrograms became available with well-developed bands of Po:'o and 
of mixtures of Pogo8 and Pozo8 Pozos. 

The spectra were excited by radio-frequency oscillations. Good re -  
sults were obtained at  frequencies of 10 and 30 Mc/sec. In most cases 
polonium alone was used in the discharge tube. The tubes were heated 
to about 400 to 500°C. It was observed that the molecular spectrum was 
well developed when the discharge had a deep blue color, whereas the 
line spectrum 3predominated when the discharge was purple. Spectro- 
grams were measured with a Bausch & Lomb Spectrum Measuring 
Magnifier. ' Wavelengths were calculated by linear interpolation and 

' corrected by using known wavelengths of lines of polonium and of im- 
purities. It is estimated that the measurements a r e  accurate to &0.3 A, 
corresponding to *2K a t  the' short-wavelength end of the spectrum and 
to A K  at the long-wavelength end. The heads a r e  very numerous and 
a r e  degraded to the red. The principal heads a r e  listed in Appendix C, 
which shows intensity (visual estimate), wavelength, and' frequency. ' 

I 1 I Heads belonging to the same transition in the different isotopes a r e  
listed on the same line. 

' 

' 

' 

' 
\ 

Most of these bands have been put in an array>which is well repre- 
* sented by the equation 

+ 0.36 (v" + 1/)' (3.1) 

I 

* 

\ The'energy levels of the lower state a r e  listed in Appendix D, and 
those of the upper state a r e  listed in Appendix E. Appendix F l ists  cal- 
culated and observed isotope shifts for  some of the hands. The excel- 
lent agreement between observed and calculated isotope shifts lends 

1 support to the identification of the emitter as a diatomic molecule of 
polonium and to the correctness of the array and the constants deter- 

' 

3 

, ,  

mined from it.. There is still the possibility (although remote) that the 
emitter is a diatomic molecule of ionized polonium. This question could 
be settled by a rotational analysis. The dissociation potential of the 
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molecule 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 dissociated into two atoms in the 
ground state ‘P;. 6 

3, 
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Chapter 4 

CHEMICAL PROPERTIES OF POLONIUM ~ 

By Harvey V. Moyer 

1. INTRODUCTION, PREDICTED PROPERTIES 

MendelCev’ predicted the existence of polonium about 10 years  before 
its discovery. He named it “divi-tellurium” (Dt), and, f rom i t s  position 
in Group VI in the periodic table, he characterized it a s  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, DtQ. If the hydride 
should form, it  would be less stable than H,Te. It should be m o r e  me- 
tallic than tellurium but less so than bismuth. 

properties except that it is considerably more volatile than predicted 
by Mendeleev. Its chemical properties’were predicted with fair‘ accu- 
racy. An unstable hydride of polonium has been reportkd by Paneth and 
Johanssen, and others, but the predicted unstable oxide, PoQ,  has not 
been observed. The existence of the hydride of polonium has not been 
demonstrated at Mound Laboratory. 

The predicted physical properties agree fairly wel l  with the observed 

2. POLONIUM OXIDE 

Polonium dioxide, .PoOZ, 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 Po@. 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 
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Fig. 4.1 -Apparatus for preparing polonium dioxide. 

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 300OC. Changes in the 

' pressure of oxygen were observed after heating the samples from 1 to 
6*hr,  and the heating procedure was repeated until the pressure, of 
oxygen became constant. Results of three determinations are sum- 
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marized in Table 4.1. The quantity of polonium was determined calo- 
rimetrically. r 

, X-ray diffraction analyses were made on two preparations of polo- 
niGm 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 tetragona! 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 0, pmoles of Po I .  

Conditions consumed combined Ratio O/Po 

Heated a total of 7.5 10.7 11.28 1.90 

Heated a total of 3 4.6 4.496 2.04 

Heated a total of 9 9.4 9.335 2.02 

h r  at 200 to 250°C 

h r  at 400 to 432°C 

h r  at 300 to 310°C 

with the lattice parameter a,, = 5.59. The cubic form has a theoretical 
density of 9.18 g/cu cm, and the radius of the Po4 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. N o  evidence was found to indicate the formation of 
polonium trioxide. Under the conditions of the experiments no polonium 
monoxide was formed. 

r 

' 3. POLONIUM CHLORIDES 
' I  

'Two chlorides of polonium have been prepared and characterized by 
Preliminary work was  done by LaChapelle and coworkers! Two 

methods of preparing the chlorides of polonium were attempted in the 
preliminary work (1) polonium dioxide was treated with carbon tetra- 
chloride vapor as described by Dede and RUSS,' and (2) a solution of 
polonium in concentrated hydrochloric acid was evaporated t'o dryness 
in the presence of carbon tetrachloride vapor. Jog 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 pg 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- 

. . I  
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Fig. 4.2 -Apparatus for preparing polonium-chlorine compounds. 

formed yellow platelets. The yellow crystals were found to be P0C14. 
At  lower temperatures and pressures of chlorine, a red compound was 
prepared which was  shown to be PoClZ. 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 c r p t a l s  

Fig. 4.3. The pure yellow tetrachloride is shown in Fig. 
chroride can be prepared by heating PoC4 to 200°C in a9 

atmosphere of hydrogen. The reduction with hydrogen continues to the 
formation of-a black residue which is presumed to be the metal. The 
black. residue may again be converted to the yellow chloride by re- 
heating the residue in an atmosphere of chlorine. The reactions may 
be expressed in the following equations: 

Po + Clz - PoC1, 

PoClz + Clz - P0C14 (yellow) 

PoC4  + Hz - PoClz + 2HC1 

(red) 
'i , 

POCl, + Hz - PO + 2HC1 



- 
-4 

-Fig. 4.3-PoC12 and PoC4 crystals. 
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Fig. 4.4-PoC4 crystals. 
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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 .dichloride. : .. 

The determination of the polonium content of each preparation of the 
chloride sealed in a capillary tube was made calorimetrically. The 
chloride content w a s  determined by a potentiometric titration based on 
a micromethod by Glick.' The glass capi: ary tube containing the 

Fig. 4.5-Polonium chloride titration apparatus. 

chloride sample was crushed under the surface of 0.2 ml of 0.2N nitric 
acid contained in the titration cell shown in Fig. 4.5. Immediate hy- 
drolysis of the chloride occurred with the formation of a light yellow 
flocculent precipitate of hydrous oxide of polonium. ,Titration of the 
' released chloride was made with 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. 



400 
_ I  I I I I  

- 
360 - 

- 
,320 - - 
- - 

280 - - 
- - 

2 4 0  - , - 
- - 

200 - 
1 
- 

- - 
160 - 

1 -  

- 
I - 

120 I I I I I I  
6 8 i o  12 14 16 
BURETTE R E A D I N G ,  ML ' 

0 2 4 

Fig. 4.6-Polonium chloride titration curves. 
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Table 4.2-Analysis of Polonium Chloride 

Po by calorimetric 
assay 

C1 by titration, Ratio 
pmoles CUP0 Color Curies pmoles 

1.947 3.83 
2.465 3.94 
2.519 3.79 
1.981 3.61 

Av. 3.79 

2.144 2.02 
2.091 1.77 

Yellow 0.484 0.509 
Yellow 0.596 0.626 
Yellow 0.633 0.665 
Yellow 0.523 , 0.549 

/ Red 1.012 1.063 
Red 1.127 1.183 

Av. ,1.90 
( 3  

i 
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Table 4.3-Properties of Polonium Chlorides 

POClZ P0C14 

Color Red Yellow 
Crystal system Orthorhombic Monoclinic or triclinic 

170-180 294 
220 
390 

190 
Melting point (sealed tube), "C 
Volatilization (vacuum), "C. ' 

Volatilization (atm of c ~ Z ) ,  "C ' 
Neutron emission, n/sec/curie 8.9 x lo3 1.43 x io4 

RED CHLORIDE ORTHORHOMBIC 

I 

, 

YELLOW CHLORIDE MONOCLINIC 
OR TRICLINIC 

t 

Fig. 4.7-Crystalline habit of polonium chloride?. 

The crystallographic characteristics of the crystals were difficult to 
determine because of the necessity of observing the crystals in a 
sealed tube. Refractive indices were not determined. Profile angles of 
typical crystals of the red and yellow chlorides were measured, with 
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 a r e  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 PoC1, to moist a i r  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 cpmposition 
was not determined. 

and average line spacings have been calculated by Reynolds.' The 
powper pattern of P0C12 was indexed in the orthorhombic system and 
is similar to the powder pattern found in the dihalides of lead. The 
indexing gives a unit cell with the dimensions = 4.331 A, bo = 8.944 
A, and co = 7.292 A, and, if four molecules are assumed in a unit cell 
as in PbC12, the calculated density is 6.55 g/cu cm. The powder pat- 
tern of PoCld was obtained and the average line spacings a r e  reported 
by The crystals were of lower symmetry than the dihalide; the 
lattice is either monoclinic or  triclinic. A structure to fit the data has 
not been determined. 

- 
X-ray powder patterns of both polonium chlorides have been obtained 

4. POLONIUM BROMIDE 

Polonium tetrabromide was prepared by Joy,1os1i 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 a t  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 (PoBr4). 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. Typical PoBr4 crystals are shown 
in Fig. 4.8. 

The preparations'of polonium tetrabromide were analyzed by calo- 
rimetrically determining the amount of polonium in a sealed capillary 
tube (containing the polonium tetrabromide sample) and then titrating 
the bromide potentiometrically by the same method used for the chlo- 
ride.' Free  bromine forms in the capillary tubes containing the sam- 
ples, and as a consequence the first  determinations of the tetrabromide 
gave low results. The theoretical bromide content of PoBr4 was ob- 
tained by crushing the capillary tube under a 0.1N aqueous ammonia 
solution which reduced the bromine to bromide with the liberation of 
nitrogen. A precipitate of hydrated polonium dioxide formed which was  
separated by centrifugation, and this precipitate w a s  washed in a 

' 
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Fig. 4.8-PoBq crystals. 
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Fig. 4.9-Polonium tetrabromide centrifugation apparatus. 

c 

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 polonium 
tetrabromide. 

to the following reaction: 

- 

Free hydrobromic acid i s  formed on hydrolysis of PoBr4 according 

PoBr4 t x HzO - PoOz.yHzO + 4HBr 

I I '  

t' 
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The free acid'was titrated with a standard base, and the results con- 
firmed the formula, PoBr4. The melting point of PoBr4 was observed 
to be 324 f 2°C. Attempts to prepare polonium dibromide were un- 
successful. 

Table 4.4-Analysis of Polonium Bromide 

, PO by calorimetric Br by titration with Ratio 
assay, /.moles 0.05N AgNO,, pmoles Br/Po 

1.145 
0.827 
0.501 
0.745 

4.512 3.94 
3.227 3.90 
1.994 3.98 
3.039 4.08 

The neutron emission" from three samples of polonium tetrabrd- 
mide, confined in Pyrex capillary tubes, w a s  measured; hence the re-  
sults include a background from the (a,n) reaction with components in 
the glass. The observed values were 8.3 x lo', 9.4 x lo', and 6.3 x 10' 
neutrons/sec/curie. The observed neutron emission from polonium 
tetrabromide w a s  somewhat lower than the average value of 1.4 x lo4 
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 elements, it seems probable that polonium 
should react in a similar manner. The free energies" of formation' of 
SFs, SeFs, and TeFs, respectively, are 262,000, 246,000, and 315,000 
calories/mole at 25°C. Consequently a polonium hexafluoride, volatile 
at  room temperature, with'a heat of formation in the neighborhood of 
300,000 calories/moleb is indicated. 

polonium fluoride: (1) metallic polonium was deposited on gold or.plati- 
num foils and exposed to fluorine at  room temperature and a t  various 
temperatures up to 700°C; (2) metallic polonium was mixed with rela- 
tively large amounts of selenium o r  tellurium as ca r r i e r s  and treated 
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Leitz and Coulter" ,tried two general methods of preparing a volatile 

. .  
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with fluorine. Results of these experiments indicated that no volatile 
fluorides were formed. No system'atic attempts were made at Mound 
Laboratory to prepare nonvolatile polonium fluorides although polonium 
is known to be quite soluble in hydrofluoric acid. Studies by Wehrmannt5 
on the deposition of polonium from hydrofluoric acid showed that solu- 
tions containing 2 curies of polonium per milliliter of 1 N  hydrofluoric 
acid were unsaturated. No quantitative solubility studies of polonium in 
hydrofluoric acid have been made at Mound Laboratory. 

7. POLONIUM SULFIDE 

P,olonium is precipitated completely from acidic, basic, o r  neutral 
solutions with hydrogen sulfide. The coprecipitatjon of polonium with 
the sulfides of lead, bismuth, 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" attempted to prepare a 
compound of polonium and sulfur by heating the elements directly in a 
quartz capillary tube. Although sbme 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 Solubility of Polonium in Nitric Acid. A study of the solubility 
of polonium in nitric acid was made by Orbani8 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 quantity of'polonium which dis- 
solved in nitric acid varied from 4.0 mg/liter a t  the lowest temperature 
and acid concentration to 970 mg/liter at the highest temperature and 
acid concentration. 

The solubility experiments were made with purified polonium which 
was plated on platinum foils, measured in a calorimeter, and then al- 
lowed to stand in moist air until the polonium was converted to'the 
oxide. The foils which contained two or  three t imes as much of the 
oxide as would dissolve were placed in specially designed solubility 
tubes which contained 1.5 to 2:O ml of the nitric acid under investiga- 
tion. The tubes, Fig. 4.10, were equipped with a capillary thermo- 
couple well which contained a drop of mercury to improve heat trans- 
ference. Constant environmental temperature within 0. i to 0.3"C was 
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- 3 MM X 46.5 CM PYREX TUBE 
(THERMOCOUPLE WELL ) 

- !2  MM x 6 C M  PYREX TUBE ' 
(SOLUBILITY TUBE I 

-f5 MM x 6.5 CM PYREX TUBE 
(JACKET 1 

Fig. 4.10-Solubility tube. 

maintained in a dry box for this emeriment. The temperature within 
the solubility tubes w a s  always above that of the air bath by approxi- 
mately l°C for each curie of polonium in the tube. 

before each measurement of dissolved polonium was made by alpha 
The solutions were centrifuged in the constant-temperature air bath 
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counting methods, The 'solutions were sampled in triplicate with cali- 
brated 1- to 10-pl pipettes; then the samples ,were mounted on glass 
slides and alpha counted either with a parallel-plate alpha counter o r  
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, o r  more often if contamination of the instrument was 
suspected. The counts from the triplicate samples of each solution 
were averaged and corrected for decay to zero time. Since each solu- 
tion had its own equilibrium temperature because of the varying 
quantities of 5otal 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 
0.5046 
1.006 
1.595 
2.081 
3.96 
5.72 
7.83 

1.9 x 
7.2 x 

1.38 x 
3.6 x 
6.2 x 

1.62 x 
2.5 x 
3.7 x 

2.7 x 3.6 x 

1.59 x 1 0 - ~  1.80 10-4 
4.4 x 5.3 x 

. 7.3 x 1 0 - ~  8.4 x 
1.85 x 2.1 x 
2.9 x 1 0 - ~  
4.1 x 4.6 x 

7.9 x 8.6 x 

I 3.3 x 10-3 

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, o r  decomposition of the solvent. 

The solubility measurements are estimated as accurate within f 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 change in the oxidation 
state of the polonium o r  (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 
probable, therefore, that the inflection in the curve results from the 
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Fig. 4.11-Solubility of polonium nitrate in nitric acid. I 

format-Jn of a complex anion containing an increased number of nitrate 
ions. Haissinsky2' 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.2' 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). 
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PoO(NO& + HNO, == H+ -t PoO(NO& (4.1) 

. ,  Po(NO&d + HNO, * H+ + Po(N@); (4.2) - 
No systematic studies of the solubility of polonium in acids other than 

nitric acid have been made at  Mound Laboratory. However, observa- 
tions by various workers have produced some qualitative information. 

The solubility of polonium is high in hydro- 
chloric acid in comparison with its solubility in other solvents. SchulteZ2 
prepared an unsaturated solution of polonium in 0.5N hydrochloric acid 
in which 8.95 curies of polonium per milliliter of solution were dis- 
solved. Concentrated solutions of polonium in hydrochloric acid a r e  
yellow in color, probably as a result bf the formation of complex ions 
which may have the composition PoCG-. Schulte also observed that 
1 curie of polonium chloride does not dissolve completely in 5 ml of 
0.1N hydrochloric acid, although the same quantity of polonium i s  easily 
dissolved in 5 ml of 0.2N. hydrochloric acid. If the,O.lN 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 i s  completely converted to 
the yellow polonium chloride complex when the acid concentration 
reaches 0.5N. 

8.3 Sulfuric Acid. Schulte2' concluded that the solubility of polonium 
in 1N sulfuric acid is less  than 0.05 curie/ml. Harlow,23 from observa- 
tions made at Los Alamos Scientific Laboratory, reported the solubility 
of oxidized polonium as 2.3 mc(m1 in 0.1N sulfuric acid. 

8.4 Hydrofluoric Acid. Polonium is readily soluble in hydrofluoric 
, acid solutions. Wehrmanni5 studied the electrodeposition of polonium 

8.2 Hydrochloric Acid. 

' 
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from hydrofluoric acid solutions. He prepared unsaturated solutions 
containing 2 curies of polonium per milliliter in molar hydrofluoric 
acid. The high solubility suggests the formation of polonium fluoride 
complex ions. 

8.5 Phosphoric Acid. The solubility of polonium 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 o r  chloride. 

8.6 Perchloric Acid. The solubility of polonium in perchloric acid 
is similar to its solubility in sulfuric acid. Wehrmanni5 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 w a s  
evaporated to remove 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. N o  
quantitative measurements of the solubility of polonium in aqueous 
solutions of citric, oxalic, and tartaric acids have been made a t  Mound 
Laboratory. Unsaturated solutions of polonium have been prepared by 
Schulte in, 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 
O.lM, 0.5M, and 1.OM solutions of oxalic acid. However, solutions of 
0.5M tartaric acid containing 0.37 curie of polonium in 10 ml were un- 
stable; a &rk precipitate formed on standing which carried down the 
activity. 

Schulte" reported the preparation of unsaturated solutions of polo- 
nium in 50 per cent acetic acid which contained 1 curie of polonium in 
10 ml of solution. 

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 ,platinum foil, with 2 ml of 1.5N sodium hydroxide. Im; 
mediately the polonium oxide swelled and detacheditself from the fofl. 
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  approximately 4 hr. The tube was shaken occasionally during the 
heating. Nearly all the 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  I 

disturb the precipitate, and alpha counted. The concentration of polo- 
nium was found to  be 2.8 x 104M (0.27 curie/ml) at approximately 
25°C. Two other experiments, less carefully carried out, gave 0.31 and 
0.43 curie/ml, respectively. 

8.8 Sodium Hydroxide. Several experiments were made by Harin2 '  
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Experiments were made at the Los Alamos Scientific 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 foilscand allowed to oxidize in a i r  for several days. 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 f 0.1OC. After various intervals of time, the 
solutions were assayed by alpha counting to determine the rate at 
which the polonium dissolved. Each solution was centrifuged before 
counting. 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 i s  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 o r  roughly one-third of the values reported by Haring. 

experiments were made at the Los Alamos Scientific Laboratory and 
reported by Harlow" in which oxidized polonium on platinum foils w a s  
placed in aqueous solutions of various reagents and the solubility meas- 
ured in the same apparatus as was used to determine the rate of 
solubility in sodium hydroxide. The results a r e  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. 

1 This may be accounted for, in part at  least, by the tendency of polonium 
to form colloidal dispersions in weakly acidic or  weakly basic solutions. 

8.9 Solubility of Polonium Oxide in Various Reagents. A number of 

9. COLLOIDAL PROPERTIES OF POLONIUM 

9.1 Introduction. The tendency of polonium to form colloidal solu- 
tions has long been recogni~ed, '~  but the literature on the subject is 
scanty and confusing. Fainberg and coworkers" studied the colloidal 
properties of polonium through experiments involving 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- 
signe'd to determine whether t h e  amphoteric character of polonium 
would lead to the formation of precipitates of colloidal dimensions as 
the pH was varied from acidic to neutral to basic values. Sedimenta- 
tion studies were made to differentiate between coarse dispersion and 
colloidal or  ionic dispersion." 

9.2 Experimental Methods. The purpose of these studies was to 
determine the percentage of polonium in solutions at various pH values 
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Table 4.6-Solubility of Oxidized qolonjum . .. 

Concentra- 
Solution Used Formula ' tion, M 

. 

Sodium nitrate NaNOS 1.5 
Sodium carbonate Na,CO, 0.5 
Sodium carbonate Na,CO, 0.05 
Ammonium carbonate (NH,),CO, 0.75 
Ammonium carbonate (NH,),CO, 0.25 

Ammonium hydroxide NH,OH 18 

Potassium dihydrogen KH2P0, 1.0 

Ammonium monohydrogen (NH,),HPO, 1.0 

Sulfuric acid HPO, 0.05 
Orthophosphoric acid H,PO, 0.5 

orthophosphate 

orthophosphate 

Sodium monohydrogen 
orthophosphate 

Acetic acid 
Sodium acetate - 
Oxalic acid 
Potassium oxalate acid 

Citric acid 

Potassium cyanide 
Potassium acid tartrate 

1.0 

1.0 
1.0 
0.5 
0.4 

1.0 

1.0 
1.0 

Solubility, 
mc/rnl 

1.4 
1.4 
1.6 

24.0 
0.4 

1.0 
2.3 

30.0 
4.0 

1.7 

4.8 , ,  

128 

42 
62 

46 

0 '  

3.8 
41 

I 

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. Solutjon 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. collodion. 
Test tubes 13 mm 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 preparing the collodion bags in order.to ensure uniformity in 
the membranes. From 2 to 4 ml of collodion was poured into a test 
tube which was rotated 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 w a s  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 filled 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 this condition 

I 

. . 

' ' with no apparent change. 
When the membranes were ready to use, the,distilled 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 upright in holes in a wooden block. The 

' membrane containing 2 ml of solution A was lowered carefully into the 

. 
' 

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 portion of the bag was folded over 
the edge of the test tube., After 15 min the bag was raised partially 
from the solution and then lowered to the original level. This was re-  
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 i t s  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 ser ies  of experi- 
ments with nitric acid solutions of polonium showed that dialysis av- 
'eraged 32 per cent of completion in 15 min, and the results were re-  
producible within i 5  per cent. Figure 4.12 shows the per cent of 
theoretical equilibrium plotted against time. Each point on the curve 

I 
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is the average of 6 to 1.2 experiments at the given time with nitric acid 
solutions in which the polonium 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 lo7 dis/min/ml to 3.7 X lo9 dis/min/ml or 
approximately 0.012 to 1.7 mc/ml. The percentage dialyzable was  in- 
dependent of concentration within the limits of e r ro r  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 y7 of 
the original concentration in solution A. The percentage of dialyzable 
polonium in a solution was calculated as follows: 

concentration of polonium in B 
% concentration in A 

100 
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 lo9 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 lo7 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. 

ferent pH values are shown graphically in Fig. 4.13. The increase in 
dialyzable polonium a t  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  testithe effect of different buffering substances, Fainberg 
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.28 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. 

The results of the dialysis experiments on polonium solutions at  dif- 
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Fig. 4.13-Dialysis of polonium in 1.5N nitric acid. R ,  2.3 x lo9 
dis/min/ml. S, 2.5 x lo* dis/min ml. T, 2.6 x loT dis/min/ml. 

. 
per cent of polonium which passed through the cdlodion membrane in 
the neutral pH,range, a s  indicated in Fig. 4.13, suggested the desira- 
bility of studying the dialysis of polonium in unbuffered solutions. A 

. series of 'experiments was made by Barth and Power28-32 in'which un- 

9.4 Dialysis of UnbuffeTed Polonium Solutions. The increase in the 

'' 

' 
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buffered solutions from pH 3 to 9 were dialyzed. They modified 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 tKeoretical equilibrium value in 24 hr. The unbuffered SO- 
lutions were prepared by adding the purified polonium in 1.5N nitric 
acid to distilled 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,  % .  e r r o r  of 
runs of solution A of solution B mc/ml dialyzable mean 

5 3.04 3.03 0.38 50 *1.1 
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 *O.l 
7 8.11 8.20 0.40 0.44 k0.03 
5 8.95 8.98 0.44 0.62 *O . 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.26 The concentrations of polonium 
in the A solutions varied from 1.06 x lo8 to 3.0 X lo8 dis/min/ml. These 
concentrations were roughly the same concentration as for the S sblu- 
tion indicated in Fig. 4.13. The results areLshown in Table 4.7 and 
indicate that, with buffering salts absent, polonium does not r'edisperse 
into dialyzable forms in the neutral pH range. 

The three sets of solutions, R, S, and T, 
which are described 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 
After a sample of the undisturbed solution was analyzed, the solution 
was shaken 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 is shown in Figs. 4.15 to 4.17. 

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

9.5 Sedimentati? Studies. 

in. of solution. & 
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Fig. 4.14-Sedimentation studies on R, S, and T solutions. 

100 per cent, a s  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 collodion. This is in contrast with results obtained by 
Barth and P ~ w e r , ' ~ - ~ '  who studied dialysis 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 sedimentation studies are expressed 
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Fig. 4.15-Loss of polonium from solution; solution R. 2.3 X lo9 dis/min/ml. 
After 60 h r  standing: --, before shaking; ----, after shaking. 

in per cent of the totai polonium activity at a given time; hence the 
radioactive decay of the ,polonium is eliminated in comparing results at 
different times. 

Dialysis and sedimentation 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 0 to 
3 and 13 to 14. It forms an insoluble compound in solutions of pH 4 to 
12. Polonium exhibits a minimum solubility near pH 6 and again be- 
tween pH 9 and 12. 

this pH no appreciable settling in any- solution occurred in 30 days. 
After 70 days nearly all the polonium had settled in all the solutions. 

mentation data since 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 

- 

A stable colloid was formed only at  pH 9 in all three solutions. At ' 

Radiocolloidal effects are not indicated as a major factor in the sedi- 
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Fig. 4.16-Loss of polonium from solution; solution S. 2.5 X lo* dis/min/ml. 
After 120 hr standing: -, before shaking; ----, after shaking. 

three solutions was shown by dialysis to be practically the same even 
though the ratio of concentrations of polonium in the starting solutions 
was close to 100: 10: 1. This would be predicted from solubility product 
relations' since the precipitating ion was constant at the same pH in 
each of the three solutions. 

number of early  worker^^^-^^ that polonium exists a s  ions in, strongly 
acid and strongly basic solutions but behaves as a colloid in weakly 
acid, neutral, and slightly basic solutions. 

The experiments at Mound Laboratory confirm the observations of a 

i o .  COMPLEX IONS OF POLONIUM 

10.1 Cataphoresis Experiments. It is generally assumed that the 
'high solubility of polonium in certain acid solutions, notably hydro- 
chloric, hydrofluoric, oxalic, and citric, is due to the formation of 

' complex ions. Staniforth and Barth,s7-42 in cataphoresis experiments, 
showed that polonium forms both cations and anions in nitric and 
sulfuric acids as well as in hydrochloric acid. Equal concentrations of 
anions and cations were observed in approximately 0.05N solutions of 

, 

- 
. ,  ' * ,  
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Fig. 4.17-Loss of polonium from solution; solution T. 2.6 X l o7  dis/min/ml. 
After 72 hr standing: _, before shaking; ----, af ter  shaking. 

any one of the three acids. The cataphoresis experiments gave quali- 
tative evidence that in acid solutions, 0.5N or above, polonium is 
present almost completely in the form of ions which migrate toward 
the anode. In weakly acid and neutral solutions, polonium exhibits a 
greater tendency, under the applied potential, to migrate toward the 
cathode. However, the movement of the activity toward the cathode in 
nearly neutral solutions may be the result of migration of charged col- 
loidal particles ,since dialysis experiments indicate particle formation 
between pH 4 and 9. Results of cataphoresis experiments by Staniforth 
and Barth are in good agreement with results reported by Sarna'rt~eva,'~ 
except in the case of sulfuric acid solutions of polonium. Samartseva 
reported greater migration toward the cathode in 0.1N to 5.ON sulfuric, 
acid. Staniforth and Barth found that, in sulfuric acid solutions 0.1N 
and above, migration of polonium is predominantly toward the anode. 3 

~ 10.2 Absorption Spectra Studies of Polonium Chloride Solutions. 
(a) Introduction. Preliminary studies of polonium complex-ion forma- 
tion in hydrochloric acid were made at  Mound Laboratory by McClug- 
gage.&' He obtained an absorption spectrum for 0.94 X lOV5M polonium 
in 4.757N hydrochloric acid. He also observed an absorption peak close 

1 

' 

, 
i 

c 
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to 420 mp and strong absorption at approximately 260 mp. Studies re- 4 
ported 
show a rather narrow absorption band with a maximum at 415 mp. 
These w 0 r k e 1 - s ~ ~ ' ~ ~  suggest the formation of PoC1;- a s  a probable com- 

strong hydrochloric acid solutions. An absorption maximum at a wave- 
length of 345 mp was also reported.45 

Hunt4' continued the study, at  Mound Laboratory, of the absorption 
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- 
t i re  range of the instrument, 220 to 795 mp. 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." The 

i 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 w a s  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. 

on 1.9 x lO-'M polonium in 0.5M hydrochloric acid 
- 

plex ion since salts containing this anion have been precipitated from 3 

I 

I 

(c) Theory. Hunt investigated the equilibrium between the complex 
ions of polonium which are responsible for the respective absorption 
maxima at 344 and 418 mp. He used an adaptation of the theoretical 
approach suggested by Bent and French.47 If the following reaction is 
assumed: 

mA + nB =e AmBn 

the equilibrium constant is . 
[Am%] 

= [AIm[B]" 

(4.3) 

. .  

(4.4) 

whence 
I' 

log [AmBn] = m log [A] + n log [B] + log K (4.5) 

If A[A,B,] represents the absorbancy due to  [AmBn], from Beer's - 
law,48 C -  

. 
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A I A ~ B ~ I  = ab [Am%] (4.6) 

= where a is , the absorbancy index and b is the cell thickness. Then 

log [AmBn] = log A [ A ~ B " ]  - log ab (4.7) 

Substitution in Eq. 4.5 gives 

log A[A,B,] = m log [A] + n log [B] + C (4.8) 

in which C is a constant equal to log K + log ab. 

logarithm of the concentration at equilibrium of one of the reactants 
with the concentration of the other reactant held constant, a straight 
line should result, the slope of which is equal to the number of moles, 
m or n, of the reactant in the complex. 

(d) Preliminary Experiments. Hunt found that 0.01M calcium hypo- 
chlorite in 1M hydrochloric acid showed absorption peaks, due to free ' 

chlorine, at 230 mp and at about 335 mp. Since free chlorine is always 
present in hydrochloric acid solutions of polonium, as a result of alpha 
bombardment, he concluded that most of the absorption below 375 mp 
is due to chlorine and that reliable quantitative data would be more dif- 
ficult to obtain in this region. The peak close to 420 mp was  not present 
in the calcium hypochlorite- hydrochloric acid solutions. Preliminary 

If the absorbancy of the complex, log A[A,B,,I, is plotted against the 
' 

studies showed -a difference in the absorption spectra of polonium in 
0.1M and 1M hydrochloric 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 mp. 
Much of this can, be attributed to,chlorine; however, the stronger acid 
shows a maximum at 247 mp and a slight shoulder at 260 m~ superim- 
posed 0-n the chlorine absorption. The peak at 247 mp did not appear in 
the 0.12M acid solution although a shoulder appeared at about 260 mp. 
The absorption peak at 418 p p  in the stronger acid is not present in 
the absorption curve'of the weaker solution. These results are i n  gen- 
eral agreement with work done .. el~ewhere."~'~ The differences in the 
two curves show that polonium is present in hydrochloric ,acid solution 
in a t  least two different forms. *Attention was directed to the 418-ml~. 
maximum since,at this wavelength the chlorine interference was absent. 

(e) Absorption Spectra in Str& Hydrochloric Acid. Experiments 
with nearly constant-quantity-polonium solutions, approximately 3 x 
10dM,'in 2M, 3M, 4M, and 5M hydrochloric acid showed no appreciable 
change in absorbancy at 418 mp. The molar absorbing index at this 
wavelength in the more concentrated acid solutions agreed, within the 

I 
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Fig. 4.18-Polonium absorbancy curves. I ,  4.5 x 10-5M Po in 0.12M HCl. 11, 
i . 3  x 1 0 - 5 ~  PO in 1 . 2 ~  HCI. 

experimental e r ro r  of alpha counting, with the value found in the 1.2M 
solution. The complex formation responsible for the 418-mp absorption 
peak appears to have reached virtual completion even in 1.2M hydro- 
chloric acid. This conclusion was strengthened by the observation 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 104M in 
polonium, to final volumes of 10,ml by adding varying proportions of 
12.2M hydrochloric acid and 12.2M lithium chloride. The six solutions 
yielded absorbancy indices calculated at  the 418-mp wavelength which 
were constant among themselves, within the e r ro r s  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 
acid solutions. The results indicated that, in order to shift the equi- 
librium away from the 418-mp complex and toward the 344-mp 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 mp was made 
in acid solutions in which a higher chloride complex w a s  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. 

-- 

Table 4.8-Absorbancy Index of the Polonium Chloride 
Complex at  418 mp 

Molarity ( x  loq5) of Absorbancy 
Sample polonium by Absorbancy , index 

No. calorimetry at  418 m p  x 104 

A 5.425 0.598 1.094 
B 5.447 0.585 1.065 
C 6.332 0.667 1.045 

1 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 f 0.028 

(f)Absorption Spectra in Dilute Hydrochloric Acid. Stronger solu- 
tions of polonium w e r e  needed to obtain reliable data with respect to 
the 344-mp 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 10-4M and 2:4 x lO-'M, respectively, 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 mp was obtained directly from the curves 
since there was no interference at this wavelength; However, in order , 
to determine the absorbancy a t  344 mp, the' effect of free chlorine had 
to  be subtracted. This was done with the aid of log absorbancy curves.49 
It was assumed that at 418 mp the effect of chlorine on the polonium 
absorption curve was negligible and that at  280 mp the effect of polo- 
nium on the chlorine absorption curve was negligible. 

An analysis of the data on the assumption that the reaction is Po + 
nC1- == PoC1, was made, but it was concluded that the data did not 
support t h i s  assumption. 

. 
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Table 4.9-Absorbancy at 418 and 344 mp of Polonium Chloride in Dilute 3 
Hydrochloric Acid Solutions! 

Absorbancy 
Sample [HCI], [Po], Ratio Log ratio 1 I 

I A344 A410/A344 log A410/A344 + m 
No. M MX 

1 0.610 2.224 2.288 
2 0.488 2.250 2.207 0.021 105.1 ' 2.022 

t 3 0.366 2.234 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 
'6 0.304 1.113 0.959 0.117 8.20 . 0.914 

1.89 0.276 7 0.183 1.107 0.466 0.247 

1.06 0.025 8 0.152 0.553 0.137 0.129 

/ 

WAVELENGTH, Mp 
I 

Fig. 4.19-Polonium absorbancy curve in 0.244M HC1. Sample 4: 2.225 
Po in 0.244M HCI. 



(g) Effect of VaryingpH. The effect of varying the hydrogen-ion 
concentration on the absorbancy at 418 and 344 w 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 10-4M in polo- 
nium in 0.24M hydrochloric acid, to make equal total volumes but with 
different proportions of 0.24M hydrochloric acid or 0.24M sodium 
chloride. 

Table 4.10-Absorbancy at 418 and 344 mp of Polonium Chloride at 
Varying Concentrations of Hydrogen Ions 

Ratio Log Absorbancy 
Sample [H'], [Cl-], [Pol, %til/ A4LdA344 
NO. M M M x A418 + log [OH-] 

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) Znte&-etation. The effect of reducing the hydrogen-ion concen- 
tration in 0.244M chloride-ion concentrations caused a lowering in 
absorbancy at 418 mp and an increase in absorbancy at 344 mp. This 
was interpreted to mean that an increase in the hydroxyl-ion concen- 
tration favored the formation of the 344-mfi 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 + bC1- == Po(OH),Cb (4.9) 

PO(OH)aClb + nC1- * POcln+b + aOH (4.10) 

A partial interpretation of the data is possible since it is possible to 
evaluate the:hydrohl ion, the chloride ion, and the POcl,+b concyntra- 
tions. The hydroxyl-ion concentration is obtained from the known con- 
centration of hydrochloric acid which may be assumed, without appre- 
ciable error ;  to be 100 per cent ionized. The chlorideLion concentration 
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 POcln+b concentration 
can be calculated from the molar absorbancy index at 418 mp and the 
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absorbancy at 418 mF in the particular solution involved. The Po(OH),Clb 
concentration and the polonium ion cannot be determined individually 
from these data. The sum of [Po] and [Po(OH),Clb] can be calculated 
by subtracting the calculated concentration of PoCln+b from the known 
polonium concentration in a given solution. The constants n and a in 
Eqs. 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 

- 

'[ PoCln+b ] [OH-] a 
K =  

[Po(OH),Clb] [Cl-1" 
(4.11) 

since [PoCl,+b] = A4is/qi,b, where A,,, is the absorbancy in the par- 
,ticular sample at 418 mF, a418 is the molar absorbancy index, and b is 
the cell thickness. Similarly [ Po(OH),Clb] = A344/a,44b. 

mic form, 

\ 

If these values a r e  substituted in Eq. 4.11 and expressed in logarith- 

log c1 + n log [Cl-] = log A4i8 - + a log [OH-] 
A344 

(4.12) 

' where cl is a constant equal to K(a418/asu). 
If the [Cl-] is held constant as shown in Tabie 4.10, Eq. 4.12 can be 

written 

log - A4i8 - - - a log [OH-] + c2 
A344 

(4.13) 

where c2 = log ci + n log [Cf] .  
A plot of log %i8/A3u against -log [ O H ]  in Eq. 4.13 should yield a 

straight line with slope a. 
When the data in Table 4.10 are plotted in this manner, a straight 

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 A4i8/A344 + log [OH-]. 

The value of n was determined by plotting log A4i,/A344 + log [OH-] 
against log [Cl-] f rom 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 a r e  ignored. 
The omission of points 2 and,3 is based on the small absorbancy at 
344 m l  and the uncertainty in the correction for the effect of free 
chlorine in 0.366M and 0:488M hydrochloric 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 &$A3u + a log [OH-] in 
Eq. 4.12. 

i 

' I  . .  
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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 conclusions which can be drawn from the work 

1. At least two complexes involving polonium and chloride ions exist 

2. If the following ,equations are assumed, 

of Hunt are as follows: 

in hydrochloric acid. 

PO(OH)aClb + nC1 == POCl,+b + a O B  

the data indicate that a = 1 and n = 2, and that the complex Po(0H)Clb 
is responsible for the absorption peak at 344 mp, whereas the complex 
PoClW2, which is the only one present in hydrochloric acid solutions 
above lM, causes the absorption maximum at 418 mp. 

3. The absorbancy index at 418 mp is 1.06 x lo4. 
4. The absorption peak at 418 mp can be used for the colorimetric 

to 

' 

7 determination of polonium over a concentration range of 2 X 

2 x 10-4M in concentrations of hydrochloric acid over 1M. 
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Fig. 4.21-Plot of data in Table 4.9,to determine the value of n in Eq. 4.10. 
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11. ELECTROCHEMICAL PROPERTIES OF POLONIUM 

11.1 Introduction. The, early investigations on the electrochemical 
behavior of polonium are given in Gmelins Handbook5' and by Hais- 
sinsky." Precise values for the standard electrode potential and de- 
composition potentials in various solvents have not been determined. 

c 



71 

There exists, even at present, differences of opinion regarding the 
possible oxidation states of polonium in solution. Uncertainty a r i ses  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 a s  a result of 
the alpha bombardment of the solvent. 

known. Nickel, copper, bismuth, and silver were used extensively in 
the isolation of the element by early workers.50 Under proper condi- 
tions polonium wil l  deposit from solution even on the more noble met- 
als, platinum (see references 5! and 52)) palladium (see reference 53)) 
and gold (see reference 54). Precipitations on platinum, palladium, and 
gold a r e  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 
complicates the problem of interpreting data which a r e  taken in at- 
tempts to determine decomposition potentials of polonium solutions or 
to establish standard redox potentials. 

11.2 Electrolysis of Polonium Solutions!' Nitric acid solutions, 
1.5N, a r e  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 polonium 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 polonium. No 
appreciable deposition of polonium occurs at the anode from nitric acid 
solution. This fact contradicts the observations of early workers2' who 
worked with very dilute solutions. 

Polonium can be deposited from hydrochloric acid solutions. How- 
ever, a serious disadvantage is the dissolution of the p1ati.num anode 
with the subsequent contamination of the polonium with platinum de- 
posited at the cathode. . Excellent polonium deposits can be obtained 
from '1N solutions of hydrofluoric acid. Phosphoric, sulfuric, or  per- 
chloric acids are less satisfactory as electrodeposition media because 
of the low solubility of polonium in solutions of these acids. A con-* , 

siderably more negative cathode, potential is required for the electro- 
deposition of polonium from solutions of oxalic, tartaric,  or acetic 
acid. Nodular, nonadherent deposits from these acids were reported 
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. 

The spontaneous deposition of polonium on less noble metals is well 



. Schulte" reported the results of varying the concentration of nitric 
acid on the electrolysis of polonium solutions. He found that the rate 

4.ON nitric acid, the  rate of deposition was reduced to approximately 
one-half the rate in 1.5N acid. In 7.5N nitric acid no polonium plated ~ 

from the solution in 6% hr. I 

Schulte" reported that current densities less  than 4 ma/sq cm in 
1.5N nitric acid are more favorable for obtaining uniform polonium de- 

' posits. Room temperature is preferred to elevated temperatures. More 
adherent* deposits were obtained on platinum surfaces which had been 
etched in aqua regia prior to plating. No improvement in the quality of 
the deposit of polonium was apparent when various wetting agents, beta- 
naphthalene-sulfonic acid, glycerine, monoethanolamine, and pyridine 
were added. 

11.3 Decomposition Potentials of Acid Solutions of Polonium. (a) 
Introduction. Polarographic studies of polonium solutions were made 
at Mound Laboratory by Hari118~ and Power.56p57 Haring used platinum 
electrodes and determined the difference in potential between the plati- 
num cathode and a saturated calomel electrode. The microc'ell used by 
Haring is shown in Fig. 4.22. Power used a modification of the Joliot 
apparatus" for measuring the ionization current obtained from the pas- 
sage of alpha particles through a cathode of gold or  platinum foil. The 
cell used by Power is shown in Fig. 9.31. 

(b) Nitric Acid Solutions of Polonium. Haring measured the decom- 
position potential, at  25"C, of 4.44 x 10-4M and 4.44 X 10-5M 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 10"M solution of polonium in 1.5N nitric acid is +0.332 f 0.012 volt 

. I  . . of deposition decreased in nitric acid concentrations above 1.5N. In 
; 

' 

r,eferred 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 lO-'M polonium solution is + 0.320 f 0.013 volt in 
1.5N nitric acid. Typical curves from Haring's work are shown in Figs. 

8 4.23 and 4.24. 
The value reported by Haring is approximately 0.2 volt less positive 

than the decomposition potential measured by early workers" in 0.1N 
nitric acid solutTons which were 1O-IoM to lO-*M in polonium. The data 
from which Haring made his  calculations of decomposition potentials 
'are shown in Table 4.11. 

Haring concluded that his data suggested an oxidation state.of +2 for 

(c) Hydrochloric Acid Solutions of Polonium. Haring5' found that the 

25°C is +0.494 f 0.012 volt referred to the saturated calomel electrode. 

polonium in nitric acid, although the evidence was not conclusive. 
' 

4 

. decomposition potential of lO-'M polonium in 1.5N hydrochloric acid at - - 
- 

4 
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A typical curve is shown in Fig. 4.25 in which the deposition of polo- 
nium is indicated at 0.488 and 0.504 volt. The inflection points at 0.23 
and 0.25 volt a r e  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 
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Table 4.11-Decomposition Potential (Ed)  for Polonium (lO-'N) Vs. the Standard 
Calomel Electrode 

, 

c 

!. 

Assume n = 4 .. Assume n 5 2 
I . ,  A . 

E~ at con- Voltage ' Ed at volts Ed at  con- Voltage Ed at  Volts 

given, volts volts volts volts given, volts volts volts volts 
centration correction, lO-'N, deviation, centration correction, lO-'N, deviation, 

+0.350 
+0.347 
+0.303 
+0.313. 
+0.323 
+0.336 
+0.345 
+0.330 

+0.313 
+0.317 
+0.312 
+0.303 

' +0.298 
+0.300 
+0.285 
+0.285 

.I 

+0.0015 

+0.0015 
+0.0015 
+0.0015 
+0.0015 
+0.0015 
+0.0015 

+o.ooi5 

+0.0311 
+0.0311 
+0.0311 
+0.0311 
+0.0311 
+0.0311 
+0.0311 
+0.0311 

Av. 

+0.3515 
+0.3485 
+0.3045 
+0.3145 
+0.3245 
+0.3375 
+0.3465 
+0.3315 

+0.3441 
+0.3481 
+0.3431 
+0.3341 
+0.3291 
+0.3311 
+0.3161 
+0.3161 

4.44 x I O ~ M  Polonium 

+0.0183 
+0.0153 
-0.0287 
-0.0187 
-0.0087 
+0.0043 
+0.0133 
-0.0017 

+0.351 
+0.348 
+0.302 
*0.312 
+0.323 
+0.336 
+0.345 
+0.330 

4.44 x IO'~M Polonium 

+0.0109 
~ +0.0149 
+0.0099 

-0.0041 
-.0.0021 
+0.0171 
+0.0171 

i-0.0009 

+0.3332 *0.0116 

+0.313 

+0.312 
+0.303 
+0.298 
+0.300 
+0.285 
+0.285 

+0.317 

- 0.0037 
-0.0037 
-0.0037 
-0.0037 
-0.0037 
-0.0037 
-0.0037 
-0.0037 

+0.0111 
+0.0111 
+0.0111 
+0.0111 
+0.0111 
+0.0111 
+0.0111 
+0.0111 

Av. 

+0.3473 
+0.3443 
+ 0.2983 
+0.3083 
+0.3193 
+0.3323 
+0.3413 
+0.3263 

+0.0273 
+0.0243 
-0.0217 
-0.0117 
-0.0007 
+0.0123 
+0.0213 
+0.0063 

+0.3241 +0.0041 
+0.3281 +0.0081 
+0.3231 +0.0031 
+0.3141 -0.0059 
+0.3091 -0.0109 
+0.3111 -0.0089 
+0.2961 -0.0239 
+0.2961 -0.0239 

+0.3200 f 0.0134 

c -  1 
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CATHODE POTENTIAL VS STANDARD CALOMEL ELECTRODE, VOLTS 

Fig. 4.25-Decomposition potential of 10-3M polonium in 1.5N HCl. 

10-2M platinum solutions in 1.5N hydrochloric acid without polonium' 
showed an inflection point in the polarogram at +0.164 volt (Fig. 4.26). 
The data from 15 runs in 1.5N hydrochloric acid a r e  shown in Table 
4.12. Slightly more constant values for the calculated decomposition 
potentials in lO-'M polonium solutions are obtained on the assumption 
that the oxidation change in hydrochloric acid is 4 rather than 2. 

. P ~ w e r ~ ~ ' ~ '  studied the deposition of polonium from solutions of 4.7N 
hydrochloric acid. He used a silver- silver chloride reference elec- 
trode and used cathodes of either gold o r  platinum foil. The apparatus 
permitted an alternation in the direction of the changing applied poten'- 
tial. 

Potential was changed at the rate of approximately 1 volt/hr. The 
'curve in Fig. 4.27 illustrates the-operation of the apparatus. A s  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 
ionization current takes place. The direction of the change in potential 
is reversed at C, although polonium continues to deposit on the cathode 
until at D where a potential of +0.49 volt is reached. A s  the cathode 
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Fig. 4.26-Polarogram inflection point which is attributable to platinum. 

Table 4.12-Valence of Polonium in 1.5N HCl 

Concentration 
by analysis, Concentration 

M ' corrected, M 

8.651 x lo-' 
8.651 x lo-' I 

8.651 x lo-' 
8.651 x lo-' 
8.651 x . 
8.317 X 

8.317 X 

8.317 x 
8.317 X lo-' 
8.317 x lo-' 
4.822 x lo-' 
4.822 x lo-' 
4.822 x lo-' 
4.822 x lo-' 
4.822 x 

9.137 x lo-' 
9.088 x lo-' 
9.088 x lo-' 

. 9.003 x lo-' 
9.003 x 

* 8.360 X 

' 8.317 x 
8.317 X lo-' 

. 8.275 x lo-' 
8.233 X lo-' 

4.871 x 
4.846 x lo-' 
4.846 x lo-' 
4.846 x 

4.896 x 10-4 

E observed vs. 
standard calomel 

electrode 

+0.473 
+0.497 
+0.488 
+0.5'04 
+0.514 
+0.497 
+0.496 

' +0.494 
+0.497 ' 

+0.501 
+0.479 
+0.489 
+0.525 
+0.491 
+0.492 

Average 

$ 

E corrected to 
1 O-'M 

n = 2  n = 4  

+0.465 +0.465 
+0.489 +0,.489 
+0.480 +0.480 
+0.496 +0.496 
+0.506 +0.506 
+0.520 +0.504 
+0.519 +0.503 
+0.517 +0.50i 
+0.520 +0.504 
+0.524 +0.508 
+0.479 +0.475 
+0.489 +0.485 
+0.525 +0.521 
+0.491 +0.487 
+0.492 +0.488 

+0.501 +0.494 

Deviations, 
mv 

n = 2  n = 4  

'36 -29 , 
-21 -14 
-5 +2 
+5 +12 

+19 +10 
+18 +9 
+16 + 7 '  

+23 +14:' 
-22 -19 

--12 -9 
+24 +27 
-10 -7 

-9  -6 

-12 -5 

+19 :lo 

+16.7 +12.0 

t 

c 
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POTENTIAL VS. Ag/AgCI/HCI (4.7N) 

Fig. 4.27-Typical ionization current recorded during polarographic run. 
potential changing toward negative values from left to right. 
ing toward positive values from left to right. 

g, 
v, potential chang- 

I- 

* 

becomes more positive, the polonium begins to dissolve, thus reducing 
the ionization current. At E the cathode s ta r t s  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 polonium deposit. Evidently a residual amount of polonium 
'remained on the cathode. The inflection points at D and F, indicating 
the decomposition potential of the solution, were reproducible as the 
cathode potential was varied any number of t imes above and bdow this 
value. A continuous record of the ionization current is shown in Fig. 
4.28. The inflection point at  +0.49 volt (vs. Ag-AgC1) 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 t imes 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 . 

i- the deposition of polonium from a different oxidation state. 
- 

c- 11.4 Oxidation States of Polonium in Acid Solutions. The oxidation 
states of + 2  and + 4  have been established by Joy' for the chlorides\in 

!' 
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Fig. 4.28-Typical decomposition-potential record. 

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 ' 
platinum electrode. Hi s  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. 

was 0.806 x 10-5M 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. Thetsecond inflection point at -0.1 volt was always 
present in hydrochloric acid solution, but the height.of the wave was 
difficult to determine.. Shoemaker interpreted the approximate equality 
of the wave heights to mean a probable 4 u a l  reduction change of + 4 to 
+ 2 and from + 2 to 0, respectively. 

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 lo-". 
Similar curves were obtained in 3M nitric acid solutions. 

I 

The polarogram was obtained in a 6N hydrochloric acid solution which 
~ 
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A'different method of determining the oxidation states of polonium in 
solution was used by Payne and Nelson." They obtained evidence to 
indicate that the two oxidation states of polonium in hydrochloric acid 
solution are + 3 and + 4. They measured the potential difference between 

ELECTRODE 

E 3 5 M M 4  

I 

C 
I ' A  

CELL 

'Fig. 4.29-Shoemaker's polarographic cell. A, sample (10 ml); B ,  coarse glass 
filter plate; C,  agar salt bridge of saturated KNO,; D, saturated KNO, solution; 
E ,  paraffin coating. 

a platinum or gold electrode and a silver- silver chloride 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 suspended 
particles of tellurium established a potential identical with that given 
when the tellurium metal is packed around the electrode. A lower limit 
of lO-'M tellurium can be used-for potential measurements. A similar 
procedure was used with suspensions 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 

. 
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Fig. 4.30-Specimen curve showing valence change a s  a function of electrode 
potential. 
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4 

t 

electrode to attain a characteristic potential. The alpha bombardment 
of the solutio; produces oxidants which first oxidize the excess stan; 
nous tin to the stannic form, and, when theatin reaction is completed,. 
the polonium metal is oxidized at a constant rate. The potential of the 
electrode indicated 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 Fig. 4.32. The color changes in the 
solution, as hdicat‘ed in the figure, a r e  consistent with the red color 
observed by Joy5 for PoC12 and the yellow color for PoC14; however, 
Payne and Nelson concluded that the second oxidation step is from + 3 

I 
!’ 



5c 

4: 

4c 

35 

30 

a 
x 

25 

20 

15 

10 

t- 

82 
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Fig. 4.31-Valence change from duplicate experiments. 0.42 x 104M polonium 
. ,. in 1.5M HC1. 
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Fig. 4.32-Potential of the cells measured, at 25"C, by the precipitation-oxida- 
tion method. (Two complete cycles of same solution shown.) - .  



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 ieaction is inde- 
pendent of the polonium concentration. In a 3.06 x lO-'M polonium so- 
lution in 2.68M hydrochloric acid, an average time of 4.2 min was re- 
quireh to complete the second oxidation step. When a mixture of 

. 

polonium isotopes (of mass  208 and 209) was used in the 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 t imes that required for Pozio, and, since the specific activity of 
the Pozoa Pozos mixture was about one-ninth that of Pozio, the auto-oxi- 
dation time w a s  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 directly proportional 
to the moles of iron and polonium present and that polonium and iron 
a r e  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 
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: 

(4.14) 

where T = the time of oxidation in minutes 
n = the equivalents of polonium per mole 

EqFe = the number of equivalents of ferrous iron, 
k = the number of equivalents of oxidant produced per mole of 

' 

polonium per minute 

, I Equation 4.14 may be rearranged to 

(4.15) 

, When E'qFe/Mpo is plotted against T, straight lines, as shown in Fig. 
4.36, a r e  obtained. When k = 0 the lines intercept the Y axis close to 

f s  



TIME, MIN 

Fig. 4.33-Potential of the cells,  at 25'C, as  measured by precipitation method. 
Concentrations: Po = 2.218 x 10-sM; €IC1 = 2.679M. 
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Fig. 4.34-Auto-oxidation of polonium from lower to +4 state, using iron as  
~ standard. (Two cycles shown.) Concentrations: Po = 5.66 x lO*M; Fe = 5.50 x 

10"M. 
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Fig. 4.36-Number of electrons lost by the reduced polonium ion in the oxida- 
tion to the +4 state. Iron used as standard. Least-squares determination of n in 
the equation equivalents Fe/moles Po = kiF,T - n. 

-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 chloride 
to solutions of polonium. - 
. The evidence of Shoemaker and that obtained by Payne and Nelson 
are ,contradictory with respect to the number of electrons involved in 
the stepwise oxidation of polonium in solutions of hydrochlorib acid. 
Additional work is needed to resolve the problem. 

11.5 Redox Potential of Polonium in Solutions of Hydrochloric 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+' is assumed, whereas in curve B the reactibn Po - Po" is 
assumed. Payne and Nelson point out that better agreement for the 
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Calculated for 
P O / P O + ~  reaction 

I 

0 ,  -5 x 10-3~0ia i  potlo 
0 ,  -5 x 104Molal Pozto 
A, -5 x 10-SMolal Pozo8 

0 ,  -5 x iO-3M01al Pozt0 
m, -5 x 104Molal Po2l0 I Calculated for 

PO/PO+~ reaction 

Fig. 4.37-Calculated values for the normal potential of the Po-Po+' ( O r  Po+*) 
couple in varying concentrations of HC1. 

- 
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standard'potential i s  obtained from observations taken at'different con- 
centrations when Po - Po" i s  assumed. Table 4!13 shows the redox 
potentials in various acid 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 

PO/PO+~, ’ PO/PO+~,  PO/PO+~,  

Method ’ volts volts volts 

In Nitr ic  Acid (-1 x lO-*M Po) 

Deposition on metals  -0.8 
Cri t ical  deposition potential 0.84 0.76 0.72 

C r i t i c d  deposition potentialt  0.53 0.78 ’ 

Cr i t i ca l  deposition potential 0.89 0.81 0.77 
.Estimated f rom chemical 

behavior -0.75 

Cri t ical  deposition potential 0.87 0.79 0.75 

-0.4 i 0.1 

. _  
In Nitr ic  Acid(-1 x 10-5M Po) 

Cri t ical  deposition potential 0.632 0.586 0.563 
Polarography 0.668 0.639 0.624 
Plating to equilibrium 0.70 0.63 0.59 

In Hydrochloric Acid (9 x 

Polarography 0.784 

to  9 x 10-4M Po) 

(-3.6 x to 1.3 x lO-’M Po)  

Oxidation-precipitation t 0.498 0.556 
(calc.) 

In H2S04 (0.5N), P o  = 6 x lO-’M 

Cri t ical  deposition potential 0.87 0.79 0.75 

In H,SOI (>4N), P o  = 6 x lO-’M 

Cri t ical  deposition potentiai  0.61 0.53 0.49 

In CH,COOH (0.3N), P o  = 3 x lO-’M 

Cri t ical  deposition potential 0.88 I 0.80 0.76 

In CHJCOOH (1.12N), P o  = 3 x lO-’M 

Cri t ical  deposition potential 0.72 0.64 ’ 0.60 

In Oxalic Acid ( lN) ,  P o  = 3.8 x lO-’M 

Cri t ical  deposition potential 0.54 0.46 (0.41) 

In Sodium Hydroxide (1.5N) 1 

Polarography -0.315 -0.360 %-0.382 
Plating to equilibrium 0.37 to 

-0.42 

t P O + ~ / P ~ + ~  = - 1.5 volts. 
$ Po+~/Po+~  = 0.739 volt. 
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in vacuo with 2.165 mg of zinc. A s  the polo 
the zinc by heating to 350°C, crystals of zinc poloni 
quartz tube. Crystals of zinc polonide are shown in 

Brocklehurst and Vassamillet" obtained X-ray 
They found it to have a face-centered cubic 
type with a. = 6.28 f 0.02 A. A comparison of zinc PO 
ZnSe, and ZnTe tends to confirm the formula Z 
The calculated density of ZnPo is 7.39 g/cu cm. 

12.2 Lead Polonide. Brocklehurst and Vassamil 
new structure in a sample of pure polonium after 13 
decayed. It was a face-centered cubic structure of NaCl type with a. = 
6.60 i 0.003 A. It was believed to be PbPo. Its-calculated density is 
9.64 g/cu cm. 

12.3 Platinum Polonide. A compound of platinum and polonium was 
prepared by A. W. Martin in 1949, and its crystal structure was studied 
by Goode and Timma." They assigned it a hexagonal,structure, proba- 
bly of the Cd(OH)2 type. Two preparations of the compound were made 
with lattice parameters in close agreement. The first preparation with 
y2 per cent of the polonium decayed gave a, = 4.104 f 0.004 A and C = 
1.366; the second preparation with the same percentage decay gave a. = 
4.102 f 0.002 A and C = 1.371. The formula, PtP%, was chosen after 
comparison of the parameters with those of PtS2, PtSe2, and PtTe2. The 
calculated density of PtP% is 12.47 g/cu cm. 

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,88-7i who determined a hexagonal structure with a. = 
3.976 f 0.008 A and C = 1.425 at y2 per cent of polonium decayed. The 
formula NiPo was chosen as the most probable. Its calculated density 
is 11.53 g/cu cm. Witteman and SpillertT2 report experiments indicat- 
ing alloy formation with composition varying continuously between 
NiPo and NiPo2. , 

and silver by distilling about 1 curie of purified polonium upon silver 
wire in an evacuated quartz capillary tube. Compound formation was 
accomplished by heating to approximately 400°C at a pressure of 10" 
mm Hg. The compound was observed to decompose at approximately 
559OC. X-ray powder patterns showed 62 lines ascribed to' silver 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- 
gence of conclusive data on the structure of Ag2S, Ag2Se, and AgzTe, no 

- 

12.4 Nickel Polonide. A compound of nickel and polonium was pre- 

12.5 Silver Polonide. GoqdesC71 prepared a compound of polonium 
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& conclusion was reached regarding the most probable formula - __ for - the 
silver poionide. , 

' 12.6 Beryllium Polopide. A compound, of beryllium and'polonium 
was prepared at the Los Alamos Scientific Laboratory" by heating 
beryllium powder i$ a \capillary tube in vacuo at,,GOO"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 lattice constant (is 5.827 A, and the calculated density is 

12.7 Calcium Polonide. A compound of calcium and polonium was 

6 

I 

f 7.35 g/cu cm. 
i 

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 cubic crystal  
of the NaCl type with a lattice constant of 6.51 f 0.004 A at approxi- 
mately 25°C. 

pound was observed in a Pyrex capillary in which a sample'of polonium , 
had been stored until 32 per,cent of it had decayed. The lattice constants 
of the crystalline substance agreed quite well with the probable values 
for Na2Po, as predicted by comparison with Na20, Na2S, Na2Se, and 
Na2Te. The average of four patterns having the largest number of lines 
gave a,, = 7.473 f 0.004 A. The calculated density is 4.08 g/cu cm. 

' 

12.8 Sodium Polonide!'-@ A face-centered cubic crqstalline com- 
;?. 

\= 
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-8 _ a  It became apparent, early in the work with Poz1', that the hea th  
hazard'was, one of the main considerations affecting the use of polonium 

toxicity and metabolism information obtained at  the University of, 
Rochester.' 'A biological research program was established at Mound 
Laboratory to f i l l  in the gaps in the informatio 
and metabolism. 

,- powledge of, the hazard from polonium was limited to some acute- 
- ' 

r4r 

I 

This chapter is a report of that polonium biological research which 
- ' was directly related to the-purification of polonium for the pr - 'of neutron and alpha sources. The chapter is dSvided into two pa 

Part A is essentially a summary of the more important effects of 
re is a minimum of technical detail in this par t  b 
o give only the over-all picture of polonium toxicity. 

Par t  B gives some technical detail of experime 
A: -I 

MAJOR POLONIUM EFFECTS 

The effects .of polonium were determined in eker imenta l  animals, I ' 
chiefly the rat. The results are summarized in Table 5.1. . 
. The LD,, (the"dose lethal to 50 per  cent of a 

" - was determined'for the cat, dog, rabbit, mouse 
8 sing!e injection of the polonium directly into a suit 

r'at was the species most sensitive to polonium -in 
it seemed'to be the best animal to use for further 
yield a conservative determination of the largest) dose of polonium 

s which could be tolerated without any measurable effect. In actual 
practice, each succeeding experiment employed successively lower 
dose levels. Thus a gradation of effects from severe through mild to 

. :, 

- 3 ,  
I 

I ,  : 
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Hematological Gross 

Single Dose, Intravenous Injection 

50- 100 Cat, dog, 
I rabbit, 

mouse i 

35-45' - Rat,  

10-30 R,at 

. ~ - -  , , _  . .  
. .  

I . .  .. , - -.. , ., 
I - _  . . . 

. .  1-10;, , '  " Rai ' ' 

' 0.5-1.0 , .Rat- ... , ,  - .  

0.25 . Rat . 

LD50. 20 days, about 
80 PC/kg 

LDs0. 20 days, about 

LD50, about 50 to 
40 P C / ~  

250 days 

Generalized massive tissue In rapid succession, severe loss Complete loss of appetite. 
destruction .of lymphocytes, all white blood rapid weight loss, - - 

cells, red blood cells, and lethargy, death - 
hemoglobin ~ J .  - - 1  

I 'Same as described above for-other species at higher doses 
I : {  

In animals living 100 days or Moderate to severe ear ly  loss of, Some early loss of 
t 

more, rapidly developing ., white blood cells, later re- appetite, moderate 
kidney damage covery, still later relapse, to severe weight loss - OD . ; 

I 
I 

W ! 
effects on red blood cells and 
hemoglobin only as  r a t  is 

LDSo, about 300 to . Virtually every rat slowly 
500 days ,developed ludney damage; 

some showed injury to the 
heart- . 

Occasional mild kidney and/or 
%thyroid lesions, otherwise 
no visible injury 

Reduction of life 
span by 10 to 20% 
in males only 

required for the 
population to die 
was -600 days) 

None h e . ,  the time None 

. .  
. I  . . . .  

. .  

dying- - -- 1 
-Transient reduction of white Moderate weight i e -  - -  I 

.blood cells at early time'fol- - ductions at-higher . . .- ;- j 
./ , 

~ , . , %  . . , '. 1 
. " &  

, -  . , I  

:. . I 

. .. .' . 
t. lowed by recovery: , , " dose levels. , I 

. -  
. ,. 
-_. a 

\. 
. .  

No det&table hematological . ' None ' ' . 
effect , :. 

None 

. .  . ,  

. I  

None . .  
% *  
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Table B.l-(Cpntinued) . *  

_ _  
I 

- 
Usual effects 

pc/kg of body weight Animal Le!hal Histopathological Hematological Gross I -  
# . .  

1 -  

. -  

I .  

. .  
I- 

_ _  , .  
L . 
I . '. 

Multiple Dose, Intravenous Injections . L  

2 
Repeated 10 t imes at 

2-week intervals 

Rat 

0.01 Rat> . 
Approximately main- 

tained throvgh life 
by monthly replace- ' 

ment injectibns 
I 

Quantitatively -_ 
lethal in period 
140 to 200 days 

I 1  

1300-2000 Rat 
. .  

; -  

Lesions developed more White blood cells show a drop 
rapidly than in the equiva- 
lent single-dose experi- 
ments; also, severe liver 
damage 

In count from 12.000 to 
18,000 cells/cu mm at start ,  
down to 2000 to 3000 count 
after 140 days, red blood 
cells show progressively 
more marked anemia from 7 
to 7.5 to 2 million total count, 
there were no recovery phases 

Only very slow weight 
gain after second ln- 
lection. males from 
275 to 420 g and . 
females from 250 ,, 
to 325 g at  140 days 
postinjection; loss o! 
appetite, some 
diarrhea 

I .  

I 

W 
(0 

Indistinguishable from rats simllarly injected with physiological saline containing no polonium 

. - !  
Gavage 

with erosion of walls of gut, weight loss, diar- 
marked destruction of rhea, hemorrhage 

from anus and 
around nose ' 

LD,,. 20 days Massive tissue destruction Marked loss of red and white Loss of appetite, 
blood cells 

- .  lymph nodes, spleen, etc. 
\ 
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est multiple dose which resulted 5 ,  

about 0.01 pc per kilogram of body 
, 
. 

,  weight was used to determine whether there ik a margin of safety in 
maximum permissible’concentration (MPC) values for humans now. in 
user< The h’ighest MPC i n  regularruse for {polonium (to our knowledge) 

of body wiight maintained throughout ‘ 
than‘three times larger than this value 
ed no d$mage that could,be found after 
nfidence in the safety of this MPC.- 

, 

‘ ’\ - 
ired ty observe consistent histopatho- 

o tissues or  organs. The kidney 
r 

ved to-be the’critical organ at low doseblevels in the single-dose - 
- *‘ 

., the single-dose series;  8 I - . - ‘ i -  

t s  on blood, especially on the kind. , ~ 

t the life span approximately in , 

, 
ly observed only-with polonium . 

a t  frequent periodic blood counts 
ring exposure to polonium. , . > I  

s loss-of appetite, loss of body 
at relatively -high dose levels and 
f polonium damage. If gross 
death was a’certainty. 
ies no referense whatever to can- , 
Mound Laboratory biologists was 

ium had any effect on Fancer 
t with.limited data on mice 
se findings has been- advanced 
h normal cancer incidence . .- 

. 

nt,of all control rats and of ’ 

over 2 years of age) made im- 

Lsr 
4- . -\ 

a ,  
’. - , ,  

I /  
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i f  B. EXPERIMENTAL RESULTS 
, .I - 
. , r .  ! 

". 
,- . 1. TOXICITY STUDIES . .  

e ,  
- J. . .  1 I. . 

q 1.1 Acute and Subacute Toxi-city in Rats and Mice. The first.ex- ' 
periments completed at Mound Laboratory were those to determine the 
2Olday LDso for ra t s  and mice. Studies of this type are usually con- 
sidered necessary first  steps in studies-of the biological effects 
agent because they delimit the region of effectiveness and make possible 
he selection of appropriate doses. 

The rats used were of the Sprague-Dawley strain, any-from observa- 
tions on splenectomized animals the rats used in the Mound Laboratory 
experiments appeared to be free of Bartonella muris infection. This 

.'- ,freedom from Bartonella infection is important since some of the ef- 
fects of polonibm couldpot be-evaluated in infected rats.. 

f r a t s  were injeited intravenously (tail vein), and two g r  
treated'by gavage administration in which the injecti 
placed directly-in the stomachs of the ra t s  through a rubber tub 
lowed by the animals. 

The average 20-day LDs0 for intravenously injected polonium was 43 
pc per kilogram' of body weight in  male rats and 36 pc per kilogram of 
body weight in female-rats.' These results were obtainedon approxi: 
mately 100 rats ,of each sex, divided into 11 dosage levels. Similar $ex- 
periments with mice of the CFW strain gave LDso values of 80 and 100 

- pc perkilogram of body weight, respectively, for the males-and females + 

following intravenous administration. 

I 

3 a 

. 1 

~ I ' ' 

j 

' 

plot ,of theiiadute lethality in rats at other time peri 
5.1;.bThe time scale in this figure is the number 'of 

h.of the middle animal in the group, 
grouped irrespective of sex. Since 

when they were 100,to 140 days of age, the total. '- 
st 100 days more khan the age shown in the fig- 

with doses from 70 to 30 pc per kilogram of * 

ot much dependence of median lethal time on . 
es ranging from 30 to -4 pc per  kilogram of 

body weight: theimedid lethal time was strongly de 
The chroniclllethafity id discussed in detail in Sec. 1.3. - 

In the two,ga&ge experiments with rats, nine or  ten !I 

*.. - same number of females were used for each of the el 
value for.the males was 1 

and for the females the value was-13 
ht. [The estimationaof the LDioAfor 

rats of both gavage experiments (1150 and 1500 pc)  is-basedpon so few 
points that this value must be considered a crude approximation.] The 
data obtain-ed do not allow a statistical demonstration of the sex.dif- 
ference indicated. 

' 

8 - 
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* ' 1;2 'Acute Toxicity in Other Animals. , Because the aim of the bio- ' 

logical res,earch program was to establish human tolerance and toxicity 

necessary to know something of the toxicity o f  polonium to several 
1 I values (to be obtained by extrapolation'from-animal studies), it was . 2 

~ 
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- - 
very similar. There Wiis marked loss of hair,-loss of body weight; 
lethargy, and lack of appetite. Ulcers of the skin developed and refused 
to heal. A group of 24 cats was used in a similar experiment.' The cats 
were injected via the saphenous (leg).vein. The 20-day LDSo,value was 
determinedho be 69 pc of polonium per kilogram of body weight. No , 
very precise estimate of the toxic dose was made with rabbits, although' 

2 . 
= 

the results obtained indicated that the 20-day LD,, for these animals ' 

would also be in the region of 70 pc per kilogram of body weight. - ~ 

From the standpoint of polonium sensitivity (a sensitive animal spe- 
cies being preferable for extrapolation to humans), the  ra t  proved' to be ' 
an excellent choice for the bulk of the Mound Laboratory experimental 
biological work. - 

or chronic studies are 'a direct way of measuring tolerance'values for a', 
given material. Studies of-this type are still being carried out at Mound 
Laboratory. A series of expefiments at doses of 1-to 8'ps per kilogram 
of body weight showed that even such relatively low single doses of 
polonium c?used irreparable damage and early death in rats. That is, 
such doses were well above the lowest effective dose. Consequently an 
experjment was initiated to measure the long-term effects of still lower 
doses of polonium in an attempt to determine the lowest single dose 
which would measurably affect a significant fraction of a large group of 
rat's.' The dosage levels used were 0 (control), 0.25, 0.50, i d  0.75 pc ' . 
per kilogram of body weight, and the criterion of effect was a shorten- 
ing of life span, the ra t s  being observed until they died. _Eighty rats ,  
40 males and 40 females, were employed in each group. F e  effect of , 
these doses on median lethal time (both sexes combined) can be seen 

- in Fig. 5:l. Since'such individual median values are not susceptible to. 
statistical evaluation, the life-span data were used for statistical 

' analysis. ve most striking feature of the life-span data was the dif-; ' . 
ference in longevity between males and females. Male rats showed a , 

significant shortening in life span at the 0.50- and 0.75-pc dosagelevgls 
but not at the 0.25-pc level. Thus the'lowest effective dose of polonium,, . 
in the maletrat was equal to or  slightly less than 0.5 pc per  kilogram. '- 

of bo$y weight. ,There ,was a much greater degree of variance in the - 
data for  the female rats, and only a t  the 0.75-pc level did it appear that 
some reduction (not clearly signqicant) in life span had occurred. 

Studies of chronic toxicity resulting from a maintained very low body 
burden of polonium were also carried out. A body concentration of 0.01, 
pc per kilogram of body weight was maintained in Tats by monthly re- 
placement injectionsi'equal to the polonium lost by excretion and decay 
during the previous ,month. One hundred rats were injected with polo- 
nium and maintained until their death; with observations being made on 
life span, tumor incidence, and iood'and water consumption. After the 

1.3 Chronic Toxicity in Rats. It was pointed out above that long-term' 

, , 
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'and 5.5) for the two tissues- : $ *.. 

r s _were sqen for other t issues 
asanot a factor. For both ti,ssues; Ithe gavage 

slowly after the first few days than did the 
It can be" seen from1 these data that polo- 

so-called "bone-seeking:' radioelements. That ' 

i 
1 -  ially distributed to the bone nor,is it 

i lyan, , irradiator of sof t  t i s sues  or v 
4 .  

- -  uch tissues-that one would expect to,find evidences - -  . ,  
I 

1.. 

, I -  

.2:2 Detailed Study of Distribution ,Within the,Blood; By". E .  . 
le of blood in tlie.metabolism and toxicology of polo- 
thoroughly 'investigated. ;However, certain observa- 

xicated animals sugge\st the importance' of 'E ' 

, toxicity syfldrome. Investigated- wer,e such factors 
of polonium, the. relatively high concentrations of 
d, and pathological alteration of several of the I t  

~ highlysensitive organs such as the spleen, bonecmarrow, ana liver, ., - ' \ -  -\ 

- 
I .  

' which are cl?sely associatN with blood-cell storage, production, or' , 

destruction. 
.. ,The purpose of the studies described below was.t6 make a detailed in: 
vestigation of the distribution of polonium in blood and to learn some- , 

thing of the'chemical nature of the bond between,polonium and blood. 
The work was done'p%rimarily with Sprague-Dawley rats, but" all the I 

,'critical experiments have been repeated on dogs , q t h  almost identi,cal 
results. .  Observations are based on a t  least three, usually five, repli- 

' , 

' - 

. i  
' - cate experiplents. , .  

ion of po1onium;containing blood into 
d that 90 to 97 per cent of the polonium 
that the remainder of the .polonium was' in  both the* .: 

plasma and the white blood cells. *The blood was taken by cardiac-punc- 
' ture from ra ts  ,which had been intravenously ,injected 4 daysipreviously 
' with' approximatelyJ50 pc ofipolonium per,kilogram of .body weight. 

Auxiliary experiments demonstrated that the techniques used in the ' ' 
- separation, such as washing the cells with an:isotonic so1ution:of so' rl  

dium chloride, hadfnq effect on the distribution pattern obtained. 
3 Experiments in, which ,hemoglobin was carefully isolated,by several'. 

different methods from polonium--containing red blood ce l l s  indicated 

ar results have been obtained by ThomasB'in studies in which polonium- 

. -  '- - -  

: 
I .' 

a 
, -  

' 4 
' " 

that almost all the-polonium was associated with the hemoglobin. Simi; ; .c 
.% 
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During the1 gavage di-stribution experiment the body. weight of tr’eated q, 
e and female ra t s  dropped below that of the contljols, i.e:, weight 

~ 

/ ‘  . increases in treated animals did not match the increases in control - 
, animals. The effect upon weight increases was more marked in the 
- females. Food consumption and feces excretionain’treated, animals ,were, 

less thansforcontrol animals, starting shortly after the beginning of the 
, , . experiment and‘continuing to the termination of the experiment. The 

water-intake and.urine-excretion patterns were different for treated - 
male and female rats. Treated female animals consumed more water 
and excreted more+urine throughout the experiment‘than did the control 
ani,mals. Water intake and urine excretion in ,the treated male rats also 
were greater than in control ra t s  for the first 3 weeks of the experi- 
ment, but after this period of time ths  treated male ra t s  recovered to 

1 ” 3.2 Hii;opathological a@ Hematolo&cal Effects. By R .  N: Cowden 

, ‘ 

j , . 

- normal rates. 

and R .  E .  Z i p f .  
pathological and hem*atological ’(blood) changes in ra t s  given a range of- 

, intravenous polonium doses such that changes during acute, subacute, 
and chronic toxicity could be observed. Dosage levels of 35, 23, 8, 3.6, 
and 0.9 pc’of polonium per kilogram of body weight were used in these 
studies in which serial  sacrifices,of both polonium-injected and control 
ra t s  were made at  regular intervals.’ Hematological *studies consisted 
of erythrocv? (red-cell) counts, white-cell counts, differential white- . 
ce l l  counts, hemoglobin, hematocrit, and mean blood-cell diameter de- 

’ termihations. In addition, the effects of small repeated dosages of : 

poloncum have been studied in conjunction with metabolic studies’. 

A ser ies  of studies was carried out to determine histo- * I  

‘ , 

‘ . 
. -  .. 

’ 

, : 

- 

a L- ’ The rats from these various injection levels were sacrificed through 
a period of time 375 days postinjection. Also, rats from 3.6- and 0.9- 

‘ pc levels that-were used forihematological studies were allowed to l ive,  
past,375 days until they became moribund br died, ,at which times they 
were autopsied and sections were taken for study. Concurrently with 
these pathological studies, autoradiographic studies, were done to follow 
the.deposition of polonium in various organs a t  various time intervals, 
and attempts were made to cyrrelate polonium deposition with histo- 
pathological change: 

The acute dose levels (35 and 23 pc) showed very early blood dys- 
crasias (disorders)! that are. described more fully below. Along with 

’the early blood’dyscrasias and attendant bone-marrow damage, there 
’ - waslmarked atrophy (degeneration) and hypoplasia (less than normal 

number of cells) of the lymphoid tissue and gonads. The kidneys showed 
the firs ges at, approximately 100 dayc postinjection on all injection I -,, 

levels. hanges were ,progressiue with marked tubular damage; 

. 
\ 

, 

, 
I .  

. 
‘ 

I 

atrophy, and fibrosis. There was a progressive degenerative change in 
- 

c 
I ”  
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, the ovaries at al; injection' levels, and the testes showed regenerative 
changes at the 8-pc level and at the lesser dose levels. In r a t s  at the , 
8-pc level there was a heart lesion at 300 days and later, which also 
appeared in the heart tissues of rats injected with lesser doses of 
polonium.' A few of the rats of the chronic injection levels showed 
hyperplasia of the thyroid gland a t  late time intervals postinjection. 

The, multiple-dose studies showed many, interesting parallels and , 
digressions from the pathological changeskeen in the single-dose ' - 
studies. When comparison was made between ra t s  receiving a single, 
dose of polonium and those receiving the same total dose in a series 
of injections, the pathological changes appeared earlier in the multiple- - 
dose animals, were more marked, and involved organs not markedly 

. affected in single-dose studies. In the multiple-dose experiments t he ,  

4 P 
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. I  
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, 
I .  
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kidney lesions described for  the single-dose studies occurred earlier I 

and -progressed more rapidly, and the gonads and lymphoid tissue 
showed earlier and more profound change. The: most striking differ/- 
ence noted between the single- and multiple-dose studiek, when equal 
total amounts of polonium were given, was in the liver. 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 (hyperplasia of bile-duct epithelium with fatty degenera- * ' 

tion and fibrosis and necrosis of the liver-cord cells): These patho- 
'logical. studies of the effects of multiple doses of polonium were done 
in conjunction with the distribution studies described previously 'and 
showed a more rapid and pronounced toxemia accompanying the in- 
creased-body buqden of polonium. 

The hematological studies were made on animals from the experi- 
ments set  up for histopathological observations and consisted of com- 
plete peripheral blood surveys as well as some bone-marrow studies.,. 
In general, 'Ithe picture seen was one of early severe blood damage at 
high dose levels; later, less severe damage at intermediate dose lev 
els; and either-long delayed, slight damage or no damage at all at low 
dose !evels. 

Blqod dyscrasias were pronounced on the acute dosage levels (35 and 
'23 pc). The leucocyte counts showed a precipitous drop to very low 
levels by 24 hr postinjection, followed by slow recovery and then termi- 
nal leucopenia (low white-biood-cell count) as the animals became mori- 
bund. The tota1,erythrocyte count took a pronounced drop at the 35-pc 
level at 2l.hays and at the 23-pc level at 40 days postinjection. There' 
was only a partial recovery followed by marked anemias a s  the animals' 
became moribund. The hemoglobin and hematocrit values somewhat 
paralleled the changes reflected in h e  erythrocyte counts. The red- 
blood-cell diameters revealed some enlarging of the cells. 
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placement of marrow-cells, ~ I 

with localized areas of- 
was an abnormal matu- 5 

’ ) .  

e marrow showed hem-’, 1 

rsisted and grew . 
days postinjection 2 - t .  . - - ’ 
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sed: the female reproductiv 
eriods of oestrus and in the male it caused a diminution in the, 

of%,spermatozoa. Two groups of 30 male, and two groups of 30 fem 
Sprague-Dawley ra t s  were  used in a breeding experiment" in -W 

one group.& males and one group of females were injected yia 
dal (tail) vein with 14 pc of polonium per kilogqam,of body weight: 
Three, days after injection the following mating crosses  were made:' 
(1) ,injected females'mated with injected males, (2) injected females . 
mated with control males, (3) control females,mated.with injected . 
'males, and (4) control females mated withkontrol males.: Matings,in-;,, . 
which injected males were used had sighificantly. longer period 
gestation than other. matings. This suggests that gestati 
not extended but that insemination of the ova was delaye 
formation of the copulation plug. All matings produced about t 
number of living young. However, the number of stillborn offspringdn-,, 
creased significantly when one or both of the parents-had been injected 
with polonium. !This, situation reflects the observation that inj 
males produced larger l i t ters and suggests that the polonium'produced ' 

-an. increased ovlflation but prevented normal gestation of the iqcreased ' 
number of fetuses. Analysis of the offspring for polonium*,content 9 I 

showed none to be presentj- indicating that little or no polonium crossed , ~ 

the fetal membranes and that the observed effect on mortality was due - ~ 

on the pregnant females rather than a direct effect-upon I' , 

other experim'ent to evaluate polonium effects 
three groups (20 each) of young adult femaleSprague- ' 

- 

' 
f S  

' 

-1 

, 

- 
, 

' 
* 

'Dawley rat$,weTe injected via the caudal vein with 9, 20; and 30 pc of 
polonium per kilogram of body weight, respec;tively. ,Daily vaginal - + 

lavage smears  were taken and read over an observational period oft' 
154 days.. +l1 injected rats did not live throughout the experiment, an 
those' that died ,were autopsied .for urogenital system observations. 
was' concluaed from the observations made that the early effect of 
nium was $.bring about the app,earance of-a prolonged earlj. 
type of vagi@ smear  and that later,,after the polonium had 

'the urogenital system for a longer period, the early oestrus 

ance-of this series of events was related io the dosage of:p 

' . 

' 
1 I ; 

' t *  . 
I gave \way to a dioestrus-type smear. The time:required for 

I 

s did not return to a completely normalsoestrus cy 
of the, experiment. 1 -  1 

t from these experiments that ,polonium 
of rats. The high dosage levels used result irv 1_ 

nges, and, as a result, it is to be exp 
eproductive s9stems iouid occu;. S 

studies at low or chronic dosage levels vould be of consid 
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C: - terest'in connection with human -tolerance'levels. . *  
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4. OBSESVATIONS ON HUMANS , 

portunity to observe toxic effects or. metabolism of polonium 
s is quite restricted. Such observations a r e  limited for the 

' 
I _  

, most part  to cases in which accidentalexposure has occurred. When \, I 

3 accidents do occur, it is very worth while to observe the metabolism L 

erimentation and human experi- 
e r  effects, i f  any, as Fompletely a s  possible in an attempt' to - 

r 

of polonium in humans has been made 
, I, 

from, the data bbtained in routine urine analysis on Mound Laboratory 
el.'' The calculation actually'gives a half time for urinary-ex- 

n, i.e., the length of time required for the polonium excretion , . 
j 'rate !o decrease by one-half, but i f  it is assumed that such excretion 

provides an index of the ayount of polonium in the body, then the calcu- 
lation might.be called a "derived effective half life." There is abundant 
evidence in the experimental data on animals that the excretion of 

8 

, 
~ 

olutely no evidence of the body burden becoming less (or more) 
um does bear a simple direct relation to the body burden. There c 

- I  available to excretion with time such a s  one sees  in the case of )radium 

' The health hhysics urine-count records at Mound Laboratory were 
searched for instances of substantial amounts of excreted polonium, 
and cases were used in which the maximum recorded count per minute 

, per 50-ml sample exceeded 100 (MPC is 500 dis/min/24-hrTsamp1e). If 
a straight line 'may be fitted 
he method of least-squares 

analysis,.and the half life may be taken from a graph of these data when 
plotted. The average half life obtained from the cases studied was 
36.6 days. This compares closely with an average half life in ra t s  of 
about 35 days. It should be noted that fitting curves to human data on .  
polonium excretion is complicated by the very wide fluctuation in 
amount of excretion from day to day or  sample to,sample)n a given 
,individual. This fluctuation is a characteristic of polonium metabolism. 
The relation between'humans excretion and retention of polonium has 
not been completely evaluated. 

and plutonium. ' ,  
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POLONIUM FROM LEAD-RESIDUES ' 
1 

I ? *  * 

, -  

By Harvey VFMoyer 
I , 

I 

6 1. INTRODUCTION. 

irradiation of bismuth 
who organized the Dayton ' 

ject was organized, no 
cyclotron, and the uncertainty - 

. , 
of a nuclear reactor appeared to justify 
g poionium from natural sourc+. TKS . 
d at the Dayton Project for the separa- 

SITION OF LEAD DIOXIDE AND ASSAY PROCEDURES 

aw materia1,for the I'ead process 
t Hope, Ontario, by the Eldorado 
of 73,774 lb (dry weight) was re- 
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Low-temperature roast wlth NaCI' 
to convert' A g  to A g C l ,  
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and Fernelius! that a sensitive calorime might be the best method of * ' + 

- .- ~ 

<measuring high concentrations of polconium.) 

dioxide was received Nov. 10, 1943. It was largely African in origin 
.but contained some material from Eldorado ores. Chemical analyses 

contained many impurities in sufficient concentration to pr-esent dif- 
ficufiies in processing the material. This is shown-in' Table 6.1. 

\ 

I 
2.2 Analysis of Lead Dioxide. The first shipment of 6250 lb of lead 

' 
' . 1- :. "- ' and qKalitative spectrographic analyses showed that the lead dioxide - 

, 
I* 1 

- I  

- ) .  1 

'Table 6.1-Analysis of Lead Dioxide , 
- r  

' Chemical analysis, Additional elements by , 

. %  -spectrographic analysis 
' I  

Pb 81.13 ' , Ba Te 

NazO 0.70 

Mn 0.005 \ 1 A1 Pd 

Se Present  , Ni 
U Present  Ca 

~ Fez03 1.25 Sb Ag 

SiO,', 0.15' . Bi Pt 

c 1  Present  . Mg 

V Au ' 

5" 

I 

The impurities which were most important i n  the operations for 
~ 1 -  

_' separating polonium were iron, silicon, tellurium, selenium, and silver. 

active'equilibrium had been reached between RaD and RaE in accord- 
ance with: 

I , 
'., 2.3 Radioactive Assay of Lead Dioxide. It w a s  assumed that radio- . -  

.- 6- 6- Pb2I0(RaD) - BiZi0(RaE) - PoZi0(RaF) - PbZo6(RaG) 
22 yr - 5 days 

t 

This assumption was justified since the lead dioxide was  at least 60 
days old ,when received in Dayton. The beta'radiation which was counted 
came only from RaE, si-nce the low-energy beta emission.from RaD was 

,not counted with the kauritsen electroscope nor by the Geiger-Mueller 
counters which were used. The alpha radiation was measured in the 
early 'months of the projeFt with a .parallel-plate alpha counter. Results 
of the early assays varied considerably because of the low solubility of 
the sample, adsorption on glass during transfers, and imp,erfect cor- 

1 rections for backscattering and coincident disintegrations. The follow- 
ing resultspvere picked by Weimer4 a s  the most probable minimum 

*,values for a composite sample prepared from portions taken from 20 

. 
* 

' 

- 

' bags at random in the first shipment: 1 I , '  

r 



I :  , 
5 - 1  , 

. . .  P. 2619 (Y dis/min/mg = 1.07 curies/ton , 1 q i  8 -  

r F  3280 dis/,min/mg = 1.34 curies/ton - - L i  - .  ' < .  
\ . -  > I 

The second shipment, which w a s  received' Jan. 10, 1944, consisted of 
four lots which came from ore  processed*at Port  Hope during the 
months indicated in Table 6.2. Assay results are also indicated'in 
Table 6.2. The alpha assay showed that the quantity of polonium in the 
different lots was fairly consistent with the age of the processed ore. 
The Ra,D content indicated that the maximum quantity of polonium which 
could be expected in 2.years would not exceed 2 curies per ton of lead 

- 2  

I ' 

' . 
' I  ' dioxide. ' ,  

- /' 

~. h 

Table 6.2-Assay of Second Shipment of Lead Dioxide 

Net Mois- Electro- 
Lot wt., ture,  scope, Activity, 

marked tons - % div/sec ' curies/ton dis/min/mg 

Sept. 3.0 4.09 1.235 2.29 . 2854 
Oct. 3.55 '3.88 1.136 . 2.11 '2286 
Nov. 1.55 5.43 . 0.936 1.74 1458 
Dec. 4.54 4.11 . 1.143 2.12 842 

Po 8 

curies /ton 

1.17 
0.95 
0.60 
0.35 

L . ,  

. 2.4 - Assay Procidures for Polonium. 
The first a;tempt at counting-thick samples was made by placing finely 
ground and screened lead dioxide in a circular, depression 0.5 in. deep ,  
and 01025 in. in diameter which had been made in a piece of sheet' , 

platinum. Brass  disks of similar design were la ter  found to be more , 

satisfactory than the platinum because 'they were 1ess;expensive and 
had less tendency to crinkle when handled. The dry material w a s  . 
pressed into the depression with a small spatyla and counted directly 
in a parallel-plate alpha counter. The count was independent of the, 
weight of material in the disk but dependent on the surface area ex- - 
posed. Material of 100 to  200 mesh gave results reproducible within 
h5 per cent. 9 

Another,! method of thick-sample counting proved more reliable than 
the disk method and was less likely to contaminate the counting cham- I ,  

ber. !This,/method involved compressing the solid materia1,into pellets 
"/B in.. in diameter and '/8 in. in thickness. Samples from all shipments 
were madb into,pellets and counted in a parallel-plate alpha counter by 
means of a specially.'built pellet holder. The alpha particles entered 
the counting chamber through a 'circulai aperture in, a diaphragm , 

against which the pellet was held by slight pressure. This holder is 

(a) Thick-sample Techniques. 
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xide was derived entirely - 

d RaD, respectively, 
onstants. It was as-. 



* 'in. square, were cut and then- washed with acetone. A background count I 
4 

I .  .. befoFe use was recommended. A 10-p1 sample was transferred to the I 

foil, and, if nickel was used, the sample was treated with 10 I J - ~  of 0.1N 
,* 

- 
' ,' hydrochloric acid or glacial acetic acid. If silver foil was used; 10 p1 \ . - 

.' of 1.0N-hydrochloric o r  glacial acetic acid was used. The foils were 1 *+ . allowed to stand for 30 min over water to prevent evaporation and were , - 
1 

\--= . w. Table 6.'3-RaD Content ,of Various Shipments of Lead Dioxide 

counts/ 
unit time RaD, e RaD, 

on June 10, on Sept. 14, curies/ton curies/ton I _  

I . designation 1944 (aging method) (electroscopet) 

' s-2-1 4860 2.47 2.31 , 
4480 2.13 2.15 . 
3404 1.79 1.76 

35-24 ' 4098 2.26 .2.19 
4480 . 2.22 2.18 

2556 f 2745 1 .16 ,  
NOV. I 2735 2825 1.19 1.26 

i' 

373t 2.05 
3405 2.10 

'9 
1 

e assayed by R. J. Prestwood. 
I '  

then washed with distilled water, dried, and counted. It,was observed- 
that filtration of the lead nitrate solutions through'paper or by centrifu- 
gation redbced the count unless the acidity was greater than pH 1.5. 

' 

Beta a'ssays of the lead nitrate solutions were'made by placing 10-p1 
samples on g l b s ,  evaporating to dryness, and counting. 

The most consistent results-in assaying insoluble residues were ob- 
tained-by treating 0.1-g samples with 30 ml of 6N hydrochloric acid, 
heating for 15 min on the hot plate, diluting to 100 ml without filtration, 
and counting 10-p1 samples,after evaporation on glass slides. 

I 

~ 

L 
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3. DISSOLUTION OF THE LEAD DIOXIDE 

3.1 Treatment with.Nitric Acid and Hydrogen Peroxide. The 'dis- I 

r -' 
I solution process began by grinding and screening the le 

590-ga1,Pfaudler reaction vessel, with water, nitric acid, and hydrogen 
\ peroxide. The water $was run into the reactor, and the solid materia[ 

was added and thoroughly mixed. The heat generated during the addi- 

solid material which passed through a 60-mesh screen r' 

. 
:' 

\ +' , I = 
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-r *, 123 8 

1 .  .- 
\ , *  - 

s ' : -  tion of nitric acid and hydrogen peroxide wastremoved by running .wat_er I ,  > 

\- I 

I . =  

through the coolihg jacket of the reactor. 
The acid and peroxide-were added at  such a rate'that the temperature 

did not rise above 40"C.because above this temperature the decompo- I , . 
sition of hydrogen peroxide was excessive. The reaction of lead dioxide 
with hydrogen peroxide in the presence of nitric acid is 

I s  

1 

4- 
W 

> .  I 

PbOz +'HzOz + 2HNQ 4 Pb(NQ)Z + 02 + 2Hz0 6 

, ,  

7 -  
The iast  10 per cent of the hydrogen peroxide was in excess of the. ~ 

theoretical requirement and w a s  added at a slow rate while the mixture 
was h'eated slowly to 95°C. .The temperature\was kept a;t 95°C for 1 hr; 

* then the mixtu a s  cooled to 70°C and forced into a cone-bottom set- . 
of the solution on cooling was 0.8 to 1.0. In early , 

hr  was allowed for settling. Spectacular improve-' 
ir 

ment in settling occurred in several difficult cases  by adding 100 to 
500 g of hot glue dissolved in 1 gal of water. (The addition of glue was c I 

a suggestion'by M. M. Haring. Apparently this is an example of the 
coagulation of colloidal particles by the "sensitization" effect of non- 
electrolytes.5) Solutions which had not settled on standing 36 hr  gave 

, later operations -a more satisfactory solution to the problem was the 
addition of lead carbonate to the original reaction mixture b e f p e  the 

Operation. The addition of a slui-ry of basic lead': 
carbonate,,which was prepared later in the process from *wash soh- 

I 

1 . 

,s: 

. crystal clear supernatah solutions in 2 hr after the addition of glue. In ' * k  

I " ' J. 

. first filtratio 
L "  

. 1 



slurry for removal through Saran - 

the calculated value was. due, ’ , 
nitra& which were present ‘in 
irnent varied in composition . ‘ 

nickel salts a s  well as 



de was suspended.in water, and the free hydro- 
with ammonium hydroxide which also 

ion,was considered complete if,, aft 
11 below 8.1. Under these conditi 

nate was'in excess of 9'9 per cent. 

itric acid equivalent to the soda ash used. .Special pre 

-- cided not to attempt to extract the*polonium from,the residue which , , 
was- transrferred to barrekcfor final disposal. The clear supernatant 

trate were filtered through the-Sparkler filter and 
. 



I % - -  ------ { 

8 
I .  

*_ I I -  
r ,  

' I  

, I I C  

> I  
i 

t , 

- -. sent to storage: A total of'4275,gal of lead nitratesolution containing 

.5 .1~  Precipitation in Pilot-plant Operatiins. Assays 03 the lead ni- 

t 

-was prepared by the process. ' I 

' .  
1 -  

5. COPRECIPITATION OF POLONIUM .WITH BISMUTH OXYCHLORID6' 
I 

Ti  

trate solutions indicated that 0.88 g, o r  approximately 67 curies,'of 
radium-D was present in the entire 30,000 gkl of solution. Calculations 

I 

- 
* -  

showed that approximately 10 curies of polonium per' month should be ~ ( '  

, formed-8fter the solutions h'ad aged for'60 days, f t  was proposed to se t  
up adschedule whereby, 500 gal of solution would-be pr,ocessed each day 
if the !ead solutjons should.be needed as a,source -of polonium. 
A process for milking the lead,nitrate solutions for polonium was 

devised and operated through'the pi1ot:plant stage. A total of 16 pilot' 
'plant runs was made'to test the procedure recommended by the re- 
. search group. The pilot-plant operationqbegan by charging, a 50-gal 

dler reaction vessel with'40 gal of aged lead nitrate 
ing.agent, approximately 0;Ol per cent of the3weight of 
solution, was added to,reduce adherence of the bismuth 

. 
, % 

= 

, 

. 
' 

the walls,of the reactor. Span 20 (Atlas Powder Com- ' 

omerse E (Monsanto Chemical Co.) was best for this . I 

monium, chloride and bismuth nitrate were added in , 
ntities to form the bismuth precipitate with which the , .; 1 

polonium coprecjpitated; The ammonium chloride solution was  added + 

first and was followed by the slow addition of an equiv?lent quantity of 
bismuth nitrate 'solution. The bismuth solutions were prepared by di's- 
solving 696<g of Bi(N03)3. 5H20 in 200 m1,of 6N nitric acid and diluting 

' t o  1000 ml. Trial  precipitations were made both at room temperature 
and at 95°C with digestion periods varying from 2 to 6 hr. A settling 
period of 18 hr  was sufficient in most of the runs to produce a clear 
supernatant 1:quid. However, in some of the rdns in which.precipitation 

as made, at higher pH and with less available bismuth, the precipitates 

,' 

'- 

_. '. were slow totsettle and difficult to filter. The bismuth'precipitate ef- 
fectively removed the polonium from solution; even when the quantity 
, of precipitate was reduced by one-half, the efficiency of removal, was 

not reduced. Variations $in the temperature, pH, and quantity of re- 
agents chiefly affected-the particle size of the precipitate. No difficul- 

t ties were encountered in the transfer, of s lurr ies  through valvess or by 
means of Saran tubing. 

. _. ' . :15.2 Treatment'of the Bismuth Precipitate. The precipitate'which 
formed-during the a d d i ~ o n  of, bismuth<nitrate was shown by analysis to 
be a mixture of Bi(OH)2N0s, BiOC1, PbClz with approximately 012 per 
cent Si02, and small quantities of other 'elements Including practically 
the entire,polonium'content of the solution. The washing of the pre- a 
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F cipitate was accomplished by digesting the precipitate for 30 min in the 
Pfaudler kettle at a temperature ?f from 80 to 85°C with each wash 
solution. The 0.1N'nitric acid wash reduced the-lead content to, less  
than 1:per.cent. The two digestions in O.iN hydrochloric acid were 
'made to convert the Bi(OH)zNOs to BiOC1. 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. 
The volume of the final residue from a single batch after washing was 
close to 3.5 liters. Analysis of the washed precipitate indicated 98 per  
cent BiOCl with i per cent lead and 0.1 per cent SiOz. Only a trace of , 

' nitrate remained. Approximately 0.2 per cent of the activity was lost in 

E 
I 

' 

,~ 
, /, 

' ' e 
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washing.the bismuth precipitate. 
Several conclusions were 'reached regarding the practicability of re- 

moving polonium from active lead nitrate solutions through coprecipi- 
tation with bismuth oxychloride: 

1. The polonium was efficiently removed from lead nitrate solutions 
by coprecipitation with bismuth oxychloride. 

2. A suitable wetting agent was necessary to prevent the bismuth 
precipitate from adhering to the walls of the glass-lined reaction ves- 
sel and to aid filtration. 

3. The bismuth precipitate after washing contained impurities suf- 
ficient to interfere with subsequent operations for the preparation of 
polonium. % 

4. Other possible methods for the removal of polonium from active 
nitrate solutions should be investigated. 

No large-scale operations were conducted to recover polonium from 
the bismuth oxychloride precipitates. It was proposed,* in the event t h e ,  
processing of the lead chloride solutions should become -necessary, to , 
dissolve the precipitate of bismuth oxychloride in concentrated hydro- 
chloric acid, dilute to the desired volume with 6N hydrochloric acid, 
and filter to remove silica. (The filtrate should be tieated with powdered 
metallic bismuth to precipitate ,the polonium. The further concentration 
of ,polonium might be accomplished by following nearly the same pro- 
cedure as used for  isolating polonium from irradiated bismuth. 

I '  

I 
/ 
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6 .  EXPERIMENTS ON SEPARATING POLONIUM FROM 
. LEAD NITRATE SOLUTIONS 

6.1 Reduction with Powdered Bismuth? I The possibility of applying 
reduction with'bismuth directly 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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, from the so1u;ion. Washing the bismuth powder with,hydroch 

prior-to use did not' change the rate of sreductiok, Reducing t J *  

size of the bismuth powder increased the rate of remdval of activity. It 
was observed that a reduction with 325-mesh bismuth removed as much 

-activity in 5 min as was removed in 1 hr  with 1'50~mesh powder. Lower- 
ing the pH from 4 to 0.8 reduced the rate  of reducfion and increased the 
amount of b6muth which dissolved'in the solution. Successive reductions 
with the same bismuth showed a significant 'reduction in the rate of re -  

~ moval of activity after the first  run. This effect was more marked in an 

I ' 

' 

~ 

i' 

s 

' ' 

.... 

tmosphere of carbon dioxide than in a i r ,  probably because the increased ' , , 

ount of dissolved bismuth in the presence of a i r  introduced the 
scavenging effect of precipitated'bismuth compounds. A trial rpn with 
a,500Lgal batch of lead nitrate solution was made in order to test the ~ 

direct reduction pr,ocedure: The test was made in a 500-gal Pfaudler 
kettle and in the presence,of air by treating the solution a t  pH 4 with a 

. - ,  - 
- 

1 of 6.0 kg of powdered bismuth (between 100 and 150 mesh) in three 
f 2.0 kg-each. The first addition was made-at the beginning of 

run; the second after 60 min, and the third after 90 min of rdduc-- 

' 

% \ ,  I . 
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tion.., The removal of activity was measured throughout the operation . I  

by removing samples every 15 min. 
,Inconsistent results were obtained in the test samples unless sus- 

pended particles were removed either by settling or  by centrifugation.' 
The supernatant liquid from samples removed after 15 min of reduction 
tim? had lost nearly98 per cent of its activity when allowed to settle 
for 48 hr. The results indicated that suspended material held a rela- 
tively large fraction of the polonium'. After being agitated for Zi/, h r  at 
room temperature, the bismuth powder was allowed- to settle. The 
supernatant so1,ution was returned to storage, and the bismuth powder 
was-recovered by filtration, dissolved in 3 liters of aqua,regia, and re- 
duced'again with 50 g of powdered bismuth. The bismuth recovered . 

the second reduction-was analyzed spectrographically, and it con- 
. tained gross  amounts of silica and approximately 10 ppm each bf'silver, 

G mercury, and gold. None of these elements was present in comparable 
amounts in the original bismuth. Assays of the original solution,show.ed - 
an.initia1 activity of 267 mc, whereas the bismuth,powder from the sec- 

duction contained only 36.6 mc of polonium. Counting the hydro- 
chloric acid wash solutions showed that near!y one-half the polonium 
was removable by washing with ,1N hydrochloric acid. This ,was inter- 
preted to mean that approximately one-half the polonium was adsorbed 
on suspended particles'rather than reduced and deposited on the metal- 
lic bismuth. 

The results of the experiments on the direct reduction of the lead 
nitrate solutions 'with bismuth metal indicated that tlie polonium. which 
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I was removed was not deposited as metallic polonium on the surface of . 9 
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was carried down in some kind of scavenging actlon. 
L X  

the polonium after 'the reduction procedure presented ~ , . 
=* -5 , so many difficult further work on the method was abandoned. I , I *  * 

etallic Silver.- The spontaneous depo'sition ,of 
Q polonium on silver foil was well known by early investigators."-" It 

was decided, therefore, to attempt the separation of polonium f romthe  

t .  ' C  

6.2 Reduction 

Q . 
lead nitrate solutions by direct reduction with finely divided silver.. 
Several tests were made in which 5 g of silver powder (80 or 230 mesh) 
was added to 1900 ml of 'aged lead nitrate solution a t  pH 4.0. Under the 
conditiops of the experiment, pure silver was not efficient in removing 
the activity from the solution. Only about 60 per cent of the activity 
was removed in 60 min after rapid agitation in the presence of 230, 
mesh silver powder. In one experiment 50 per cent of the activity was 
removed in 5 mi? with silver which contained considerable silver ox- 

fore it was assumed that the polonium was removed by the scavenging 
action,of silver chloride. A s  a result*of this observation, silver chlo- , 
ride was tested as a concentrating,agent, but it proved unsatisfactory 
because of difficulty in recovering the polonium from the precipitated 
silyer chlorid,e. -The experiments with silver a s  a reducing agent led to 
the conclusion thet some other procedure .must be found. (A successful 
procedure" for removing polonium by spontaneous precipitation on 
silver\strongly acid with hydrochloric acid was developed later. Early 
failures were due, in part at least, to insufficient acid in the polonium 
solution.) ~ 

Powdered arsenic (5'g;150 to 
200 mesh) ,was tried as a reducing agent. The presence of air appeared 
to cause sGficient oxidation of the arsenic to bring about the precipita- 
tion 'of some cbmpound of lead and arsenic. In, the presence 0f.a 
per cent.of'the activity in 1900 ml of lead nitrate solution was rem 

. 

' 

\ 

ide. In this test a white precipitate appeared in the solution, and there- , I  

fl ' 

6.3 Reduction with Metallic Arsenic.  ..' 

en the,air was replaced with carbon dioxide, co 
y required approximately 1 hr. The rapid rem 

polonium from the solution was assumed to be due to  the scavenging 
effebt of q e  lead-arsenic compound. In the absence of air no precipi 
tate.formed in the so?ution, and the rate of removal of activity indicated 
the deposition of polonium on the arsenic. Repeated washing of the 
arsenic with 6N~hydrochloric acid failed to remove;more than 65 % I  per 

yxwhich had been carried down by the arsenic, 

ous Scavenging Materials. The coprecipitation of\ 
polonium with many different substances was wel1,known to early 
workers. This property was observed by P., Curie and M. Curie" in 

' 

' I, ' 

,,~ I. -. , their first paper on polonium, They reported that the first portion of 
; precipitate which formed on diluting the bismuth nitrate solution con- 

- 
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tained the greater part of’the activity. Experiments in this laboratory 

number of scavenging agents were available but 
that the most difficult problem in the procedure’was the recovery!,of the 
activity from the adsorbing or  coprecipitating agent. Table 6.4.gives a 
summa,ry of the results obtained with various materials. 

~ 

’C 

Table 6.4-Removal of Polonium from 30 Per  Cent Lead Nitiate Solutions 
by Various Scavenging Agents 

Per  cent of activity removed in time indicated Run 
No. Material used 5 mm 15 mm 30 min 60 min 

93 96 97 98 
58 87 98 99 

48 PbO, (5.0 g) 
49 Bismuth pyro- 

gallate (5.0 g) 
, 50 Antimqnypyro- 

I 52 Activated carbon 

53 Activated carbon 

15 14 19 25 
I\ ~ gallate (5.0 g) 

, 98 98 ‘ < 99 99 
“Nuchar” (5.0 g) r 

“Norite” (5.0 g)  

(5.0 g) 

81 88 87 92 

83 76 

I I < 22 24 24 27 

47 45 39 32 

55 Alumina “AmphoJel” 53 > -45 , 
43 Silica “Celite” 

46 Silica “Celite” 

60 Silica gelt 

62 Sllica gel 

61 Silica gel$ 

‘t .0 g) 

(5.0 8) 

lot 1 (2.5 g) 
18 30 46 48 

37 58 36 I 

] lot 1 (1.0 g) 
12 22 48 , 33 

lot 3 (2.1 g) 

t Sillca gel prepared from SiCld by, hydrolyzing and drying at 350 to 400°C 

1 Silica gel prepared from water glass by acidifying with HCl; drylng, 

. 
# ($0 to 170 mesh). 

\ j 

washing with NHdOH, washing with H20, and drying at 130°C (80 to 170 mesh). 
, -. 

- 
In each experiment 1900 ml of radioactive lead nitrate solution was 

stirred at  2200 rpm in a 3-liter flask in an air atmosphere. The initial 
count on th‘e solution was 2764 counts/min/lO pl. 

The most effective agents among those listed in Table-6.4 a r e  lead 
dioxide, bismuth pyrogallate, and both forms of charcoal. However, in 
ea6h case the difficulties in recovering the poloiiium from the reducing 
agent,were such that further work with these materials was discon- 
tinued. ‘ 
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6.5 Titanium Dioxide. The most promising results in the study of , - c 

adsorption methods for separating polonium from the lead nitrate so- 
lutions were obtained with powdered titanium dioxide. Considerable 
difficulty arose in the early experiments because . -  of the tendency of 

Table 6.5-Removal of Polonium from Lead Nitrate Solutions 
a t  pH 4 by Filtration Through 15 g of ?io2 

Filtering t m e ,  Activity remova1,t 
Run No. mm % 

* ,  

1 45 99 I 

2 37 98 
. 3  38 98 

4 37 97 
5 45 94 

t Total activity removed = 3.06 x lo9 dis/mm = 1.4 mc. 

f 

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 g 'of a 
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- 

passed through a filter bed of titanium dioxide. The filter bed was pre- 
pared by covering a coarse sintered-glass filter with asbestos fibers 
which effectively retained the particles of titanium dioxide. The .re- 
sults obtained by filtering 1000-ml lead nitrate solutions through such 
a filter bed are shown in Table 6.5. 

solution was obtained by leaching the titanium dioxide filter bed with 
either 6N or 3N hydrochloric acid. No attempt was made to separate 
the polonium .from the hydrochloric acid solution. Although no large:. 
scale eGeriments  were attempted, the properties of titanium dioxide 

wetting agent.the solid material settled readily, yet it'could be handled 
as a slurry if necessary. The high melting point and low volatility of 
titanium dioxide suggested the possibility of removing the polonium by 
direct heating. 

8 

. 
periments; tes ts  were made in which the leadmnitrate solution'was 

- . .  

A quantiitative recovery of the activity removed from the lead nitrate 

, 
appeared favorable for such operations. In the presence of a suitable * .  

. 
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7. POLONIUM, FROM SILICEOUS'RESIDUES 
- >  

I *  
5 

s 7.1' General. The preparation of l e a d i t r a t e  solutions containing . 
'- (RaD was the,chief objective of the lead dioxide process. Many diffi- 

0 culties were encountered in this process, among which was the p r e l  
1 I '6 cipitation of polonium with siliceous residues. The recovery of polonium . - 

bm these residues presented additional problems; however, practicable 
thods-were developed for polonium recovery, although they could not 
carried far  enough tos ensure a sufficiently high concentration of po- 

F 

- G  
lonium-on-bismuth for efficient electroplating operations. 

7.2  Composition of Residues. The insoluble material from the lead 
dioxide dissolution process was a complex mixture which contained 

' ' -about 90 per cent of the polonium content of the original lead dioxide. 
The residues contained hydratedl silica and consequently, were gelati- 

, nous in character and difficult to free from lead nitrate and other solu- 
' * bie ,salts. Certain residuds which were analyzed contained 20 to 30 per 

nt-lead. Spectrographic *analyses showed that lead; iron, bismuth, and 
ica were present in highest concentration with magnesium,, sodium, 

antimony, and vanadium present in appreciable amounts. Trace con- 
centrations of aluminum, calcium, copper, germanium, mercury, silver; 
gold, platinum, palladium, uranium, arsenic, tellurium, and selenium 

~ were detected. The'water content of the residue from the filters was 
roughly 70 per cent by weight. - 3 

' The limited knowledge regarding the chemical properties of polonium 
made it impossible to know with certa;nty the form in which the,polo- 

l nium existed in the residuys. However, the retention of the polonium '. by the.residues was not surprising in view of the well-known tendency 

, 

- 

c 

= 

i, 
' I I of polonium to coprecip'itate with compounds of bismuth, lead, iron, I 

aluminum, and many other efements. Experiments on'the precipitation , 
of polonium from the lead nitrate solutions showed that at pH 4 a wide 
variety of finely divided solids was, effectiye in removing the element 
from solution. This is shown in Table 6.4. 

s .  

I -  y.3 Experiments on Extracting Polonium from Reiidues. 'A number 
, of different acids and salts'were tested for their effectiveness in ex- 

tracting polonium-from the siliceous. residues. The,preliminary tes ts  
were made by dissolving 0.5-g samples of-a dry residue in 50-ml vol- , 
umes of the reagents listed in Table 6.6. The dry residue from which 
the samples were taken was analyzed for polonium-by the thermal - 

' volatilization metgod which is described in Sec. 2:4b.- The samples were 
, shaken 3 to 4 hr, and, after the solution had settled, the activity in the 

'(. . supernatant solution was determined. The effective reagents for ex- 
. tracting. pqlonium from the :residues were those which-probably formed 

complex ions with the element. The halogen acids were so much more 
I . effective than nitiic, shfur ic ,  o r  perchloric acid that the hydrogen-ion 

, 

\- . 
I . 

' 

: J  

* I  

I 



* ,  
r s  I 

1 
- \ I  

133 1 -  

. I  

I -  concentration did not appear to be the major factor in the extraction > *  

\ \  mechanism. Oxalic, tartaric, and citric acids were better extractives 
than the other organic acids tested but were less  effective than the 
halogen acids. Negligible amounts of activity were removed by O.OlN, 
O.lN, or 1.ON solutions of sodium hydroxide. Table 6.6 shows the re-  

'sults of experiments on the extraction of polonium with various re-  

i -,. 
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Table 6.6-Extraction of Polonium from Siliceous Residues 

, I  

- Polonium 
extracted, 

A c i h s  % 

Conc, hydrochloric J 

6N hydrochloric ' 

6N hydrobromic I 

const .  boil. hydriodic 
5% oxalic 
10% tartaric 

' ~ , 4% citric 
6N nitric 
6N perchloric 

I 6N sulfuric 

V 

.d 

- 6N acetic 
Satd. salicylic 
10% sulfamic ' 

3% succinic -!, , 
3% malonic 
2% aspartic 

100 
94 

90 
65 
35 
30 

9 
2 

' t 9 2  
1 

1 to 3 
1 

< 1  
< 1  
<1 

97 

, . .  
. .  : -- I . _  , . . , I .  ,) . -  1' ' .  

Polonium 
extracted, \ 

Salts 96 
\ \  

/ , -  

'. us.. . \~ 

' 10% sodium oxalate ' . 2 :65 - .  
' 

, 4% ammonium-bifluoride ,'53 . k '  . 
. 1 6 '  . .' '. 

5% sodiuni thiosulfate ' ' 5. ". ' 

10%. sodium tartrate 5 

< l  , '  . 5% ammonium citrate 
5% ammonium acetate . .<1  

5% sodium malonate 51  ' . 

10% sodium sulfite . <1 ' 

.. 1 

. ,  
4% trisodium phosphate ' 

t , .  . 
- 596 ammonium-salicylate . < I  " ;  % .  . . 

5% sodium sulfamate : . . < 1 ' .  I , \,; 

5% sodium acetate * <lo., , , ,' 

. .  
I . .  

- .  

- I  

* *  1: . 
'I 

Additional experimenis were made with solutions of hydrochloric - 
acid to show thei effect of concentration of acid. It was found that 3N , 
hydrochloric acid woyld remove at  least 90 per cent of the activity, 

, provided the residues-were thoroughly agitated in contact with the acid. 
-The acid treatment increased the gelatinous chaqc te r  of the residue;:- 
consequently difficult filtration, even with large amounts of filter aid;' 
was  indicated. Although the 3N acid was somewhat less  effective in're' 
m-oving the aktivity than 6N acid, the weaker acid,was selected'for 
pilotrplant operations because of the corrosiveness<of the str0nger.a 
on contactvwith the stainless-steel equipment. 

- 

- 4 + 

I . 
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7.4 Recohery of Polonium from Hydrochloric Acid Extractions. The 
principal constituents in the hydrochloric acid extract were lead, nitric 
acid, and iron. The lead offered np difficulty in reduction with bismuth, 

' but the nitric acid and ferr ic  iron interfered. Powdered bismuth would 

' 
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' 1 \ 
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not bring about the' deposition of polonium because the bismuth dissolved 
' in hydrochloric-nitric acid solution. Iron was a problem because me- 
tallic'bismuth reduced fer-ricLiron to the ferrous state before it would - 
react with polonium. 

It was possible to remove the nitric acid by the addition of formalde- 
hyde and then to reduce the fe r r ic  iron by the addition of extrafine 
bismuth powder. After the removal of the nitric acid and the reduction 
of the *iron, the polonium could be precipitated quite completely on 150- 
to 200-mesh bismuth powder. 

A separation of -iron from po- 
lonium and bismuth was attempted by precipitation with hydrogen sul- 
fide in hydrochloric acid solution. Experiments showed that polonium , 
was precieitated by hydrogen sulfide in 1N hydrochloric acid but not in 
3N o r  6N solutions. Concentration of polonium by means of hydrogen 
sulfide precipitation was used by P. Curie and M. Curie in their ear-  

- liest preparations.'' s It was found in this laboratory that, although polo- . 
nium was quantitatively separated from iron by hydrogen sulfide pre- 
cipitation, bhe handling of the precipitate in the available equipment and 
the subsequent recovery of the polonium were difficult. 

, 7.5 Hydyogen Sulfide Precipitation. 

, 

, - 8. THE TELLURIUM PROCESS'' ' 

8.1 -Introduction. The concentration of polonium from the siliceous 1 

residues by direct reduction with powdered bismuth could ,not 'be car-  
ried far enough to ensure a sufficiently high ratio of polonium to bis- 
muth for the final electroplating operation. Selenium and tellurium 
interfered with the deposition of polonium on small quantities of me- 
tallic bismuth'because these elements were present in considerable 

- concentration and coated the surface of the bismuth so completely that 
very little polonium was deposited. It was necessary, therefore,'to re- 
moye the bulk of the selenium and tellurium before a second reduction 

'with bismuth would be effective. Marckwald2'*'' was the first to precipi- 
tate tetlurium ;and polonium together from a hydrochloric acid solution 
by means of the reducing action of stannous chloride. He also dis- 

. covered that tellurium and polonium could be separated by use of hy- 
drazinium chloride in proper concentration. The stannous chloride re- 
duction step was used by Curie and DebierneZs in the first relatively 
large-scale preparation of polonium from several tons of lead sulfate 
residues-from pitchblende. Haissinsky' and GuillotZ4 reported that hy- 
drazinium chloride reduced polonium to a lower oxidation state. Marck- 
wald" reported that polonium was partially precipitated with selenium 

,and tellurium if a solution of the elements in dilute hydrochloric acid 
was treated with sulfur dioxide. 
the polonium remained in solution when a warm hydrochloric acid so- 
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on the other hand, reported that 
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lution of tellurium and polonium was  reduced with sulfur dioxide. Re- 
. !  <i" - 

' sults in this laboratory. confirmed Karl's observations. ._  
=. ' 8.2 Stannous chloride Reduction of Tellurium and Polonium. The 9 

- success of the early,workers in concentrating polonium by reduction , . 
with stannous chloride made this appear a-logical step in the extraction 

e,, of polonium from. the siliceous residues. Preliminary experiments 
indicated that the bulk of the selenium and telluriumwcould be precipi- 
tated with sulfur dioxide which did not reduce significant amounts of 
polonium. The tellurium which remained after, the sulfur dioxide re- 

.duction was sufficient to carry the polonium down when the solution' ' 
was  treated with stannous chloride. The reaction was possible only 
after the complete denitration of the solution because even a small 
concentration of nitric acid prevented the precipitation of tellurium. , 

, , 
- *  
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8.3 Separation of Polonium from Silver. The siliceous residues 
contained trace concentrations of silver, gold, platinum, and palladium. ' 

sfep and were also carried'down with tellurium in the reductionlwith- 
stannous chloride sfep. The most troublesome element among the im- 
purities was silver. It was precipitated with tellurium and polonium in - 
the stannous chloride reduction step and remained in solution with PO-" 

lonium when the tellurium was separated by reduction with hydrazine. 
A quantitative separation from silver was accomplished by the addition 
of ammonium hydroxide which precipitated the titanium _and polonium' 
as hydrated oxides and formed the soluble complex ion, Ag(NH&, with 
s i l v e r .  A d m a l l  amount -of am'monium ch lo r ide  w a s  added to p r e v e n t '  

drated oxides of tellurium and polonium did not coagulate, as a-rule; 
until after the addition of a small volume of 30 per cent hydrogen - 
per oxide. 

, These metals precipitated on bismuth ,in the reduction-with-bismuth- 

, ' 

, 
. 

ation of silver fulminate. The precipitate of the hy-" r - 

- 4  . '  
f 

' 8.4 Procedure for Separating Polonium from Siliceous Residues 
total of eigfit, batches of siliceous residues was processed on a pilot- 

of polonium. Assays of the starting ma- 
m content of 40.06 curies. A final yield of - . 

7'. 

obtained. The steps in the process a r e  summarized , I 

I .  

loric acid?6 h charge of 42.5 Id of drie 
lined PEaudler kettle arid treated with 
y was agitated for 90 min and then all 
gallons of supernatant liquid was removed,,and the 

residue was treated with another 20 gal of 3N hydrochloric acid. The acid solu- 
tion was s t i r red for 20 min; then 10 g of glue (an effective coagulating age 
dilute aqueous solution was added, and the st irring was continued for 10 min. A 

, ' 
- I T  

-, 

- 
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settling,period of 30 min gave a clear supernatant liquid of which 19'h gal was 
removed by siphoning. Fil ter aid (Dicalite 4200, Johns-Manville) equal to 'one- 
half the weight of the dry residue was added, and thoroughly mixed with the resi-  
due which' was then removed by filtration through glass-cloth fi l ters which,had 
been precoated with filter aid. Extraction data a r e  summarized in Table 6.7. 

About 4% gal of the acid solution was recovered in filtering and washing the 
insoluble material.' 

. 

I 

I '  

' I ,  Table 6.7-Summary of Data on Extraction 
I ,  

Original charge 42.5 lb (dry) 
Original activity 1.0 cur ie t  

Lead in original residue 
Total volume of acid recovered 
Activity'in filtrate and wash 

I "  , , Residue after extraction 0.06 cur ie t  
9.1 lb 
36 gal 

' 0.97 cur ie t  
Lead fin HC1 extract \ 0.39 1bS * 

I ,  

? Discrepancy due to e r r o r s  in sampling and 

3 This i s  close to the solubility of lead sulfate in 
counting. - 
3N hydrochloric acid. 

' P  ' 

I - 
in subsequent operations were iron, tellurium, selenium, and silver. 

Pfaudler reaction vessel and heated to approximately 85OC. A 40 per cent solu- 
tion of formaldehyde was added cautiously in 100- to 200:ml portions until brown 
fumes ceased to be evolved. After 1200 ml of the formaldehyde solution had been 

I added, the re'action appeared complete, and 300 ml in excess was added. Heating 
and Fgitation were continued for at least 30 min after the excess was added. 

, 3. Reduction of iron. Fkrric iron must be reduced to the ferrous,condition be- 
fore polonium will deposit on metallic bismuth; consequently fine bismuth powder, 
finer than 200 mesh, was added until the color of the solution changed from red- 
brown to green. During the addition of bismuth "fines," dry ice was added to the 
solution to replace the a i r  in order  to prevent the oxidation of iron. When a sam- 
ple of the solution gave only-a faint test for ferric iron with potassium thiocyanate 
solution, the addition of fine bismuth powder was discontinued. It was found that 
an excess of fine powder was slow in settling and thus reduced the yield of po- 
lonium. 

4. First reduction with bismuth.' The first concentration of activity w a i a c -  
complished under carbon dioxide by reduction with 140- to-200-mesh bismuth 
powder. Approximately 1 kg of bismuth was required to remove the polonium 
from solution. The,relatively large quantity of bismuth was needed because ex- 
periments showed that silver, gold, mercury, tellurium, selenium, and t races  of 
other elements were deposited on the bismuth before the polonium was precipi- 
tated. Tellurium and selenium-which were present in the solution in consideyable 
concentration formed a layer'on the surface of the bismuth and thus prevented 

The principal impurities ,in the hydrochloric extract which required attention- 

B.\Denitration wjth formaldehyde. The clear filtrate was returned to the 

\ 
r 

. 
I 

. 

, . - ' 
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heated to  9O"C, and sulfur dioxide was bubbled through the ,solution until the pre-. 
cisitation of tellurium appeared complete. The precipitate of tellurium and se- 
leniuni 'was removed by filtration and washed' with 3N hydrochloric acid. Results , 
confirmed the obsBrvation of Guillot and Haissinskg7 that teliurium and selenium 
could be precipitated by reduction with sulfur dioxide without caSrying do? 
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 by-a 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 s teps  
suggested by C. L. Rollinson. Thesolution was then heated t o  85"C:and denitrated 
by adding formaldehyde. 

6. Second reduction ,with bismuth, The hydrochloric acid solution (about 5N) 

dioxide with 10 g of 140- to 200-mesh bismuth powder. In 2'4,hr 98 per cent of 
the activity was deposited on the bismuth. Silver and the small aihount of tel- 
lurium remaining in the solution were also plated on the bismuth. The bismuth 

, ' 

, 

' I  

' 

, 
, 

. 

; 

containing about 90 pkr cent of the original activity was treated,under carbon 
, _ .  

, 

was washed three times. with 1 N  hydrochloric acid. 

temperature, and 10 ml of.50'per cent stannous chloride'solution was added to 

. *. 

7. Stannous chloride precipitation; The bismuth powder was dissolved in aqua 
regia and denitrated with formaldehyde. The solution was then cooled to  room ~ ' 

. .  
. _  . ,  * reduce tellurium, polonium, k d  the noble metals to  the metallic state. The - ' " '  . .  

small  a m o q t  of te l lur iyh left in solution after the bulk of it was precipitate'd 
with sulfur dioxide,was u s k l l y  sufficient to c a r r y  the polonium down completely.. . 
The precipitate was washed with 4N hydrochloric acid and final1.y with distilled ' . 
water.: 8' ' . . .  . .  

. , ' 

. .  . .  
. ,  

8. Separation from silver. The precipitate was dissolved in aqua regia y d  .. , I :, -.: . 
I .  ', evaporated (0 dryness, The residue was treated with 300 m l  of.concentrated . . 
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1 10. Depos!;ion of.polonium by electrplysis. The polonium was deposited on a, ' -'G ' 
; .*platin? cathode which was maintained at a potential of 0.0 volt with r6ppect'to' 
,_ a normal calomel electrode. The electrolysis of poloniyn solutions is  discussed 

~ - 
I 

I _  , -  . ,  I 
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By Lloyd B: Gnagey, James M. Goode, G. D. Nelson, 

. *  and J. W. Wright , %  

- i 

I 1. INTRODUCTION 

Naturally occurring sources of polonium, such as the 1-ead-c-ntaining 
wastes f r o m  uranium, vanadium, and radium refining operations (Chaps., 
1 and 6)'were f i rs t  used at the Dayton Project as the raw material from 
which polonium was purified-from the preparation OF neutron and alpha 
sources. Howeve;, an investigation'#' of available sources of naturally 
occurring polonium-bearing ores  indicated that (1) polonium could not 
be recovered from these ,sources without processing prohibitively large- 
quantities of raw material; (2) in commercial refining methods polonium 
was not concentrated,in any particular step of the process, but it could 
be found in several  of the solutions or  residues, making processing.of I 
more than on? waste fraction necessary; and (3) the supply of refinery 
residues available for processing was uncertain and depended upon 
operating schedules of 'industries primarily concerned with the produc' 

The conversion of B!'OS to Bi2'0 (&E) had beenreported,' and,, be- 
cause this {sotope decays rather rapidly to Pozt0 (Ran, bismuth which' 
had been sqbjected to neutron bombardment appeared to be a more suit- 
able source of polonium than naturally occurring ores. Relatively pure 
'bismuth was available c:in commercial quantities, and separation of pol, 
lonium from a r a w  material containing impurities of the order of a few 
parts per million would be less difficult than from refinery wastes co 
taining larger amounts of impurities: Methods for irradiating bismuth 

.' by neutron bombbdment and for separating polonium from irradiated 
bismuth were dedeloped, and substantially all polonium ,purified at <he " 
Dayton Project and Mound Laboratory was prepared by these methods. 

-, , * ,  I 
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I tion of uranium land radium. 
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( 1 -  2. IRRADIATION OF'BISMUTH .-- 
-, 2.1 General. Transmutation of an element was first observed by 

Rutherford4 in 1919 when he bombarded several  light elements with 



\ 
'% I 

. , I , *  

I --alpha particles. Subsequent experiments,showed that he had succeeded 
in transmuting nitrogen to oxygen by an ( ( ~ , p )  process. Continued ex- - 
periments by Rutherford and Chadwick5 showed that many of the light 1 

elements were susceptible to transmutation by alpha-particlehornbard- 
, ment; sufficient energy was not available-to penetrate the coulombic 
barrier of the heavier nuclei. 

c ia ted  provided a method for accelerating particles with sufficient 
penetrating power to attack the nucleus of the heavier elements. 

. Livingood,' working with the cyclotron, showed that polonium could be 
produced (from Bizlo decay) by bombarding BiZo9 with deuterons. Amaldi 

. and his associates3 had previously shown that polonium could be pro- 
duced in a similar manner by bombarding BiZo9 with neutrons. The 

' ' 

, 

~ 

The development of the'cyclotron in 1931 by Lawrence'and his asso- 
% 

- 
quantities of Bizlo and polonium produced by either neutron or deuteron 
bombardment of BiZo9 were minute and detectable only by sensitive 
radiation-detection instruments. The successful operation of a nuclear 
reactor in 1942 provided intense neutron sources for the f i rs t  time and 
thus made possible the formation of weighable quantities of polonium, , s  

2.-2 Polonium by *Deuteron Bombardment. The first artificial pro- 
duction of'polonium by deuteron bombardment was accomplished in 1936 
by Livingood.' He reported the effects'of bombardment of copper, zinc, 

muth-deuter on reaction 

' 

antimony, ruthenium, and bismuth with high-energy deuterons. The bis- 4 I .  

83Bi209 + 1H2 - ,j3BiZio + lH1 

,is of particular interest because Bizlo decays to Pozi0 by the emission 
of a beta particle. Bismuth was bombarded with 5.4-Mev deuterons 

, ' for a total of 13- pa-hr. After this activation Livingood was  able to follow 
the beta,decay of BiZio,(RaE) a s  well a s  the growth of alpha-active Pozi0 
(RaF). A s  various' high-energy particle accelesators were built, much 
work was done in the field of artificial production of radioisotopes. 

2.3 Transmutation by Neutrons. In 1934 and 1935 Amaldi and co- 
', wor+ers3 bombarded 59 elements with neutrons. They used a qadium- 
beryllium'neutron source which had a neutron intensity of 8 x lo5 neu- 
trons/sec, and they found conclusive evidence of transmutation of the 

' light elements and somewhat less  evidence of transmutation of the 
.heavy elements. They reported that a shield of water o r  paraffin 

- 

b 

,around the target greatly increased the effectiveness of the neutrons, - 
and they at{ributed this, effect to slowing down, or "moderating," of 
the neutrons by collision with the hydrogen atoms in the shield. - 

BizOD was one of the heavy elements for which successful transmu- 
1 tation was reported. This element was converted to Bi2l0 (RaE) by neu- . 3 

tron absorption according to the equation ' 

i- ' ,  
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5 

' d  83 Biz'',+ oni - 83 Biz10 + y t (7.1) 

2.4 Pioduction of Polonium. The artifici-a1 production of Bi2lo oc- 
curs  by an (n,y) nuclear reaction. The neutron is ibsorbed by the bis- 
muth nucleus, and any excess energy is released through the emission 
of a photon a s  shown by Eq. 7.1. The Bi2lo decays with a 5-day half life' 
to Pozi0 by-the emission of a beta particle: , 

2 ' . 

e 4 
G 

3 *  83Biz10 - 84P0210 + j3- 

Pozio, with a 136.4-day half life, decays to stable Pbzo6 by the emis- 
sion of an alpha particle: - 

F = average reactor flux, number of neutrons per square centi- 

u 7 neutron activation c ross  section, Biz'' to Bi2l0, lodz4 cmz I 

d = density of Biz'', grams per cubic centimeter 

meter per second 
0 
9- 0 

r C  . w =-atomic weight of Biz'', grams per mole - 
A = Avogadro's number, atoms per mole t ,  

t = time, days 
B = rate of growth of Bizlo with no decay, atoms per cubic centi- 

Xi  = decay constant of Biz'', davs-' 
- -  meter per day 

2 

- 
. I  

1 )  - -  



I ,  

_ I  
'I I 

-i  
~ I A, = decay constant pf  -Po2'', days-:' 

N1 = number of, Bi2l0 atoms per cubic centimeter at time t , 
* N2 = number of Po2'' atoms per cubic centimeter at  time t 

J 1 c = curies of polonium produced in- time t per kilogram of bis- 
c 

t 
>. / -  

K = a factor which corrects for the difference in time units and - 
. r i  is 24 x 60 x 6 , p r  86,400 - 
I C  

: w  is formed in thegreactor a t  a rate B given by Bi210 
I 

Fod ' _  

BF-KA W (7.2) 
D , ^ r .  

* ,  Biz!' ,decays to Poz1' with a decay constant A,. *If N1 is the number of 
atoms per cubic centimeter a t  time t, then the equation for the 

rate  of growth of Bi2" is, 

- 
. '  Biz10 ' 

+ 
I 1 

dN,= B - X,N, (7.3) t 'dt 

At time t = 0, N, = 0; hence the solution to Eq. 7.3 is 

' 

' -I . Also, a t  time t, while the atoms .of Bizlo a re  decaying at  a rate AINl, 
the Pozi0 atoms are in turn decaying to Pb206 a t  a rate h2N2; The equa- 
tion for the growth of Po2'' is therefore I 1 

(7.5) 
a \ .  - 

If the value of Nl in Eq.'7.4 is substituted in Eq. .7.5, the rate of growth 
of Po2'' is shown to be 

(7.6) 
t 

- I  

-a , lution to Eq. 7.6 is 
- - 

(7.7) * . 1' 

\ * =  
:" . 

. . irradiated bismuth. 
This is the general'equation for,the growth of ,polonium in neutron- 

2 

8 .  , 
< $  . I .  

- *  
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Equation '7.7 may be converted to a more useful form, in terms of 
curies of p'olonium per kilogram of bismuth, by the factor 

.- 
' 5  

I' L . X,N, x 103- - X~N, 
d(3.7 x 10") - d(3.7 x 10') C =  

,&' 
(7.8j 

I 

Substituting the value for N, from Eq. 7.7 in Eq. 7.8 gives another gen- 
eral  equation for the growth of polonium in neutron-irradiated bismuth. 

kze- 111 x le- '2 t, 

The growth of polonium in neutron-irradiated bismuth is shown in Fin. 

3 ,  
. (7.9) FuA (1 + -~ C =  w(3.7 x 10') . X I  - A, A, - X, 

' .  .., 
( ,  - .  . - 7.1. ' 

*u 1.2 I - 
- I  

- x  

. w  
Y 

- 
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* k 3 7  x 1071 > \  

K =  
FuA ' 
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0 (00 200 300 400 560 600 700 000 900 1000 
TIME OF IRRADIATION, DAYS 

Fig. i7.1 -Growth of polonium in neutron-irradiated bismuth. 

t 

Equation 7:9 shows that with prolonged irradiation the polonium pro- . 
duced per kilogram of bismuti will reach a saturation value, at  which 
time the rate  of growth of polonium is equal to the'rate of decay of the 
polonium. I This saturation -value will be reached a s  t approaches in- 
finity. ' 

I ' ' 

FuA (7.10) lim (c) = B -  - 
t+03 d(3.7 x lo?  w(3.7 x 10') 
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d roached is shown, by the growth 5 2 -  

~. 7 .  

The rate of growth of , - 
ron irradiation may be obtained 

6- .' 
- 
- ,  

- '(7.11) 
- 6  

From Eq.'7.11 it can be seen that,'at time t = 0 and at  time t =,-, the 
*rate of growth of polonium is zero. The rate of growth of the polonium 

. 
, ,- I , will, then, have a maximum, and consequently r 

1 I 

(h,e;ht* - hze-h'zt*) = 0' . (7.12) 

e time of maximum rate of growth t* is determined from Eq. 7.12: 
I c 

't* =--- I In" = 24.8i' days'  , (7.13) 
hi - A 2  A2 

d on values for the half lives of' d 

.respectively. The rate of 
bismuth is shown in Fig. 7.2. 

iation Ceases. The Bizlo content 

removal of the irradiating flux. 
remova1,from the reactor causes 

. 
11 reach a makmum a t  a time t& after removal 
reactor, which depends upon the half lives of 
me of irradiation.'The number of polonium 

time t" after an irradiation time 

toms presen) in the BiZo9 a t  the 

\ 

I 

c 

I 

r. 

t - .- 
s present in the BiZo9 at the end of 

irradiation time t'. From Eq. 7.4 

* - li 1 , ,  

: /  c 
r 

I . c 
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1 [Aie-h,t" - 2 ,-h,t" + h2e-h1(t'+t"i - Aie-h(tt+t")] (7115) Ni' = X2(Xi - A,) 

irradiation of time t' may be obtained by differentiating Eq. 7.15, setting 
the resulting equation equal to zero, and solving for t$.- That time is 

I - - .  The time t& for maximum Pozi0 content of the Biz'' after a period of ' 

2 

I 
I - 

giGen by ' 
I 

Y 
A,t" , /  

' (7 .16)  ; , 1,- e- 
1 - e - W  

t" = ~ 

hi - x2 
1 

, l n  m 

r . 8  

)This time is shown in-Fig. 7.3 as a function of%the time of irradiation. 
t 
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(b) Half Life. The decay c0nstant.A of a-radioactive material is re- 
lated to the.half life T% of that material by therelation 

- <  

- 
The half lives of Biz" and Poz1' were known approximately because of 

their occurrence a s  natural decay products of radium. Values-of 5 and 
140 days for the half lives of Bizlo and Poz1', respectively, were used 
for purposes of computation, and recent determinations of these half 
l iveshave not appreciably changed these values. 

.Lockett and Thomas" report a value of 4.989 f 0.013' days for the 
half life,of Bizlo. This value was obtained, with a beta-sensitive electro- 
scope, by counting the beta particles from a sample d Bi2" 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 with a radium sample ljefore and after each 
measurement. . . 

Eichelberger and coworkers" report a value of 138.4005 f 0.0051 
days for the half-life of Pozt0. 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). 
Observations of-the heat evolved from the five samples were made over 
periods of time ranging from 105 to 617 days. The calorimeters used 
in this determination a r e  described in Chap. 10. - .  

(c) Bi209 Cross Section. Th'e lformation of polonium is  a function of ~ 

the neutron-activation cross section of BiZo9. The earliest workers in , 
the  field$ of 'neutron"kadiati0n of bismuth could not measure the neu- 
tron-activation c ross  section, but they did observe that it was very 
small. Goldhaber and O'Neal'' reported the neutron-activation cross  ' 
section of Biz'' as less than 0.1 barn (0.1 x 10-2' sq cm). Later work by 
Colmer and Littleri3 gave a value of 0.0205 f 0.0015 barn for the activa- ' 
tion c ross  section of Biz'' fo r  thermal neutrons. Eggler and Hughes'' 
reported 0.016 f 0.003 barn as the activation c ross  section of Biz'' for, 

The value of the cross  section reported by Colmer and Ljttler and' 
the value reported-by Eggler and Hughes were both obtained by irra- 
diating a sample of BiZo9 with the thermal-neutron flux of a reactor. . 

- 
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reviously purified irradiated bismuth concentrated by magnetic sepa- 

before the magnetic separa- 

mixtures) available to 
te small compared to 
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By comparison: the Clinton reactor" a t  Oak Ridge, Tenn., rattained*a' ~ 

, .  
i/ .fiux of 1.3 x 10" neutrons/sq cm/sec within a short time after being ' 

- placed in operation. A concentration of approximate 
polonhm per kilogram of bismuth results from a f l  
after a 25-day irradiation period. The irradiation 

crease the conce&"ration of polonium in the bismuih by'a factor which 
is proportional to the ratio of neutron fluxes used (assuming th 
irradiation time for both cases). 

(e) iength-of Time of Irradiation. The formation of poloniu 
reactor is a function of the length of t ime of bismuth ,irradiation. For 

, polonium formation a much more important factor is the product of 
flux,and time, i.e., the same concentration of polonium in bis 

* be obtainedJn a short time with a high flux or a'longer-time with a - 
lower flux. However, saturation*iimits the length of time that i,t is eco- 
nqmical to irradiate bismuth. Saturation occurs when the amount o f  

. polonium formed in the bismuth equals the amount of po ioniw which 

; a  - 

.c 1 r- 
* - actor having a. greate; flux than that of the Clinton, 

, 

'.' 

.L 

w decays. . > 

For the synthesis of polonium for the preparation 
and alpha sources, bismuth was irradiated for a sufficient t i  

. ' polonium concentration in the bismuth to reach approximately 50 per - 
*cent of the:saturation value. If a greater exposure time had been used; 
 the increase 'in polonium concentration would-not have correjponded to ' . . 

the increase in exposure time because of the exponential nature of the 
growth curve, Fig. 7.1. If a shorter tune had been used, the 
tion of polonium in bismuth would have been less, which wou 
,necessitated'the processing of larger amounts of bismuth fo 
polonium yield. . 

be irradia;ed for the formation of polonium is nece 
prevent the formation of undesirable isotop,es whic 

for bismuth, set  in'1943, b e  given in Table 7.1. 

of bismu:h received 
,in Table 7.2. 1 .  4 8  * ' 

+ , It was assumed2"pat these impurities would cause no' 
I - 3  difficylty due t$ their activation by slow neutrons; howe 

luiown about th? silver isotope having a 270-day half lif 
a d a l  irradiation of Bi20g in a'reactor was it learned t 
cause trouble in processing. 

Agio' is transformed into Ag"' by an (n,y) reaction. Ag"' is a beta 
and gamma emitter 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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t 2.9 Raw Material. (a) Bismuth Purity. A high purity o 

. culty in subsequenf processing 'operations. The original'spe 

I I The Metalluigical boratory at  Chicago,a&yzedZ0 the fi 
d the results 0: their hyestjgation a 
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but the neutron flux was of such a low value that the polonium content 
in,the bricks was small. Although they were considered a s  a possible 
source of polonium, they were never used because of the volume of 
material to be processed." 

diameter (although other slug diameters were used) and were used in 
two different 'lengths. 

(c) Bismuth Canning. The f i rs t  bismuth to be irradiated in the Clin- 
ton reactor was in the form of bare slugs. The use of unprotected bis- 

The slugs were cylindrical rods of bismuth approximately 1% in. in 

-* c 

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 jacket, 
o r  can, was provided for the bismuth. '' 

The bismuth slugs were cast slightly oversize and machined to f i t  
closely into aluminum jackets. After the bismcth 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 a r e  jacketed with tubing to which suitable ends are 
applied and are securely welded to the tubing. 

The aluminum used for the can is 2-S aluminum, which may contain 
the following impurities: iron, manganese, copper, lead, tin, zinc, ' 

silicon, titanium, nickel, magnesium, chromium, vanadium, bismuth, 
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 of 45 days. The other impurities are of 
little importance because the half lives of the radioactive materials 
produced are so short that these materials decay to,safe values in the 
slug cooling-off period. An exploded view of a 4-in. slug and can as- 
sembly is shown in Fig. 7.4. 

3. HANDLING AND STORAGE OF IRRADIATED BISMUTH, 

3.1 Generd. 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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0 f rom the irradiated slug becomes appreciable and constitutes a health 
hazard to operating per~onnel .~ '  

3.2, -Shipment. The shipment of irradiated bismuth can be made by 
truck,.air transport, or railroad car. The radiation intensity a t  the 
surfaces of packages of radioactive materials and the amount of con- 
tamination on these packages must not exceed limits established for 
shipment of radioactive  substance^.^' 

- 

* 
- 

) I  . .  
I. 

Fig. 7.4-Exploded view of a 4-in. slug and can assembly. 

Bismuth bricks irradiated in the Clinton reactor were shipped in in- 
dividual wooden boxes which were constructed to closely fit each brick. 
The concentration of polonium in each brick and the number of bricks 
in ea& shipment were such that no difficulty was experienced in trans- 

- 
~ 

porting them. ~ 

Irradiated bismuth slugs may be transported in containers, or  casks, 
which a r e  cylindrical in shape and which a re  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. 

, - 

' . 
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3.3 Storage. Bismuth bricks which had been, irradiated in the Clin- 
ton reactor were r&'eiGed at  the Dayton Project and were stored tem- 
porarily in a small tile-lined cavity 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 developedz6 which 
would provide health protection for personnel. 

A steel safe, or storage cabinet, w a s  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 cabine: 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 a s  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 i ts  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 quantity of polonium in irradiated bismuth may be 
calculated by the methods described in Sec. 2, but such calculations a r e  
time-consuming, and complete data for making the computations fre- 
quently a re  lacking. 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 k n o h  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 yalculated from the observed counting rate, dilution factor of the 
solution, 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 28-s1 emitted by slugs or  bricks of ,irradiated bismuth 
has been used as a means of estimating polon!um content. Certain im- 
purities in the bismuth, or  in its jacket (for example, silver), a r e  ren- 
dered gamma active by irradiation in a reactqr. For any particular 
lot of bismuth and jacket material, the quantity of impurities may be 
assumed to be equally distributed in all pieces fabricated from this 
lot; consequently gamma radiation due to these substances can be con- 
sidered to be a constant fraction of the total radiation emitted by the 
slug. The tota1,gamma radiation from an irradiated bismuth slug is 
caused by impurities in' the\ bismuth and by polonium, and, because the 
radiation caused by the impurities is a constant fraction of the total, 
the total radiation is a function of the polonium content. Thus, in slugs 

each slug may be estimated from a measurement of the total gamma 
radiation from each slug. 1 

, Gamma radiation may be measured by means of a Lauritsen electro- 
scope, a s  shown in Fig. 7.5. The electroscope is mounted upon a stand 
which is provided with one o r  more V-shaped receptacles adapted to 
receive a slug in order that all slugs are measured at a fixed distance 
from the electroscope. With a slug positioned in the stand, the electro- 
scope is charged by an electrical device so that-the'indicating fiber of 
the electroscope is positioned a t  a predetermined mark on the scale. 
The time required for  the fibgr to traverse a definite number of scale 
divisions is recorded, and the reciprocal of this value is computed. 
This reciprocal of the discharge time of the electroscope is used a s  a 
measure of the gamma radiation from the slug. 

Any extraneous ionizing radiation passing through the electroscope 
wikllcause the indicating fiber to move over the scale in a manner 
similar to radiation from a slug. This extraneous radiation must be 
measured at  frequent intervals by observing the discharge time of the 
electroscope without any slug in position, computing the reciprocal of 
the discharge time, and deducting this value from the reciprocals o$ 
the discharge times of all slugs measured during the time interval. 

An e r ro r  caused by decay of polonium and active impurities may be 
introduced unless all  slugs from one lot are' measured .within a com- 
paratively short time interval (of the order of several hours). A cor- 
rection for this e r ror  may be made by selecting several  slugs from 
one lot a s  "standards" and measuring the activity from these slugs 
frequently. By determining the time rate-of- change 01 the standard 
slugs, the radioactivity measurements of all slugs can be corrected to 
values which they had at  any selected time since they were removed 
from the reactor. 

the radioactivity content of one slug is referred to the others in the ' 

' fabricated from a particular lot of bismuth, the polonium content of 

I 

The reciprocals determined as described are relative values; that is, 
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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 
corresponding relative values. Several slugs from each lot may be 

4 

i 11 d 3 :> - -  
I -  

* + -  

a 

i; 1 

~ 

Fig. 7.5-Measurement of gamma radiation from slug. .. 
- 

taken for analysis (See. 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. 

> *  

-. 
~ 



’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 arbitrari ly numbered scale, the values of which may be 
used to calculate the polonium content of the slug as described in the 
previous paragraph. 

The‘quantity of polonium in a slug may be 
determined by measuring the quantity of heat generated by the decay of 
the radioactive material in the slug. During a period of approximately 
30 days after the discharge of slugs from the reactor, substantially all 
of the Bi2lo will have decayed to Pozi0; 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- 
tent of each slug can be computed from calorimetric measurements 
obtained a s  described in Chap. 10. 

4.4 Calorimetric Assay. 

4.5 Calculated Values. The quantity of polonium in individual slugs 
may be calculated from equations 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 determined, the polonium 
content of all other slugs in the lot may be calculated since, as was in- 
dicated in Sec. 2, the polonium formed in a slug is proportional to the 
neutron-flux intensity. A method32* 33 for calculating the amount of Po2:’ 
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 operations 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 

I 
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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 decanning operation is therefore performed in a suitably 
shielded enclosure. 

5 . 2  Mechanical Decanning. The bismuth bricks irradiated 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 a re  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 t imes result in work-hardening of the jacket and excessive flaking 
of the bismuth slug; insufficient pressure and short rolling t imes do 
not cause complete loosening of the jacket. 

An appreciable 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 jacket. 'This requires a 
tight fit,of slug and jacket in order that a large metal-to-metal con- 
tact area is attained. Removal of the jacket by means of hydraulic o r  
pneumatic pressure applied to one end of the slug, after removal of 
both end caps, is not practical because friction caused by the tight fit of 
slug and jacket'is such that excessive pressures  are required to cause 
relative movement of slug-and jacket. These pressures  result in crush- 
ing and breaking of the slug and rupture of the jacket. The close fit at 
the ends of the slug makes cutting of the end cap a criticaloperation 
because the slug must be accurately positioned in order to properly lo- 
cate the cutting mechanism. 

the Clinton reactor were decanned by puncturing each end of the jacket 
and placing the brick in a small furnace maintained a t  a temperature in 
excess of the melting point of bismuth. Molten bismuth drained from 
the jacket, leaving the jacket essentially f ree  of radioactive contami- 
nants associated with the b i ~ m u t h . ' ~ . ~  Slugs subjected to more intense 

5.3 Decanning by  External Heat. A number of bricks irradiated in 
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Fig. 7.6 -Mechanical slug-decahning apparatus. 
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- ,such slugs-are subjected'to heat (for example, heat from a high-fre: I I '  

4uency induction heater), a:layer of molten bismuth clings.to the inside' 
* surface of the'jacke!. This appears to be due to the formation of an a 

loy (or a m&ure of aluminum and bismuth) at  the surface between th 
'slug ahd the jacket 

I 

- ~ 

- 

. I  
I 

ring irradiation of the bismuth. 
'\ 

I ,  5.4",Decanning b austic.' 'Aluminum is soluble *!n caustic solutions, . 
whereas'bismuth is insoluble. Consequently jackets may be removed in 

c 

1- 

I ' ' accordance with the reaction3' ~ . ~ '. 

- 
Slws may be loaded into a basket fabricated from a suitiable- material 

(such as ,stainless steel) 'and immersed in a dilute solution of-caustic 
soda until, the jackets are dissolved. The slugs may-be rinsed in water . 
and processed as desired. 

An appreciable amount of hydrogen is evolved during this reaction e 

and during the reaction described in Sec. 5.5; hence appropriate meas- 
ures  must be taken to prevent formation of an explosive mixture of this, 

2Al+ 2NaOH.+ 2H20 - 2NaA102 + 3H2 
* .  i . _  

' - 
1) 2 

~ ' 

, ' 
1 ,  

) 

. 5.5 Decanning by Acids. Aluminum is soluble in a solution contain- .3 
~ ing about 17 per  cent hydrochloric acid whereas bismuth is insoluble in 

i d  reagent.37 The equation for this reaction is 1' 

I 

I *  

2Al+ 6HC1- 2AlCli + 3H2 .. 
I .  

\ 
. Slugs may be anned by immersion in a dilute solution of hydroihlo-, 

, r ic  acid until the jackets have'been dissolved, whereupon the slugs may ~ 

* be'rinsed and pbocessed as desired. 
- -. 

, 1 If irradiated bismuth slugs are jo be processed b$ a ,wet chemical 
method, it iskonvenient to doithe decanning operation in the same ves- 
sel that is used for the further processing of the slugs (for example, a 
glass vessel). Care must be exercised in loading slugs into a glass ves- 
$el to prevent mechanical damsge. One me!hod of protecting the glass 
during therioadini operation is to spread a layer of lime over the bottom 

. of the vessel and to place the slugs on this lime., Water, aaded slowly to 
+ the vessel, will form a slurry with the lime, and as the\lime is liquefied 

s lurry may be withdrawn from the vessel, or acid may be added and the 
slurry dissolved along with the slug jacket. 

'crushed solid carbon dioxide (dry ice) is spread over the bottom of the ' 

j 

* = 
' , 

, 1 'the slugs are gently deposited on the bottom of the vessel! The liquid ' 

i b  

~ 

' ho+er '  method of loading may be employed in which a layer of 

- \ L  \ 
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vessel; and ;he slugs ar,e placed upon this layer. The solid carbon di- 
&oxide may be permitted io evaporate naturally, or the evaporation may * I  . 

3 -  

2fc. be dccelerated by heat applied to the vessel or by the addition of ,water 
/ ,  

- to the carbon d e and slugs in 'the vessel. 
\ 

ration may be done in'the apparatus38 shown ~, I ' , 
'\ 

I ' 

7 y ,  ' 

- Fig. 7.8. This appaiatus consists of a glass jar; 12 in. in diameter by, 
24 in: high, fitted'with a cover through which pass  fittings connected to 
a glass heating coil. These fittings serve to introduce a heat-transfer 

, -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 suitable, control mechanism is provided to 'circulate the 
hot heat-transfer medium through the glass coil. ' 

more glass tubes which a r e  partially closed at  the lower end and which 
,extend almost to the bottom of the jar.. This lower end is provided with . 
a perforated plug adapted to permit solution to pass through freely and . 
retain solid material of appreciable-size. Holes a r e  formed in the ver- 
tical tubes about midway of their height, and removable covers a-re at- 
tached to the, upper ends of the tubes. The reactor jar is filled with acid 
solution t o  a depth slightly above the holes in .the vertical tubes, the 
covers a r e  removed from these tubes, slugs a r e  droppedjnio the tubes 
until the upper ends of the slugs a r e  about even with the surface-of the 
solution,'and the tube covers a r e  replaced. 

The cover is provided with a water-cooled outlet adapted for connec- 
tion to a ve!nt line, the outlet form$g a condenser whereby condensable, 

e vent 'ws a r e  liquefied and returned to the reactor jar. 
heat'exchanger is fitted to a dip tube so that solution. 

i t '  

V I  

- Passing through the 'cover and rigidly attached thereto a re  one 6r 1 
L 

, , 

-= ' 

I 

3 
~ 

. 
. 

.=,, 

t ,  y b e  cooled. as it is withdrawn. ! , . .  
fer medium.is circulated through the heating coil until 
e8 &e desired temperature which is then maintained 
anism associated with the circulating apparatus.. A- 

curs around the slugs in the veqtical 'tubes,*and 
the reaction r ises  in the tube and escapes through 
e of the tubes. This gas acts as a gas-lift pump,, , 

ion into the bottom of the-tube and discharging they 
the side holes. Thus the solution in fhe reaction 

tihuously so that dissolution of the jacket is rapidly 
effected; The decanned slugs may be subjected to further processing 
operations,without removing them from the reactor. . , , 
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I x , s ! I  . -  6;" DISSOLUTION OF IRF&DUTED BISMUTH ' ' . ' 1 ,  
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fect ,rapid dissolution of the slug; hence efficient cooling of the equip-. 
ment must be provided. 

' 4  

I 
I 

6 . 3  Dissolution in Acids. Irradiated bismuth may be dissolved in ' i  

mixture of acids, such as a mixture of'hydrochloric and nitric acids. * . ' 

To effect rapid dissolution, the bismuth should be of small particle sCze . 
in order to offer a, large sGface area to action of *e acid mixture. . 
The large bricks irradiated in the Clinton reactor were melted,*' and - 
the melt was run into a vessel of water. This procedure resulted in the 
formation of small bismuth globules resembling shot. The melted bis- 

9 . ' 'muth may be run directly into a glass vessel containing concentrated 
hydrochloric acid, nitric acid is added, and a vigorous reaction occurs. 
The dissolution of bismuth may be represented by the following reac- 

, 

).b 
**\ 

- 

-. 3 -  

c 

6.1 General. In order to effect the separation of polonium from ir- I I 

I - z 

' s a  

v.  

-I -% 

radiatedibismuth and other impurities by wet cheplical methods, $e. 
irradiated bismuth must\be dissolved in a suitable liquid from which' 

.polonium may be recovered substantially free from .impurities. Bis- 
muth is relatively. insoluble in most solvents, and special.methods are 

1 ,  

~ required to effect the dissolution of bismuth in materials from which 
polonium may be easily recovered. 

= . 6.2 Electrolytic Method. Irradiatedbismuth dissolved.in hydrochlp- 
r ic  acid is one solution from which polonium may be recovered. Bis- . J 

muth is not easily dissolved in such a medium, but, if a positive poten-; 
tial is applied to a slug immersed in hydrochloric 
can be effected. An apparatus which may be constructed for this pur- 
pose consists of an anode compartment, containing hydrochloric acid, 
which is separated by a barr ier  from a cathode compartment contain- 
ing a suitable electrolyte. A bismuth slug is placed in the anode com- 
partment and connected to the positive terminal, or anode; of an elec- 
tr ical  circuit. The negative terminal, or cathode, of the circuit 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 wil l  go into solution in the anode compartment. 

The barr ier  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 current1 required to dissolve the slug. If 
diffusion of the anode solution into the catl?ode solution occurs, bismuth 
will be plated onto the cathode along with any polonium which may be in 
the solution. Bar r ie rs  which prevent diffusion of the solutions have an 

. dissolution 
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The quantity of nitric acid required is'intermediaie-to t icated c '  ' 
Eqs:7.17 and 7.18, the exact quantity'being 5etermined by condi- 

.'b,e nearer that indicated by Eq. 37.17. than that indicated by -Eq. 7.18. 
tions of the reaction. Generally the quantity of nitric acid'required will ' I )  

. 
, 

- 
Both reactions occur simultaneously, and it is quite probable that' other 
reactions also occur., Temperature conditions, quantities of reagents, 
and rates  of reagent addition must,be carefully controlled to ensure , 

.consistent performance. ' 

Polonium probably dissolves i n  a manner similar to that 
above for bismuth; consequently the equations shown for bi 

,assumed to represent the dissolution of polonium. 
' Bismuth slugs-may be dissolved in the same apparatus as is used , 

, for the removal of jackets (such as,that-described in Sec. 5). Each in- ,, 

. 

1 -  . 
' 

1 dividual apparatus 'rgquires different operating procedures and accurate 5 
' control of process variables. Variables include temperature of solu- 

tion,or reaction, quantities of reagents used,*and the rate of addition of 

7. DENITRATION - I 'J 
7:l General. Excess nitric a&d in the s?lution formed during the 

dissolution operation shduld be removed or'treated in such a manner 
that it will cause no interference with'sutjsequent operations. The ni- 

p tric acid may be removed either by evaporating the solution to dryness 
and heatipg the residue sufficiently to expel the acid,orLby the addition* 
of reagents which will- combine with the acid and twill not combine with - 
purpose should form volatile compounds which can be removed readily 

. 
, I othek substances in @e solution. Preferably, the reagents usedlfor this ' 

- .. 
I 

1 
I .  

tion of Solution. The solution from ?e dissolution oper- 
aporated in steam-heated open vessels which are ~ 

trically heated hot plates. Suitable ventilation hoods 
are required to carry off the acid vapors produced during the evapora- 
tion. ,Decrepitation4' occurs when a crust  forms over the surface of. 

I , t  . =, 

- 
ulting in loss of material and contamination,of sur- , 

I ,  - z 
ovingLnit,ric acid has the following disadvantages: 
ding an adequate ventilation system for removal, 
quantities of steam required,for heating, (3) %e 
n of operating akeas, and (4) the hazard to op- ' 

: 
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The digestion solution may be d a t e d  by 

nitrous-acid is destroyed whereas the nitric'acid is not affeccedi how- , 8 

CT ' ever, bismuth,'one of the reduction-depositio? media used in succeed- - ing operations, dissolves very slowly in n i thc  acid which is free of ' , 
5' \ 

a 

f b  be done'without major interference by the nitric acid. 1 

265 This is not a complete denitration in that only f 

\ 

nitrous acid. Hence+%the urea-treatment allows subsequent operations to 
* - 

- The urea treatment has the advanhge of not requiring heat. 
.'I 7.4 Denitration by Formaldehyde. * Denitration can be effected b y  I -  - 

I .  raising the temperature of the solution to 85°C and adding formalde- 
hyde. The "reaction probably proceeds as 

\ .- 
\ .  HCHO + 4HNO; - C02 + 2N204 + 3H20 , .  

- I  3HCHO + 4HNOs 3CO2 + 4N0 + 5H2O 
I 

with the first reaction predominating." 
' The solution should be heated to about 85°C prior to the addition of 
the formaldehyde because, if the forplaldehyde is added to'the cool 
solution, the reaction may become violent when pe  temperature of the 
solution is raised. The formaldehyde is added in small portions, and 
the solution is continuously agitated. The reaction is complete when 
the evolution of brown.fumes ceases. 

that some polymerization of the formaldehyde occurs: The polymer' 

3 8  

, 
Y 

,A disadvantage of the formaldehyde-method of denitration is the fact r 

i 

I nce ;" certain of the alter&te subsequent opera- 
s necessary to. periodically remove the ~ o l y m e * . ~ ~  ' 

by Formic Acid. 

- I  

Formic acid may be used as a 
denitrating v e n t  through reactions having the same end products as the 
formaldehyde 2 -  reactions :4' 

, 1' 1 

NOS - C02'+ NzO4 + 2Hz0 

- .  I - 
-.. 

f * 
, ?  I 

out in the vessel w h i h  is suitable for 
temperature required for a reason: . 
hich is only slightly, higher than for .  ' 
nd'point may be observed by a sharp" . 112 

color change'of the solution from orange-yellow to greenish-yellow. 
There is essentially-no difference in the reaction times of the formal- 

= dehyde or formic acid denitrations. 
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. ,d * ,  ' 7 8. CONCENTRATION AND PURIFICATION 
4 

, 8.1 General. After denitrationcthe polonium is in a 6N to 10N hy- ' 

droch!oric acid solution which is nearly saturated with dissolved bis- 
muth. Three processes, and.variations thereof, have been empioyed to 

-improve the polonium--bismuth ratio. This'ratio'can be improved by 
' these processes by a factor of approximately 500,000. 
- The first two described processes, the bismuth process and the ~ 

silver process, make use of the fact that polonium, being more noble 
than either bismuth o r  silver, can be displaced from solution by these 
materia:? and deposited upon these materials as the reduced metal. In 

~ the tellurium process the polonium is rem-oved from solution by copre- 
cipitation with tellurium by means of a reducing agent. 

I 

I ,  

. 
< ,  

' >  
C .  

8.2 Bismuth Process.  (a) First Reduction and Deposition on Bi s -  
, muth. -(1) General. Bismuth has the'approldmate redox potential nec- 
- essary to reduce ionic polonium without reducing ionic bismuth. One 
immediately apparent advantage of using bismuth as a reduction and 
deposition medium is the fact that (using bismuth from the same lot as 
was used for irradiation) notnew impurities are introduced into the 
process, Only those elements more noble than bismuth will deposit to 
any degree on the bismuth; hence less-noble-than-bismuth metals a r e  
separated by this, reduction and deposition process: By maintaining a 
high normality of chloride-ion concentration (greater 'than 9N); good 
separation of silver is also attained. . 

8 tion medium is a function of the surface area of the bismuth, the speed 
at which this surface is brought into intimate contact with the solution, 
the concentrations of interfering,impuri!ies, and other factors whose 
effects cannot be completelyAevaluated. Considerable work has been 

*done to ascertain optimum particle size; when the bismuth for <reduc- 
tion-deposition is in powder form, and to develop ways of spreading 
smali quantities of the bismuth over large areas. 

Four general methods, and vakiations thereof, of the first reduction 
. and deposition of polonium from a hydrochloric acid solution onto bis- ' 

muth have been used: (1) agitation reduction-deposition, (2) bed reduc- 
tion-deposition, (3) flotation reduction-deposition,-and (4) column re- 
duction-deposition. The,first three m&hods use finely divided bismuth 

, provement of &e poloniu'm-to-bismuth ratio by a factor of about 50 is 

.' , 
" I  

' Ir 

.. 

The rate of deposition of polonium onto the bismuth reduction-deposi- 

2 - 
- >  

A b  

, 

- '  

I .  

I 

I powder; the fourth method uses  bismuth-coated glass,rods. An im- 
3 

effected by any of these four methods. 

may be accomplished by placingtthe solution & a glass vessel, 
adding bismuth powder (150 to 200 mesh), and agitating the s lurry by 

* ,  

/ ( 2 )  Agitation Reduction-Deposition. Agitation reduction-deposition 
1 

. 
.' ~ 
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means of a motor-driven glass-enclosed stirrer. Samples for alpha 

pleteness of the reaction. The supernatant solution may be withdrawn 
by means of a dip-line, while the bismuth powder, now 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. 

. 
assay of the solution may be taken periodically to ascertain the com- I ’  

(3) .  Bed Reduction-Deposition. Bed reduction-deposition may be ac- 
complished by passing the denitrated solution through a vertical piece 
of glass pipe o r  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 a s  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.ae Two or  three of 
these towers may be connected in series,  and the flow rate of the solu- 
tioqthrough 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 onto bismuth came about somewhat inci- 

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 p,olonium onto these 
rods was substantially complete after about three passes of the solution 
through one column or  one pass through three columns in series; how- 
ever, some difficulty was encountered in removing the bismuth and the 
polonium from the rods. 

1 

~ 

~ 

dentally during the development of the silver process (Sec. 8.3). At- 
, I  . ,- 
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Fig. 7.9 -Flotation reduction-deposition apparatus., 
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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 described in 
Sec. 7. The amounts of reagents necessary, both in dissolution and in 
denitration of the powder, a re  considerably reduced from the amounts 
required for the slugs, owing to the smaller amount of material in- 
volved. 

(c) 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 '/loo as much 
bismuth in this second reduction-deposition as is used in the f i rs t  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 f i rs t  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 *e slurry by means of a 
motor-iotated s t i r re r  has been used, and, in addition, gas agitation 
has been successfully employed.ae~50 Bubbling a gas such as carbon 
dioxide through the solution serves'not only to suspend and s t i r  the. 
powder but also to remove any dissolved oxygen. 

Bed reduction-deposition may likewise be performed by a method 
identical to that described for the first reduction. If it has been deter- 
mined that the volatilization step, described in Sec. 8.2d, is to be used, 
it is desirable that the vessel in which the powder is placed, and 
through which 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 reduction-deposition and for volatilization. 'b 

(d) Volatilization. The bismuth powder, from any of the redyction- ' 
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 . 1 ~ ) .  Some effort a t  Mound Laboratory ' 

I 
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& has been directed toward the utilization of distillation as a means of 
separating polonium from irradiated bismuth. The work on distillation 
is described in Chap. 8 .  

. 

9 

- 

.i 

- 
I' 

. 

The removal, by volatilization, of polonium from platinum foils onto 
which it had been electrodeposited (Sec. 9) has been widely used be- 
cause some platinum usually came off with, and hence contaminated, 

procedure led to the use of volatilization as a means of further separat- 
ing polonium from bismuth. 

the polonium if removal were effected by chemical stripping.52 This 
c 

- - 
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F I L L  WITH 
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Fig. 7.10-Crucible suitable for both bed reduction-deposition and volatilization. 

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- 
t ies if present as chlorides. An effective wash is hydrochloric acid 
followed by distilled water. - 

The crucible containing 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 there for a few minutes. 

Fig. 7.11 -Volatilization tube and furnace. 
. .  

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 t o  the oxide. Fur- 
thermore, polonium dioxide decomposes readily a t  the temperatures 
and pressures  used, and the metallic polonium readily vaporizes from 
the bismuth oxide if the volatilizatiqn 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 a s  a metallic ring aroundithe inside 
of the cool end of the volatilization tu6e. Approximately 1 per,cent of 
the bismuth will volatilize along with the polonium; thus this step rep- 
resents 9 further improvement in the polonium-bismuth ratio of about 
100. 

(e )  Reduction with Stannous Chloride.38 , The reduction of polonium 
with stannous chloride is a concentration-purification step alternate to 
the volatilization step. The solubility of polonium in most solvents is 

and a purification step based upon the precipitation ofs polonium 
from a solution containing the impurities, rather than the reverse pro- 
cedure, se'emed feasible. Stannous chloride was recognized by early 
w o $ k e r ~ ~ - ~ ~  as an effective reagent for separating polonium from solu- 
tions. Stannous chloride has a particular advantage as a reducing agent 
for polonium; it is a solution in either i ts  oxidized o r  reduced state, 
and hence metallic polonium may readily be filtered and washed free 
of it.P3 
' The bismuth powder from any of the reduction-deposition methods , 

may be dissolved as described in Sec. 6.3 and the solution denitrated 
as described in Sec. 7. The bowder may also be dissolved in a mixture 
of concentrated hydrochloric acid and hydrogen peroxide. The excess 
peroxide should be destroyed by boiling. Addition of a 10 per  cent stan- 
nous chloride solution to the polonium solution will reduce the polonium 
to a finely 'divided black powder. Agitation facilitates this reduction and 
may be accomplished by bubbling nitrogen through the soiution o r  by 
boiling the solution. After a short tim~e+ the finely divided suspension 
will, coagulate, and the solution may be filtered. .The precipitate is then 
washed with a 1 per  cent stannous chloride solution followed by a wash 
in'distilled water to remove the bismuth and tin ions still with the 
polonium. 

(f) Precipitation with Ammonium Hydroxide. Reduction-deposition 
processe3 separate polonium from those metallic impurities less noble 
than bismuth:' The bismuth is further separated from the polonium in 
e i ther  the volatilization or  the reduction-with-stannous chl'oride step. 
It' is*still%ecessary. to separate those elements which are more noble 
than'bismuth. 'These would plate out with the polonium in the ensuing 
electrodeposition operations (Sec. 9) which represent the final purifica- 
tion 'of polonium. Silver is generally the chief impurity a t  thisspoint; it 
can Ije separated from the polonium by precipitating the polonium with 
ammoniumihydroxide, 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 impuritiks if they are present. For example, 

'potassium cyanidelwill act as a complexing agent for gold, and hydrogen 
peroxide will reoxidize any metallic gold which might precipitate at 
this point.53 

_ -  
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The volatilized polonium (if the volatilization step was used) in the 
volatilization tube may be dissolved by carefully pouring nitric acid 
tdown the sides of the tube; refluxing may be necessary to completely 
dissolve the polonium: 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 concentrated hydrochloric acid and hydrogen perox- 
ide is somewhat more effective. (The excess hydrogen peroxide in the 
solution must'be decomposed prior to the addition of ammonium hy- 
droxide.) 

solution (whichever it happens to be), and polonium will precipitate a s  
the hydroxide. Boiling will aid in coagulating the precipitate. The pre- 
cipitate is filtered and is then washed several t imes with ammonium 
hydroxide and then with distilled water. The precipitate may now be 
dissolved in whatever medium is desired for electrodepositiw (Sec. 9). 

8.3 Silver Process?9 (a) Reduction-Deposition. The spontaneous 
deposition of polonium on silver has been used by several investiga-1 
torse0"' '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 noble 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 separation 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' circulated thrqugh an apparatus such as is shown in Fig. 7:12. The 
apparatus consists chiefly of column A (packed with silvered glass 
beads) through which the solution'may be circulated by means of a 
carbon dioxide -operated gas lift. Silver-coated glass wool, silver 
leaf, and fine silver powder have also been used in such columns.8a86s 
The beads may be silvered by first roughening the beads and *en sil- 
vering them by Brashear's method" (the reduction of ammoniacal sil- 
ver  solution with glucose). It is necessary to roughen the beads to pre-  
vent stripping of ye silver by the hydrochloric acid solution- containing 
the polonium. 

The solution is circulated through the column as many times as are ' 

necessary to remove the polonium. The depletion of the polonium from- 
the solution may be determined by alpha counting a sample of thesolu- 
tion. 

Ferr ic  ions present in the solution cause considerable 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- 

- 
Ammonium hydroxide may then be added to the nitrate or the chloride , 

: 
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Fig. 7.12 -Silver-process apparatus. 
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ride will keep the iron reduced, but i t  also reduces silver chloride i f  the 
silver chloride is present in too high a concentration. 

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- 

(b) Dissolution of Silver and Polonium. The silver coating, upon 

solved in ammonium hydroxide, the polonium may be separated from 
this solution by passing the solution through an adsorbing 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 a re  
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- 
s i red fo r  electrodeposition (Sec. 9). 

’ 

I 

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 o r  with the 
denitrated solution of the bismuth powder from the primary reduction- 
deposition on bismuth as the starting material. 

~ a l d ~ ~  who reduced the two materials in a hydrochloric acid solution by 
means of stannous chloride. Th<s is the first step in the tellurium 
process. 

of bismuth which contains polonium. ‘The solution is  then heated until 
the tellurium precipitates and coagulates; the polonium is precipitated 

The coprecipitation of polonium and tellurium was reported.by Marck- 

Telluric acid and stannous chloride are added to a denitrated solution 
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with the tellurium (Fig. 7.13a). Agitation of the solution by means of a 
s t i r re r  i s  helpful. (Hypophosphorous and hydrosulfurous acids have 
also been used a s  reducing agents, but the results using these reagents , 

were not a s  good as those obtained with stannous chloride.) The si- 
lution is filtered, and the precipitate is washed with hydrochloric acid 
(Fig. 7.13b). The precipitate is  then dissolved (Fig. 7 .13~)  in aqua 
regia, and the solution is denitrated (Fig. 7.13d) as described in Sec. 7. 

(b) Reprecipitation of Tellurium and Polonium. It has been found68 
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 i s  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 
a s  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 :ne first  precipitation (no loss of polonium occurs) and the washing 
operation of the second precipitation (considerable loss of polonium 
occurs) may be explained a s  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 i s  obtained by dissolving tellurium in 
aqua regia, and which i s  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.68 

The precipitate f rom the reprecipitation operation is handled (fol- 
lbwing the wash) by a procedure identical to that used for the precipi- 
tate from the original precipitation operation. 

precipitate with tellurium and polonium, may be necessary, depending 
upon the si lver content of the starting material and the allowable silver 
content of the final product. If such a separation is to be made, the 

( c )  Separation of Silver. A separation of si lver,  which will also 
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(e) 

(a) Coprecipitation of tellurium and polonium 
(b) Filtration and washing of tellurium and 

(c) Dissolution of tellurium and polonium 
(d) Denitration of tellurium and polonium by 

(e) Precipitation of tellurium 
(f) Separation of tellurium 

polonium ' ,  

evaporation 
I 
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starting material is the aqua regia solution of the precipitate from the 
first precipitation (or the second precipitation, i f  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 
final 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 hydrochloride, thiourea, and 
sodium thiosulfate have all been tried as reducing agents in this step of 
the process. None of these reducing agents is a s  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 
material. Likewise, many other variations of procedures of all the 
processes a re  possible. 

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- 

Several factors would affect (to varying degrees) the exact procedure 
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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 re-quirement of the polonium. This may vary 
widely depending upon the intended use of the polonium. The omission 
of any step, o r  steps, designed to remove a particular impurity which 
is not objectionable in the final product will simplify the recovery of 
the polonium. 

9. ELECTRODE POSITION^ 
9.1 General. The electrodeposition of polonium from a solution_ 

onto a metallic electrode represents the final step in the separation and 
purification of polonium. In addition to the further purification which 
can be attained by electrodeposition, the polonium will be in a solid 
metallic form which is much easier to handle than is a solution. The 
purity (weight) of the polonium after electrodeposition can approach 
98 to 100 per  cent. 

Spontaneous deposition of polonium onto copper and ontoaickel elec- 
trodes has been used (Chap. 1, Secs. 3 and 4.2) as a method of final 
separation of polonium. Electrodeposition has been in use since early 
in 1944. The solution-cathode potential was at f irst  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 done 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 material will usually depend upon the ultimate use of the polonium. 

Nitric acid is a satisfactory me- 
dium for the plating of high concentrations of pure polonium. It has been 
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 anodes. The so- 
lution is stirred by means of a glass-enclosed 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 so1utior.-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. 

9.2 Deposition f rom Nitric Acid. 

, . %  

. .* 
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Fig. 7.14 -Electrodeposition apparatus. - 
- 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 polonium. Deposition has also been done on 
tantalum, molybdenum, carbon, and, under certain conditions, nickel 
electrodes. 

r$ 
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Depletion of the polonium,from a solution is more rapid i f  a gauze 
is used for the cathode, rather than a solid foil. 

Polonium oxidizes readily, 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 a s  acetone, petroleum ether, or absolute alcohol, or 
the foil may be sealed in an inert atmosphere. 

-. 9.3 Deposition from Other Inorganic Acids. Deposition can be ef- 

. & 

= 
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fected from a hydrochloric acid ,solution, although special precautions 
must be taken. For example, platinum anodes dissolve in the solution 

- with subsequent deposition on the cathode along with the polonium. The 
quantity of platinum, which dissolves increases with increasing acidity 
and current density. Graphite anodes are satisfactory provided they 
have been bonded 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 1N hydrochloric 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 electrodeposition of polonium has been done from sulfuric acid 
solutions,. The solubility of polonium in 1 N  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 polonium 
dissolved. 

Hydrofluoric acid works very well as an electrodeposition medium. 
Smooth adherent deposits can be prepared, up to a density of about 30 
curies of polonium per square centimeter. Good separation of polonium 
and bismuth is possible; the deposition potentials for bismuth and po- 
lonium in 1N hydrofluoric acid appear to differ by almost .l volt. Lucite, 

I= polystyrene, or polyethylene beakers should be used .in this electro- 
' deposition process; however, it is possible to use standard micro- , 

pipettes for assaying the solution for ita polonium content, provided that 
the pipettes are immediately and thoroughly rinsed with nitric acid. 
Satisfactory pipettes have also been made from polystyrene tubing." 

from hydrofluoric acid is usually greater than the number of neutrons 

- 

, . 

, 

' 

I 

' 

I 

-. The number of neutrons emitted (per unit foil area) from foils plated 

r emitted from foils plated from other media; however, some work" in- 
dicades 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 p2lonium from per- 
chloric acid. The behavior, in general, of perchloric acid is similar 

, 
- 
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to sulfuric acid; it is difficult to get the polonium into solution. Long 
plating times and poor deposits characterize perchloric acid plating 
solutions. 

Unmodified solutions 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 deposits 
could be obtained. 

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 
a r e  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 cyanide solutions have been tried a s  electrodeposition media. 
Good deposition can be obtained, although the plated deposit is no better 
than that obtained when plating polonium from nitric acid. 'One dis- ' 

advantage resulting from the use of these alkaline solutions is the slow 
rate of deposition. 

10. QUANTITY ASSAY 

10.1 General. Frequent assays in the purification of polonium 
process a re  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- 

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 A2pha Emission. Polonium emits a 5.298-Mev alpha . 
particle (Chap. 2, Sec. 3.la) 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 

. active decay must be taken into account in any assay determination. 

such instruments may cover an activity range of 0 to 300,000 counts/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 a s  loi3 dis/min. These'attachments are described in Chap. 9, 

1' , 

-: 
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Sec. 3.1. Techniques for the mounting of radioactive samples and a 
summary description of the instruments available at Mound Laboratory 
have been presentet  by Dauby." 

An assay by the sampling 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 techniques 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- 
r imeters  are available which will measure alpha-particle-emitting 
samples 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 a s  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 a re  very useful for rapidly obtaining information which 
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 alpha-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 solution 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 installation . 
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 rotating-source 
gamma counter (Chap. 9, Sec. 3.5) both have been used for the gamma 
assay of plated foils o r  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 operation. Such a preliminary gamma-radiation count provides 

. .- -I 
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information for adjusting the calorimeter so that it will operate nearly 
'at balance (Chap. 10, Sec. 3.4). Any 'discrepancy between the amount of 
polonium indicated by a final gamma-radiation count and that indicated 
by a calorimetric measurement might mean that the polonium is con- 
taminated with radioactive silver. 4 

/ 

A 

11. QUALITY ASSAY 

11.1 General? One of the first  problems associated with the puri- 
' fication of polonium was, the development of a satisfactory method for 

determining the purity of the ,polonium on the plated foil o r  gauze. The . 
purity to be expected of polonium plated from a given soldion can be 
determined through the following procedure: 

. 

, 
' 

1. Weigh a small foil. 
2. Plate polonium onto this foil from an aliquot of the solution in 

question under conditions which duplicate as nearly a s  possible those 
conditions under which the final plating will be done. 

'3. Reweigh the foil, determining the quantity of material which was 
plated. L 

4. Measure the alpha radiation from the plated deposit. I 1 .  

' The relation between the weight and the alpha activity of the deposit 
will indicate-its purity. 

. The quantity of alpha radiation can be measured calorimetrically or 
. 4 ~ -  by counting; counting is generally preferable because it is more rapid. 

The detection of gamma-ray-emitting impurities associated with the 
polonium solution (or plated foils) was discussed briefly in Sec. 10.3. 
A neutron count may also be made on the final foil, o r  gauze, to detect 
light-element impurities. 

11.2 Determination of Purity. Satisfactory determination of the 
purity, with respect to polonium, of a solution from which the polonium 
is to be electroplated can be made by plating and analyzing a small e 

The polonium content of a small sample of this solution is depleted 
by the use of apparatus _similar to that shown in Fig. 7.1 5. A weighed 
small  foil (microfoil) of the same material that is to be used foT the 
final plating is plated in this apparatus. The microbeaker is rotated to 
effect st irring the solution. Plating conditions (solution-cathode po- 
tential, cathode and anode materials, etc.) must be kept identical to 

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 deposit may be conveniently 
measured in a special low-geometry alpha counter (Logac-L) as de- 

, 

, 

*: .percentage of this solution. 

' - 
- 

those conditions which will be maintained for the plating of the solution - .  
. 

, I  

' 
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3 

5 .  
- Fig. 7.15-Microfoil plating apparatus. 

P 

.* 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 

c 
Iz ' equivalents and count-microgram equivalents determines the purity 

. percentage of the polonium. 

I .  . , ., . .  . 
I 

I 



'. , 

186 

Purity (weight) determinations of this sor t  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 revealing. If a particular electrode or  gauze is 
plated with 20 curies of polonium which is 98 per cent pure, the weight 
of the impurities associated with that polonium is less,tiian 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 associated with this polonium would be 
less than 0.5 pg. 

It may be advisable to plate two or  more microfoils in order that 
reliance is not upon only one check of the purity. The polonium on the 
microfoils can be recovered so that, essentiaily, no material is lost in 
the analysis procedure. Microfoils may also serve a s  a source of small 
amounts of polonium. I , 

It should be emphasized that the described method of purity deter- 
mination is indirect in that it does not give the purity of the polonium 
on the'final foils o r  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 o r  gauze. Neutrons result from 
the bombardment of the light-element impurities by the polonium alpha 
particles, as described in Chap. 12, Sec. 1.4. 

Neutron counting may be accomplished by the use of BF, o r  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. 

I 

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. ' 

highly toxic. It is particularly important to the tellurium process be- 
* This confinement is of importance where some of the reagents are 

-1. .-. 



187 

cause of the objectionable physiological 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 
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 purity 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. 

of bismuth slugs from which the polonium has been removed by the . 
bismuth process (Sec. 8.2), the si lver 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, 
electrodeposition was deemed to be the most promising 'method for 
recovering bismuth. 

The starting material for  bismuth recovery is the denitrated solution 

t 

13.2 Electrolysis of Bismuth. ,Because of the highly corrosive 
nature 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 materials, such as tantalum, platinum, 
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 both as the 
pure metal and as a coating on various backing materials. Cathodes 
prepared by spraying bismuth onto glass, Vinylite, oi- ashless filter 
paper gave satisfactory results. The bismuth plate can be peeled off 
the glass or Vinylite backing. 3: ashless filter paper will burn com- 
pletely during subsequent melting 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 density that can be 
used is 20 amp/sq ft. Above this current concentration, “treeing” 
ocFurs to an excessive degree with the  formation of a spongy deposit 
of bismuth. Under optimum conditions of plating, it is possible to plate 
out 95 per cent of the bismuth in solution. The average current ef- 
ficiency for this degree of depletion is 75 per cent. 

1 

~ 

. 

. .  
’ .  

Fig. 7.16-Apparatus for  the electrolytic plating of bismuth. 
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heric pressure and in vacuo. Many ~ c i e n t i s t s ~ - ~ '  
ity of polonium could be'employed to effect the  con- 
' from the less volatile-materials with which it 

1 

, . -distillation program was initiated at  7 I *  

of the phases of the Mound Laboratory dis- 
equilibrium studies of polonium-bismuth , 

1 types and the effect of agitation upon distil- 
es, and investigations of the materials of ' 

- 
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UILIBRIUM STUDIES 

-rr stigation of the separation of two mate- 
,degree of separation which can be I ?* 

two pure components are known, 
calculating the * 
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tal data on the distillation of polonium from,dilute solu- - 
* ? %  ' 
" 

tion*in.bismuth have been'found to fit these' relations. The relative ~ . 
i $ '  volatility was found to be constant over a t  least a 10,'OOO-fold range of 

' i  
.& 

. ~ condentration:. The value found was less  than that cafculated fFom the . 3 .  

- -  < ' ^  vapor pressure 'of lthe pure metals, indicating negative deviation from 
Ffa'oult's law (y p,'less than l ) . 1 5  P'olonium' does follow ,Henry's law,I6 

shown by the constancy of the relative volatitity. This would be ex- 

. _  I 'The effect of te ature on ,the relative volatiliFy was investigated , 
the range of 450 to 850yC. The effect of,'change of orifice size 
essentially unrestricted distillation d o h  to the Knudsen condi- 

I tion" f o r  effusion (orifice diameter less than %,, the mean free path) 
was followed. Equilibrium conditions giving a maximum volatility were 

' achievedpver a wide'range of orifice sizes. The rates,of distillation of 

cted for the min omponent in the dilute-solution range. 

, ' .-  . 
; 
, 

. bismuth for-both the Langmuir and Knudsen conditions were used to 
I '  calculate the vapor pressure of bismuth. I The close agreeme'nt of the 

.. vapor pressure with the literature values in the 'range in which it. has 
been previously measyred is evidence ior  the validity of the experi- 

' Irradiated slug bismuth was given zpreli'minary treatment to ob- 
taikreproducible samples for the distillation studies. Samples ?f ir- 
radiated bismuth (3 to 4 g) were melted in vacuum to degas the metal 
and were then filtered through a 1.5-mm bore capillary to remove the 
surface oxide. The polonium content was determined by dissolving a 

* * >  representative ,sample in nitric. acid. and making an alpha-particle as- 
say. The s t a r t k g  concentration was about 104M in polonium. 

. ', ' Distillations were made in the apparatus shown in Fig. 8.1. The fraci 
tidn of the original bismuth distilled and the fraction of the original 
polonium distilled, X, and Y; respectively, were determined by differ- 

' ' ' ' ence for each successive distillation.'' These values were used in Eq. 
, ~~, 8.3 to calculate the relative volatility. i 

L, ' 

,, . I .. mental approach used. ' i V\ 

. 
4 ' ; 

. <  
' % 

. - 

I 

= 
I 

. ' I 

*, 

The constancy of the relative volatility LY at various size cuts for 
, distillations at  500°C is shown in Table 8.1. These cover-a 10,000-fold 

range in the starting concenpation of polonium and show clearly that 
there is no trend in relative volatility as the distillation progresses. . 
An average a! of 199.3 'was obtained. 

- 
- *  

. 
~ 

' L, 

* A  ; 
,Similar results we,re obtained for open-cup distillations at  other 

temperatures in the rangeof 450 to 700°C. Tqobtain measurementsat .  1 .  - 
higher temperatures (550 to 850°C), distillations were made from a ' ' , , 
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.e- ** 
- :L quartz cup dvingia l  restricting orifice. The orifice reduced' 

distillation so that mea&rements could be made without hav 
excessively short distillation times. The results of the two 

-periments are given in Tab1,e 8.2. The data show a regular 

1 
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Average 199.3 ' 1 
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' able 8.2-Variation of ity with Tehperature ' ' 

Unrestricted distillation ' Restricted-orifice distillation 

, Relative volatility , 
' Temp:, "C - Qt 

282.3 , 550 , 172.8 
l99,3 650 96.5 
105.2 700 

* I  
- *  1 1  58.2 7 30 _ I  

, 850 * 

, a  

t The'va$s'of Q are averages of several experiments at eahh tem- 
! 
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q -  . ~. ' 1 ,and, for restricted-orifice di ximum enrichment), 

" I I* 
I .I 

. a  

(8.6) - ' 
10,350 

, ,  lOg,a = - 3!0073 + ' I L \' 

I (t +1423) 
I - .  

, '  where t is ,the temperature in d 
* 

-The bismuth vapor pressure PB~, in millimeters of mercury, is - 
7 -  . F 

% given by 
- *  

, + 8.4621 (8.7) 
10,051 

T log Psi = - - 
1 .  , 

where T is thetemperature in'degrees Kelvin. From the slope of this1 
curve the heat of vaporization of bismuth was calculated a s  46.0 kcal/ 

' 

' 

mole. > -  

centimeter per second, is given by 
, The distillation rate w of bismuth, in grams% of bismuth per  square , v 

I 1  < 

10 051 1 ' 
T '  2 (8.8) 

2. log W = 8.3878 - --log T 
& 

. + where T is the temperature in degrees Kelvin. 

in millimeters of mercury, is given by 
,' - The pqre-polonium vapor pressure Pp, (as determined by  brook^'^), 

\ 

, 
,log Pp, = - - 5377*8 + 7.2345 ~ (8.9) 

, I .  

T 
\ 

where T is the temperature in degrees Kelvin. , 
The volatility V of polonium/from dilute solution i 

imeters of mercury,-is given by - . 
. ' ,  I -  

^i, + 

log V = -8E + 8.3521 (8.10) , T -  

\ -  - wherq T is the.temperature in  degrees Kelvin. 

given-by 

a _  The activity coefficient y of poloniu-m in dilute bismuth so 
I 

/ I  

. I  

- ' ,  + 1.1176 

- - .  I t  

" *  ~ 

where T is the-temperature i . *  
r . < ,  2 
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From the slope of the curve of log y as a function of T, the partial 
, 

molal heat of solution 
kcal/mole. 

of polonium in excess bismuth is = -12.6 

3. PRELIMINARY DISTILLATION STUDIES 

3.1 Experimental Stills. The f i rs t  distillation experiments at Mound 
Laboratory were qualitative tests in which platinum foils, upon which 
polonium had been plated, and metallic bismuth were placed side by , 
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 system. Slight mir rors  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 a t  various residual helium pressures.  These 
mir rors  produced good scintillations on zinc sulfide paper, indicating 
that polonium had been transferred. 

Five quantitative experiments employing this method of distillation 
were completed, utilizing the equipment 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 polonium was retained in the melt after the last cycle was com- 
pleted. ' 

In an attempt to improve upon ?e 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 15% h r  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. 

to demonstrate that irradiated bismu'th could be depleted of its polo- 
nium content a t  a rapid rate by distillation. The irradiated bismuth 
charge was placed in the annulus formed between the steel outer wall 
and the central tube. The steel assembly was loosely capped and placed 
in the quartz housing. The quartz housing was evacuated, and the upper, 
4 in. of the steel stripper was heated by an induction-heater to about 
1000°C. Vaporized bismuth and polonium 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 heatihg cycle, the collector was removed and the collected product 
analyzed for both polonium and.bismuth. It was demonstrated that, 
under sufficiently severe temperature conditions, bismuth can be de- 
pleted of i t s  polonium content quite rapidly by distillation. The high 
temperature and lack of any fractionation or partial condensation ef - 

The stripping apparatus shown in Fig. 8.3 was constructed20 in order 

. 

t ) 
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Fig. 8.2-Experimental Pyrex-glass still. 

. v  fect resulted in large amounts of bismuth in the collected products; 
hence low concentration factors resulted. 

ments at Mound Laboratory a re  compared in Figs. 8.4 and 8.5. These 
figures show the variation in the concentration factor with degree of 

The rates  of depletion for the various stills used in the early experi- 

product collection for these experiments. 
7 
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POLONIUM STRIPPER APPARATUS QUARTZ HOUSING 

Fig. 8.3 -Polonium stripping apparatus. 
' 

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. 

I 
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, The rate at  which polonium is volatilized from the surface of the bis- 
,'& muth melt is rapid at  high temperatures; hence the rate of diffusion of 

the polonium from the body of the melt to the surface is assumed to be  
-. 

Fig. 8.4 -Polonium collection rates in experimental stills. - 

- *  
-the rate-controlling mechanism. Experiments which involved agitating 
a the melt confirmed this assumption, a t  least to a degree. Several meth- 
ods of ordinary mechanical agitation were investigated briefly; but, 
owing to the temperature and vacuum requirements, the difficulties ex- ' . 

,perienced proved this method to be impractical. 
* 

* . . ( ,  ' I 
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Two test units were constructed to investigate the effect, on distilla- 
tion,21 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 
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Flg. 8 .5  -Concentration factor vs.  per cent polonium collected in experimental stills. 

with agitation. By manipulating the pressures  in each compartment, 

where further distillations occurred. This test indicated an average 
distillation rate 15 times greater with agitation than without agitation. 

The\second sti l l  that was used was constructed from a Pyrex cylin- 
der that had a fritted Pyrex disk sealed in the bottom. Helium was 
passed through the disk and into the molten bismuth, and the pressure 
above the bismuth was adjusted to permit sufficient gas leakage into 
the bismuth to give a gentle agitation. The bismuth was heated by an 
induction heater. Based on the depletion of polonium from the bismuth 
melt rather than on product recovery, this test showed that, of the orig'- 
inal 1.480 curies of polonium in the charge, 71.8 per  cent, or 1.062 
curies, was distilled from the melt. The polonium transfer occurred 
during a 60-min distillation period, and the average polonium transfer 

the bismuth was sprayed in turn into each successive compartment 
I '  

i 

1 

, 
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rate was 17 mc/min. In the second test employing a fritted Pyrex disk, 
the rate of polonium recovery was four times faster when gas agitation 
was employed a s  compared to a test wherein no gas agitation w a s  em- 
ployed.'' i 

.* . 

4. PILOT-PLANT STUDIES ' 

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. 

of defining the middle of the fractionating column and the middle of the 
still pot a s  the points where temperature control would be maintained. 
Under these conditions of operation i t  appeared that the column tem- 
'perature controlled the purity of the collected product while the still- 
pot temperature controlled the rate a t  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 experimentally determined optimum temperature is shown in Fig. 
8.7. The polonium-recovery curves a re  approximately exponential, 
and the bismuth-collection curves a re  linear. Readjustments in the 
column temperature setting (with the still bottom maintained at  opti- 
mum temperature) wil l  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. 

a baffle into the bottom of the column. Although this baffle constricted 
- the column to less  than y8 of its cross-sectional area,  distillation 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 
from transformer steel because corrosion studies (Sec. 5) indicated 
that transformer steel was corroded to a lesser  degree by molten bis- 
muth than was low-carbon steel. The data obtained from'experiments 
performed in these units showed that: 

steel sparging still, but lower product recoveries are found. 

The experimental arrangement of the low-carbon-steel still consisted 

Spattering of bismuth into the still column was minimized by inserting 

1. Higher product concentrations a re  obtained from the transformer- 
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Fig. 8.6 - Fractionating distillation still. 
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- 2. Higher distillation-unit wall temperatures are required in the 

3. Approximately 10 times more polonium reacted with and was re- 
transformer-steel still for comparable distillation rates. 

- * tained by the transformer steel than with the low-carbon steel. 
t -  
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the distance between the melt {with equivalent amounts of bismuth) and 
the collector, was increased by a factor of 3 over the f i rs t  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 a s  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- 

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 a s  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 a s  high a s  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 spargingtof the melt produced no significant difference in 

results. 
A purification still (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 similar collector located a t  the 
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 0010- 

.2 

* -  

- 

- ture conditions showed that: 

' 

- 

. nium when collectors from the deep-well still were used as feed; 

I 

5. MATERIALS OF STILL CONSTRUCTION 

The corrosion of metals and other materials by molten bismuth has c- = 
been reported.2s-27 A number of materials were tested for corrosion I 
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by bismuth, under specified conditions, to determine their applicability 
in the Mound Laboratory distillation program. These investigations2' 
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 

~ 

I 

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, 

"C mm Hg hr g w 0 No. g 

1 100 980 1 24 
2 100 980 1 24 
3 100 850 1 48 
4 100 850 1 48 
5 100 850 1 78 
6 100 850 1 ' 78 

7 100 850 0.7 6 100 
8 100 850 0.7 100 
9 $  . 100 850 0.7 100 

81 0.005 
93 0.005 
73.7 0.006 
78.0 0.003 
78.0 0.05 

Tube failed when weld ~ 

opened 
80.0 0.2 
85.8 0.24 
97 0.08 

tWeight of condensation ring, 17.5 g. 
$In quartz tube, with piece of steel having area of 3.34 sq crn. 

28 

15.5 

30 

26t  
0.04 

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 materials tested 
which exhibited good corrosion resistance to bismuth at 750 and 850°C: 

Over a period of time several other series o f  corrosion tests of 
various materials by bismuth have been made at Mound Laboratory. 
Denver Hale reported some early corrosion e_xper iment~ .~~ Table 8.4 
lists h i s  data for the corrosion of low-carbon steel by bismuth. The; 
first eight tests were performed by refluxing bismuth in a steel cylin- 
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, heating a portion 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.2L*28~29 Duriron 
was more resistant to bismuth than any other material tried. This work 
was the f i rs t  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 tes ts  in- 
dicated that high-temperature alloys (for example, alloy numbers s-590 
and 19-9DL) have fairly good corrosion resistance to melted bismuth. 

LittIe information is available on the combination of polonium with 
the materials of still construction. Investigations by G00de3O indicated 
that polonium forms compounds with zinc, lead, *platinum, nickel, sil- 
der, and sodium; compounds with gold, tantalum, iron, and aluminum 
were not 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 f r ee  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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Chapter 9 

INSTRUMENTATION 

By Warren L. Hood and Adrian J. Rogers 

1. INTRODUCTION 

During the early years of the Dayton Project the radiometric assay 
of raw materials and polonium pro'cess 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 
ionization chamber constituted the only available equipment that could 
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. 

1 

2. HISTORICAL 
i 

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 
I used in the early days of the polonium project. 
* 

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 electrometer circuit. The response of this instrument 
is a function of the intensity of the sample up to a disintegration rate  of 

, 

.* 
- 

2.2 Alpha Monitor. One of the instruments used for the alpha assay 
- 

212' 
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about 10' dis/min. The lower limit of sensitivity was about lo4 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 develdpment 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 
- \  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.' 

-VOLTAGE LEAD 

\ 

A M P H E N O L  POLYSTYRENE \ 
CONNECTOR RING 

Fig. 9.1-Alpha monitor, cross section. 

I 

1 2.3 Hemispherical Ionization Chamber (Sopkometer). The alpha 
monitor described in Sec. 2.2, when operated at atmospheric pressure 
with air.as the filling gas,  was reliable up to a disintegration rate of 
only lo7 dis/min because of recombination effects. A hemispherical 
ionization chamber 'operating at reduced pressures was developed by 
Sopka2 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 w a s  mounted on the male section of the ground joint. This 

- 
' , 

d l  

1 - 

I 
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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 with air at a 
pressure of 15 cm Hg. At this pressure the recombination effects were 

4 

I ,  

r----------- 

!-LITER FLASK WITH THIN FILM OF 
EVAPORATED METAL 

HIGH -VO LTAG E 
ELECTRODE 
CONNECTION 

METAL SHIELD 

2.4 Ionization Chamber for  Assay of Bismuth Slugs. An alpha ioni- 
zation chamber, Fig. 9.3, was designed for the direct assay of active 

I 

' . .  
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i -  
nonjacketed bismuth s lugs3  The high-voltage'electrode was a brass  - 

second electrode and was connected to the electrometer circuit. The 
slug was placed in the cuplike plug, and both were inserted into the 

, cylinder concentric with the cylindrical slug. The slug served as the 
\ ,  - 4 ,  

TO ELECTROMETER C l R C , U l T d  I I 

Fig. 9.3-lonlzation chamber for alpha assay of bismuth slugs. \ '  

* /  

_- 
* , : - 5 

chamber from the bottom. The counting procedure involved comparing 
the unknown slugs with a number of slugs .which had been chemically 

only with slugs of low gamma flux. 
'-. b analyzed for use as standards. The use of this chamber was feasible.. * > -  

. %  

2.5 Pencil -type Ionization Chamber. A cylindrical ionization cham: 
ber415 similar to an end-window Geiger counter was designed for de-" I 

termining the rate of depletion of polonium solutions during gledtrolysis \ 

(Fig. 9.4). 
The chamber consisted of a length of 18-gauge platinum wire mounted 

in the center of a platinum cylinder. A polystyrene plug at one end of 
the chamber insulated the electrodes from each other and served as a 
spacer to maintain ,a  concentric assembly. The lower (or collecting) 

t: 

7. G 
, 

c 

. 

a' '5 
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Fig. 9.4-Pencil-type ionization chamber. 

* /  
I 
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A measurement .was made by lowering the chambe; io some prede- 
termined height, generally in., above the solution level and taking a 
reading, with the  electrometer. A polystyrene rod attached to the out- 
side of the chamber'and extending % in. below it servedias a chamber- 

* ,. chamber were unsuccessful owing to> contamination of the chamber and 
:. difficulty in maintaining'&constant geometry. 

. -  
- 

to-solution distance indicator. Attempts to calibrate the ionization 
* 

' - -4 

J 
1 ,'. 

\ 3. RADIATION MEASURING INSTRUMENTATION 

c-L Alpha Counters. Two low-geometry at- 
d"' to adapt the methane-flow proportional 

I 

. .  

. #  

I 

I 
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Fig; 9.6 - Logac-S installed. 
t 
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4’ The Logac-S consists of seven parts, a base plate (not shown), slide, 
sample holder, spacer, extension, cylinder, and plug, as-illustrated.in I ’ 

Fig. 9.7. 

apertures and by shifting the position of the gate slide with respect to 

2.- , c ,- . 
1 !J. * .e Three geometry factors of approximately 4-k lo’, 1.5 x lo3,  and 1.5 x 

* ,- ’. \IO4 can be obtained by changing the spacing between the sample and the 
. -  - I 

PROPORTIONAL COUNTER 
I f  ‘ SAMPLE CHAMBER 

ALUMINUM FINS 

COUNTER BASE PLATE 

GATE DR!VE MOTOR 

3 .  

Fig. 9.8-Schematic representation of Logac-L. I 

- .  

the base plate to align either one or four-of the geometry-defin!ig ap i  , . * 

er tures  in the slide and base plate. A fourth geometry factor i s  possi- ‘ 
ble, but it is essentially a duplicate of one of the other configurations 
The geom%try factor for each configuration is ca lcu la te  by counting 

. A thin sheet‘ of mica (1.5’to 2.0 mg/cm2) is cemented over the four 
= apertures in the counter base plate to obtain a vacuumtight alpha- . ,. .. 

Logac-S attachment. DeKhotinsky cement is used to cement’the mica 
in place. ’ 

The longer low-geometry attachment; designated as the “Logac-L,”’ 
is designed to count samples in the range of lo9 to 1013 dis/min. The 

- very low geometry is attained by making the sample-to-aperture spac- 
ing approximately 80 in. and by using an even smaller aperture area 

1 

- >  - 
. , 

. 
\ accurately measured ,standards. 

t --. 
. *  I 

. transparent sea? between the gas-filled counter and the evacuated 
c, 

.- 

‘. _ _  
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Fig. 9.9-Logac-L installation (loading end). 

- 
The geometry-defining assembly consists of 
d 8 in., in diameter, with a proportional counter and a sample-chamber 

attached-to i ts  opposite ends. The geometry of this system may be 
nged by a'factor of approximately 10 by shifting the position of the 

proportional counter with respect to the dovetailed slide to align either - 

brass  tube 6 ft long 

- 
- _  ' 3 - b  

~ one or  four of the holes in the slide with the corresponding holes in the 

' The Logac-L is equipped' with i ts  own vacuum system and mercury - - 
anometer. A'motor-actuated gate, located betwgen the tube anh the , ~ 

- 

~ 

-sample chamber, a6d separate solenoid valves in the vacuum,lines to 
A 



-l . . , .:-_ . , 

- .  22!, I 

I .  . \  
and .the ,tube make it possible to evAcua 

' the entire Logac-L or the tube alone; Thus the time required for ad- 
mitting a sample fqr. counting is greatly reduced becausethe vacuum 
may be maintained in the tube and only the sample chamber will r5quire 
reevacuation. The ga s equipped with switches to limit its travel be- 

'. tween the op'en and c d positions and to actuate 'a. solenoid valve when 
the gate is closed t o  admit air into the sample chamber. A contact- 

* , making manometer connected-in series with the gate control circuit 
prevents reopening of the gate until the sample chamber is completely 
r eevacuated. 

Counting operations which involve b\e use of the gate are generally 
accomplished by admitting samples through a circular port at the rear  -' 'of the sample cha This port is covered by a gasketed cap att 
to an over-center 
clamp. The port may be quickly opened or closed by rotating the c 
handle through an'angle of about 60 deg. Samples may'be attached to. 
the cap by means of tapped holes on-its inner face. ,' 
' For the routine alpha counting of polonium deposited on platinum. 
microfoils (Chap. 7, Sec. 11.2), the sample'chamber is equipped with 
two mounting block3 designed to zeceive the special foil holders (Sec. ' 
4.6) used in the electroplating and weighing of polonium during the ' 

' 

purity assay. A mounting block is located on each side of the, sample 
chamber 'as s h o y  in Fig.'9.9. A' foil holder is installed in the right- , 
hand mounting block of the left-hand Logac-L of Fig. 9.9. A microfoil 
is s h o p  he!d.in the forceps of the foil holder with the foil extended in 
counting position. These mounting blocks together with the foil holde 
make it possible to:introduce the microfoils into the sample chambe 
without bringing'the chambe; up to atmospheric,pressure.. 

'' . , 

@: 

' . 
. . 

~ * 
I / 

ping device consisting of a commercial jig 

c 

- 
'I 

, 
I ,  

' 

' 
. 

ogac-L is  equipped with a lamp (to illuminate the interi 
hamber)'and a window (located on top of the chamber) through , 

Gross contam,hration:of the interior of the'sample chamber and the ~ - 
which the foil may be observed when in counting position. 

tube is preventediby lining the sample chamber with a brass  sleeve 
which has a rubber hydrochloride window cemented across the  end 

I toward the tube. The sleeve is provided with.holes which.align 
the ports in the isample chamber. The sleeve is easily remove 

decontamination o r  replacement of the rubber. hydrochloride windo 
-In- a 'more highly developed model of the Logac-L, a rotating sa 
der, is incorporated, within the sample chamber in order that 

. 

, . I = &  . - 

large dske teh  po r i  at the rear  of the sample chamber for sleeve .'* st , - 
* 

ple may b-2 cont'inuously rotated while it is being counted. -This partic 
lar instrument is also equippgd with a Cartesian monostat (Emil Greiner 
Co.) which will maintain a pressure constant to within *0.1 per cent 
within the Logac-L for the purpose of making absorption studies. 

. . 

I 

$ > .  * 
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Counting inaccuracies due to the scat terhg pf alpha particles from 
the surface of the tube a r e  prevented by means*of a ser ies  of spaced 
aluminum fins located within the tube. 

, . The geometry factor for thetlogac-L-is determined by comparison 
’. ’ to calorimetric measurements of foils, each of which hascabout 3 curies 

‘ of polonium deposited upon it. This amount of polonium can be meas- 
ured accurately withIhe calorimeter: 
‘ The,Logac-L is installed in the laboratory in which the samples are 

’ prepared, and the proportional counter end extends through the wall into 
thewcounting room. Contamination of the, counting room by active sam- 
ples is thus prevented. 

. 3 .2  Measurement of Radioactivity wiih a Radioelectric ‘CeEl.!o-i2 

rials are separated by a normally nonionized medium, a current will 
. ~ I flow through an external circuit connected between the two materials 

. tion. The magnitude of, this current depends upon t h e  load impedance, 

difference between the materials, the type and pressure of the filling 
’ gas, and the geometry of the cell. If the ionization is due to gamma - 
radiation, the current also depends upon the gamma-absorbing prop- 
erties of the electrodes and the filling gas. If the ionization is due to 
neutron <radiation, the current depends upon the effectiveness of the 
electrodes and the filling gas in producing ionizing particles by interac- 

= 

- 
c 

,’ ’ (a) ‘Principle of Operation. If two electrochemically dissimilar mate- 
; 

, 
-when the separating medium is forcibly ionized upon exposure to radia- 

t -  . 
* 

Jy c .  - , , - . the type and intensity ofhhe ionizing radiation, the. contact potential . 
, 

, -  

1 

, 

I 

, tion with neutrons. * .  
1 Although this phenomenon, _which was designated as {he “radioelectric 

effect,”” was discovered independently a t  Mound Laboratory, it was first 
demonstrated by Ke1~ in . l~  Cells utilizing this principle for counting 

’- radioactive emissions are called “radioelectric cells.” 
The radioeiectric cell can be considered as analogous to an electro- 

~ 

e ‘ 
chemical cell in which the open-circuit potential is the difference in 
the’work functions .of the two electrode surfaces and the source of en- 
ergy is the ionizing radiation. Since the formation of a positive ion is 
a loss  of electrons and hence an oxidation, and since the neutralization 

, I of a positive ion is a gain of electrons and hence a reduction, the cur- 
rent,from a radioelectric cel1,can be considered as coming from an 
‘oxidation-reduction reaction. However, this oxidation-reduction in- 
volves ,the fillik gas and does not imply any permanent valence change 
in the oxidation state of the electrodes themselves. Also, the energy.to 

radioelectric effect may be used for the detection of alpha, beta, 
, and neutron radiation. Experimental cells have been built for 

neutron detection, and several  types of gamma-detecting cells have been - ~ 

- 

~ 

- ‘ - 
.5 - 

’ 2  , < 

this oxidation and reduction comes from outside the cell. \ -  - 
, . 
I 

* \  



high precision. 

teristic) potentials of specific cells with an aluminum oxide negative 
I (b) Cell Characteristics. Table 9.1 shows the open-circuit (charac- 

e 
4 

- -  Table 9.1 -Characteristic potentials of Specific Cells with Aluminum 
%- ". (A1,0,) Negative Electrodes - 

Open-circuit voltage, - volts 
Test  electrode 

Pb02 plated on gold 
Carbon (aquadag-coated alumhum) 
Copper oxide on copper 
Gold plated on copper 
Brushed gold plated on copper 
copper 

d e r  
Brushed copper 
Nickel 
Brass  
Stainless steel 
Brushed brass  

Sanded nickel 
Nickel, 1% cobalt (Plated) 
Sanded stainless steel 
Zinc 
Lead 
Brushed lead 

Chromium (plated) 
Cadmium (plated) 
Cadmium 

' Sanded cadmium 
\ Sanded zinc * 

c 

Aluminum (1 min after Sanding) 

1.34 
1.01 
0.975 
0.95 
0.945 
0.72 

0.67 
0.64 
0.63 
0.58 
0.57 
0.425 

0.41 
0.41 
0.39 
0.32 
0.22 
0.20 

0.18 
0.132 
0.06 
0.026 

-0.01 
-0.32 

*. 1. . .  

- 
- electrode and various 'other ,materials as the positive electrode. It will 

be noted that'the potential differences generally tend to fall in the same 
order as the work functions of the elements. There are exceptipns, 
which would be expected i f  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- 

, 

c 

c 

. -  ' 

- 
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teristic potential. If the surface is thin, the characteristic potential 
may have a value intermediate between the one it w‘ould 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. - I  i 
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Fig. 9.10-Calibration curve for a simple coaxial radioelectric cell. 

I 

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 single-tube elec- 
trometer circuit and calibrated with several Co60 gamma sources. 

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. pressure vs. current characteristics for a neutron-sensitive 
radioelectric cell with hydrogen as the filling gas are shown in Fig. 
9.12. The cell used in these experiments was a multiple electrode, 

~ coaxial type, similar to the one shown in Fig. 9.15. The cell charac- 

- 

The pressure vs. current characteristics of several gases in a paral- 

- 
- The linearity of curves of this type is greatly affected by the + a  

, spacing between adjacent electrodes. - 
’ 

L 

1 
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teristics using electrodes with polyethylene cores a r e  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 I 

1 

, LUU -"- 
PRESSURE, PSlG 

Fig. 9.11 -Pressure vs. current-for a high-pressure gamma-sensitive radio- 
electric cell. 

. .  

(c) Application. The f i r s t  practical instrument that was  constructed 
using the radioelectric effect was a gamma survey meter shown (with 
batteries removed) in Fig. 9.13. This instrument is approximately 
equivalent to the-pistol-type survey meter known as "Cutie Pie." The 
positive electrode8was made by plating gold on copper and coating the 
gold with lead dioxide. The negative electrode was made by plating' 
lead on the inside of the brass  cell case and e\;aporating aluminum on the lead. The .dimensions of the instrument are 31/8 by 3 /a by 3y4 in., 

which is' slightly larger than the ionization chamber of the Cutie Pie. 
A pocket dosimeter, Fig. 9.14, which utilizes the radioelectric effect 

was also constructed. It consists of a cylindrical capacitor whose elec- 
trodes support the concentric cylindrical electrodes of a radioelectric 
cell. The capacitor is initially uncharged and acquires a charge that is 

. >, 
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- Fig. 9.12-Pressure vs.  current for a neutron-sensitive coaxial radioelectric 
cell. A. Carbon conductive paint on 0.010-in. polyethylene, positive electrode; 
0.0005-in. aluminum foil on 0.010-in. polyethylene, negative electrode. B. Car- 
bon conductive paint on 0.003-in. aluminum foil, positive electrode; 0.003-in. 
aluminum foil, negative electrode. 

proportional to the total ionizing effect of the flux passing through the 
cell. The cell i s  hermetically sealed in an inert atmosphere and should 
retain its electrical characteristics indefinitely. There i s  a tendency 
for the capacitor to be discharged by the radiation, but this is mini- 

T 

I 

. 
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Fig. 9.13 -Radioelec tric gamma survey meter. 

BRASS DUSTCAP BRASS OUTSIDE CASE 

WITH INSIDE EVAPORATED 
MAGNESIUM COATING 

SOLDERED 
GASTIGHT 

GLASSMIKE CAPACITO 

I BRASS SHELL WITH OP END SOLDERED GASTIGHT LEAD DIOXIDE COATING 

Fig. 9.14-Radioelectric pocket @ m a  dosimeter. 

t 

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 



, I  
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the ungrounded electrode of the cell. A metal cap covers this 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 in some phases of the polonium-from-irradiated-bismuth 

c 

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- 
nipm plated on platinum foils and gauzes. The instrument previously 
used for this purpose is the rotating-source gamma chamber described 
in See. 3.5. This counter gives a satisfactory gamma assay of un- 

,symmetrical sources, but long counting times a re  necessary because 
c of the low geometry. During a run of 165 measurements with both in- 

struments, the radioelectric cell used in conjunction with a very simple 
electrometer circuit gave a precision of 1.5 per cent, and the rotating 

. '  
' -. 



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 precision of reading the 3-in. 
panel meter of theyelectrometer. 

cell, a sensitive electrometer and indicating unit, and a battery power 
supply is shown in Fig. 9.16. 

A recent design of a radioelectric instrument consisting of a coaxial 

Fig. 9.16-Radioelectric process monitor. 

t 

b I 

(d) ,Design Considerations. The combination of characteristics which 
a r e  unique to the radioelectric cell makes it possible to design cells of 
high stability which will measure a wide range of radiation intensities 
with good linearity. It is also possible, generally, to< adapt'the design . 
to a particular radiation-detection problem, owing to the wide choice 
of available electrode materials, filling gases, and cell- configurations. 

Since the radioele2tric f ce? is an integrating device which responds to 
average ionization current, F i ts  operating range is not limited by re -  
solving time. Cells may be designed with closely,spaced electrodes 
with large surface akeas I to attain high sensitivity with minimum cell 
volume, with a resultant reduction in-the statistical fluctuation of cell 
current due to the $creased capacitance. 



1 '  
The?radioelectric cell requires no external ionizing potential because 

the contact potential difference between electrodes is used for ion col- 

- \ sthereby greatly reduced, and closely spaced electrodes may be used to 
I lection. The problem of insulating the electrodes from each other is 

, attain increased sensitivity. 8 1 

A cell of almost any configuration is satisfactory since point elec- 
trodes and high potential gradients a r e  not required 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 
o r  to monitor a radioactive fluid in a pipe, whereas a cell ,in the form 
of a probe might be used for exploring a small volume. 

The wide choice of electrode materials and filling gases available 
makes it possible to design cells with particular operating characteris- 
tics, such as maximum sensitivity to one type of radiation, maximum 
discrimination against a certain type of radiation, maximum stability, 
o~ maximum characteristic potential. 

,3.3 Nebtrpn Counters. Polonium alpha particles react with a num- 
ber of light+elements to produce neutrons. The occurrence of these 
elements in the polonium purification process, either as impurities or  
a s  process constituents, is a potential source of hazardous neutron 
radiation. Instruments for continuously monitoring the various phases 
of the polonium 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-lined proportional counter 
and a paraffin moderator was developed to detect the fast neutrons pro- 
duced by (a,n) reactions in the polonium process. The counter and mod- 
erator are usually placed in a position corresponding in neutron-flux 
density to that in the vicinity of the worker. Where the polonium proc- 
ess operations are performed in closed hoods, the counter and mod- 
erator a r e  usually located inside the hood against the panel separating 
the work from the worker. 

The fast-neutron monitor shown schematically in Fig. 9.17 'consists 
of a linear pulse amplifier (V-1, V-2, and V-3), a pulse generator 
(V-4), and a pulse ra te  meter (V-5, V-6: and V-7). The monitor is 

'located near the working area; consequently the calibrated rate meter 
issconveniently observed. The rate meter has a linear scale having a 
full-scale reading of 50 counts/sec. A multiplier switch which is located 

, on the front panel of the monitor permits%a factor of 10 increase in the 
rate-meter scale reading. An outlet is prcirided in order that the rate- 

'meter reading may be recorded on an auxiliary recorder. This recorder 
' * '  should have a full-scale sensitivity of 100 mv and an input impedance of - 

at least  200,000 ohms. 
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R E C O R E  "\I :Fig. 9.17-Fast-neutron monitor. 
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.Fig. 9.19-Two-input neutron mixer. 
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. 1 3.4 , Multiple-input Radiation Detectors. .(a)'Four-input.,Gamma. ',.:-'<~ ' '. 

. Mixer:. .lnstrumen'ts were constructed'at the Dayton :Project .which -would.:',:.- 
combine the &tp&s,of' two, three, or four Geiger.tubes and,r'ecord the . I 

, '  . - .  .  total^ count; with a. single .fast scaler. The original design of this instru- ' . 

.merit was .completed by ,the ,Los Alamos Scientific Laboratory. . The.se: : ': 
r'-input gamma mixers were considerably more :efficient-than.ot 

struments (Secs.'3.2 an& 3:,5) superseded this. particular counter. 
I ,  . four-input.gamma 'mixer'is shown schematica1ly.in:Fig; 9:18. . ' ' ; 

: ' I  ' The version'of this counter'thkt was constructed at  the, Dayton Project ,' 

xisting; counters, for assaying nonhomogeneous. sources; however ,:later , ; 

1 .  

.- 

differed from the instrument developed a t  the Los Alamos Scientific 
Laboratory by the following features: 

plies for the Geiger tubes, four separate regtilator circuits which were 
powered by a single transformer-rectifier-tilter network were used. 

2. The input sensitivities to each mixer stage were made variable to 
compensate for diffefences in pulse amplitude between Geiger tubes. - 

3. Ahsimple s h t c h  nitwork (not shown in this schematic) in the input j 

gamma coincidences ih either one, two, or  three Geiger tubes with 
respect to the remaining tube or'tubes. 

eration of this instrument consists in arraying the 

1. 'Instead of using four separate identical iadio-frequency power sup- 

grid of V-5 (Fig. 9.18) enabled the circuitry to be used for'measuring 
p. 

, .. 
around the source holder in a uniform geometrical 

pattern. Gamma counting a nonhomogeneobs source under these condi- 
.tions will reduce' the coincidence correction by a ,factor of 4. In qddi- 
tion, comparison of this instrument with conventionalLgamma counters . * 

shows that isotropic gamma sources can'be counted with the same 
&atistical,precision in y4 of the time. \ . .  

(b) Two-input B-wall Neutron Mixer. An instrument for mixing the 
output pulses from two boron-lined (B-wall) neutron coimter tubes and' 

' .. . ' 

. I , 
tpyt on a single scaler has been developed at 

dividualty adjustable regulated high-voltage power , 
supplies permit the ration of each B-walLtube in the best portion of, 
its characteristic plz$eau., Two broad-baa  degenerative amplifiers (7 X ' ' 
lo4 to 2.x ,los cycles/sec) and a.twin-triode c a t h 4 e  follower constitute 1- 

-the mixi& pontion ofjthis instrument. Each mixer channel has a maxi-: 

, 

, *  

mum gain:of 10 and will accept negative pulses up to a magnitude of 2 
. 4  

volts pdthout clipping the pulse.'' Figure 9.19 is a diagrammatical . . 
of the two'input B-wall mixer. A suppressed-zero-volt- , 3 . 
nd a )apped cathode resistor for proper biasing of the 

i :  
bc , 

mixer stage are features of this 'instrumknt. , I .  . . < .  
I . 0 -  

-I - . 
I 3.5 Rotating-source Gamma Chamber. Inaccuracies :in gamma 

counting due to nonhomogeneity of sources have given'considerable I ,  
,$ - 

, 
,. - - -. , 1 

i '  

'I- 
\ 4 . .  i. 

4 * _  
> I  

i , * .  - ' *  , $  

_c_. ::-- ~ .'-- - --  . -  - -  - _ - - - .  



ng'gross error$ due to the'nonhomogeneous prop- ,, 

geomytry for gamma 1 

1 -  

A ,revolving-source- gamma chamber was devel- - \ i  

4 _  - - L  

counting such that a ,unit of 
... ty producedthe same response over, a 'small  range of s o u r d  

duce homogeneity about the ,axis o f  rotation and by interposing a' 

* 

ons. This was accomplished by rotating the source mechanically 
' - ' 

nd-figured, lead lens' (Fig. 9.2O)'between thsdsource and the Geiger 
n i t  of activity along a portion of 

. \  
the single Geiger tube and 1 attenoator.assem- ~ ,' 

' \  bly shown in Fig. 9.21, opeigeometryzc be used for  the assai 0f-a ' 
I <  

- 1 -  - < -  . .  < +  I \  

, 
3 

I 

- t  

. 
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i 

? 
I -  . . + *  ' 

ser ies-cokected vacuum-tube heaters a r e  utilized. The high voltage 
~ ~ for,the Geiger tube is g,enerated by a pulse power supp!y consisting of 

vacuum tubes V, and v 6 ,  the inductor L, and a cold-cathode rectifier 
VI. The high voltage is regulated by the,c 
regulator V8. 

This monitor was designed for ease of. 

' 

I 

a discharge voltage, 

cing, compactness, -light 

_ -  
$.% I 

h' 

' weight, and stability. The o r-all  dimensions of thip monitor a r e  10 by '- 

_i  

- 

I 

* -  Fig. 9.23 7 Wall-m 

\ '  
8 by 3 in., and the total weight is slightly more than 7 lb. Figure 9.23 - 
access holes, and the protected accessible mounting of theiGeiger tube. 

The gammairadiation intensity that penetrates the Geiger' tube is in- 
dicated by'a panel*meter on the front of the instrument. Full-scale. de- 

, flection of this' meter corresponds to 100 counts/sec. 

, 3.7 Underwater Electrometer.. &I immersible ionizatiopchamber . 
which is remote from i t s  associated ion-current-indicating electrome- ' 

- ' ' gives a rear view of the monitor showing the mounting holes, calibration '- ' 

I 

> I', ; . / '  

r a I /, 

,- ' ' 

I S ,  

! I  

, , .  
I 
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ter  h a s  been used at Mound Laboratory for the assay'of irradiated bis- . 
muth slugs which a r e  stored in a pool of water (Chap. 7, Sec. 3.3). This 
instrument was based on an Oak Ridge National Laboratory design. The 
ion current produced in the ionization' chamber as a result of the gamma 

nium content of the slug being assayed. '* The deflection of a Linde-'_ 
mann-Ryerson electrometer is calibrated to,present a reading, on a e 

ground-glass scale, which is proportional to the gamma flw'impinging 
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 housing, the remote ionization chamber with a slug positioned in 
front for rn-easurement, and the periscope used for identifying the s lug  
being assayed'. 

,' 

flux'from an.irradiated bismuth slug provides a measure of the polo- ' *  

. 

. a  

4 -  

. *  
.... . ' *> , , . .  - - . 3. , . 

, . ... . .  -. . . .  . , '4, . SPE&L ' ,  \ P ~ R P O ~ , E  . . ,  . INS+RUMENTATION .- . .  . . . .  ~ I '  . I -  , 

4;l.. Geneml. ' .  Special problems which were  not primarily associated-. . ' ' ' 

, 
with the dete,ction,of:radi,ation have occasionally originated in some-. '- - . 

phase of :the polonium I purification process. Representative solutions to.  , . .  ',' 
the.type of.prob1 
include only that aratus ' for  which significant needs were satisfied . - ,I ' ,  

.encountered a r e  described in'this section, and these .. , . 

. , - , .  or  -in which novel (ideas were expressed. '). : , .. I . : , .  
. ,  

' 4 2  Quartz-fibey Microbalance (by James M: Goode). (ajtGeneraZ. i. 

' ' 
The determination .of the' purity of polonium preparations made it de- 
sirable to weigh ? mass of polonium of the order of 40 pg with an ac- 
curacy of  f 0:05 pg. Commercial microbalances were ,not suitable for 
this determinati or  two reasons: (1,) the sensitivity of even the best . ' 
available commercial microbalance was far too low to achieve the de-, 
sired accuracy, and (2) the'speed of these balances was low enough to 
allow sample deterioration due to prolonged atmospheric exposure. 

Bdyer'B for,plutonium analysis had the desired sensitivity and construc- 
tion featuresFto give the required accuracy and speedbf operation. , ' 

Balances of this type were being supplied to the Manhattan Project by 

J 

. . 
I , *  

The quartz-fiber ;microbalance designed by Kirk; Craig, Gullberg, and r .  

. 
1 . 

nstrument Shop of the University of Chicago. Lh agree- ' , ' 

ched with the Ryerson Instrument Shop for the supply 
(and maintenance) of quartz-fiber microbalances to the Dayton Project. 

A program was started at the Dayton Project in 1946- to modify the ' 

' a' 2:- ,, quartz-fiber.. microbalance and adapt it to-the specialized needs of this- I 

* microbalances was started in 1947. The fabrication of modified quartz- 

-,< ' 

Project. Provision of facilities for on-site maintenance of existing 
. ., - ,  

.; . fiber microbalances began in 1948. 
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Construction.. The Mound Laboratory balance is an' I ~ 

quartz-fiber balance (referred to as the Kirk-Craig' 
constructed by Kirk, Craig,' Gullberg, and  Boyer. 
'balance consists OF a kused-quartz equal-arm beam 

,suspended by two identical quartz fibers. One of these fibers is used ' - A -.c 

- 
:\ 

the support fiber does not enter" into the calibration 
ion on the*torsion and support fibers is maintained 

' , 
1 -  

, r .b$a stretched quartz bow. The balance pans are suspended from the 
beam by small hinge'(or,-hang-down) fibers fused directly to the beam. 
These hinge fibers are fused to'heavier fibers which are hooked at  the' 
ends to hold the panholders. The pan holders are located in a well be2 
neath the main-balance-case bottom in order to isolake the sample and 
tare  microfoils from the major portion of the balance. . 

The null point of the system is indicated by comparisonof projected 

- 

' 

...t 

J 

During 1943 the construction balances was undertaken by the , 
- ;Ryewon Insthment  Shop a t  the 

tion of T. J. O'Donnell. Certain modifications to the original Kirk- 3 
- 

, 
onstructed by the-Ryerson Instru- 
determination of the purity of ' 

m of p\lance _. , ' 
ber 1948 a balance 

onstructed.at Mound Laboratory 
by Kirk, Craig, Gullberg, and 

- 
een completed.20 

- 
echanical'system were 

and more dependable, 
ive material being 

sm combin$g at,- 
ding were incorpo- 

umtight balance case of cast metal. A motorized 

"a'". 

* 

I . - \  
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e ,  
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drive was added to the-torsion-fiber dial to increase'the speed of 
weighing. With.these modifications, an- experienced operator can av- 
erage 12 weight determinations per hour. In addition to increasing the 
speed of operation,,the modifications greatly extended the period of 
trouble-free operation. Some of the Mound Laboratory balances have 

any part of the balance. 
A schematic drawing of the quartz system and the optical system is 

shown in Fig. 9.26, and a'pictorial representation is shown in Fig. 9.27. . 
A front view of .a Mound Laboratory balance with i ts  associated acces-, 
sories is shown in Fig. 9.28. The pan-well interior is seen in both a ,  
profile and an oblique view, simultaneously, through a telescope. A 
hicaL'view a s  seen through thislelescope-is shown in Fig. 9.29. The 
light for viewing the pan wells is transmitted through two thicknessFs 
of heat-absorbing glass (Corning Light Shade Aklo No. 3965). This' 
glass, which i s  used also in the light path _of the index lamps, redyces 
the thermal drifts (due to convection and to unequal heating of the 
quartz system) to a negligible amount after 5 min of operation.- 

A porous container of desiccant (Drierite) is placed inside th'e outer 
balance case: The' inclusion of the desiccant and the complete shielding 
of the balance from the atmosphere have eliminated the need for drift 
correction and have greatly extended the useful life of the rhodium first-' 
surface mirrors ,  the quartz system, and other functional parts within 

I . I 

been in' routine service for over a year without failure or service on 
z , ' 7  ' 

, 
, 

I 

r* . 
r 

' 

1 

* . 

I f  the balance case. , . 
Rotation of the,'torsion fiber of the Mound Laboratory quartz-fiber 

balance is arbitra,rily limited to three complete revolutions, in either 
center position. The torsion-fiber dial, which is 

s divided into 1000 divisions and is equipped with a , * *  ' r 
'/zo of a division. The-dial is motor driven through a 

. 
' 

'. 200-to-1 reduction worm drive. A motor with a double.shaft extension , - 
is used. One sEaft'extension is equipped with a handwheel for fine ad- ( *  

justment of the tokion-fiber dial. 
The null position is determined by aligning the'projected images,of I . 

the two ends of the inde? fiber on a ground-glas,s screen. h e  resolu- 

position cogresponding to '/io diameter of the 10- to 15-p index fiber. 
sensitivity (defined below) is adjusted so that a dis- 
of the index fiber is roughly equivalent-to 1/20 of a dial 

. ' 
tion of the dptich system is sufficient to detect a displacement of ' .  

- -  , I  -. 

. The sensitivity pf the balance is determined by two factors, the beam ' 

nd the torsion constant. The beam index sensitivity ' - 
e phy'kical and geometrical properties of the quartz- 
d optical system and is defined as.the angular dis- 

: .' 

placement of the beam per unit of unbalancing force appli& to the pans.' 

, . .  
* ,. ' 

, .  . .  . . .  . 
. .  
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. index sensitivity is adjusted by shifting the position of the center ,O 

gTavity of the beam. :The torsion constant is a.function of the torsi  
f iber dimensions and b e a h  length. It is defined as the mass which, 3 

r~ :-,. ' I  when'placed on one n, a displacement such that it . ,' 

. .  

* \ I -  
* -  I - 1  

r 

. index sensitivity is adjusted by shifting the position of the center ,O 

gTavity of the beam. :The torsion constant is a.function of the torsi  
f iber dimensions and b e a h  length. It is defined as the mass which, 3 

r~ :-,. ' I  when'placed on one n, a displacement such that it . ,' 

. .  

vernier E. Quartz tension bow 

of microbalance quartz system. 

a1 division of the.torsio 
position. The torsion c 
ms  per dial division a 
appropriate diameter 
es in use at Mound Laboratory is be- 

, _ ,  
-.-...-d-f 
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, a  

--T-:-T . - 

atory balance is‘normally used with an 8- or( 9-mg 
4‘ 

load per-pan. The balance is rated a t  a load of 20 mg per-pan. Above 
the ,rated load, ,sagging of the beam due to stretching of the tension bow 
car r ies  the index fiber but of view of the optical system. No serious , 1 

‘ %  

\ 

f l  

I .. I 

A. Pan-well lights , F .  Dial drive motor 
4 -  1 , ’  B. Ground-glass screen , 

, C. Beam index fiber lights ~ H. Micromanipulator controls 
D. Vernier scale and beam index eyepiece 

’ 

E. Telescope J. Leveling screws , 

G. Power supply 

I. Sealed sampl6 carrier ’ 

’ ,  

- 
/ 

Fig. 9.28-Quartz-fiber micyobalance, front view. 
I -  

> ,  1 ’  - 
r - 2  

$ 1 .  

:. attempt has been made- to extend the load’range or even determine the 
4 *. 

~ The accuracy of the Mound Laboratory balance is - ,  dependent upoq the < ’* 

accuracy of the weights used to calibrate the torsion constant of the 1 

4ng between ?,and 9 mg was prepared a t  Mound Laboratory, and their 

maximum load of the balance, since, for routine weighing, the balance 
is used a t  a loading of less than y2 of the rated load. 

’torsion-fibers. In 1948 a set  of eight small platinum microfoils weigh- 

. - .  
a _ -  

t . $1 

, 



, .- 

\ 

.weights were detekmined,by the National Bureau of&tandards. The 
weight of 'individua1,microfoils in the set  was certified to'be within 
0.2 pg. The mic,rofoil,s,,w$re recalibrated by the Byreau ih 1951. . 

The torsion constant ,of a balance is determined by observing the ' 

, twist of the torsion fiber necessary to res tore  the beam,to null position 
upon application of a' known weight difference to the pans of- the balance. 
The torsion constant is determined over a range of 6000 dial divisions 
(six complete turns) or  an equivalent of 1.2 to 1.5 mg. . , 

I 

Fig. 9.29-Pan7well interior as seen through telescope. 
. ,  

e r ro r  .can be reduced to 0.11 pg in a range of 1 mg by 
utilizing only/ the differences in the full set of certified weights: The. 
normal weight of the  sample of polonium weighed for purity determi- ' 
nation is 40 pg. The e r ro r  in the sample weight due to calibration er-. 
' ro r  is, then, 110.004 pg.: 
' The weight of the polonium sample, in practice, is determined to only 
the nearest 0.1 pg. A greater accuracy of weight determination would 
be meaningless for routine operation because the accuracy of. the count- 
ing ,methods used to determine the radioactive ,component of .the sample, 
is of the order  of 1 per cent. The "weight" of a given microfoil is 

I 

. .  



. . .  

er dialdivision*and the rotation of the dial is , . 

. '  . 



be shown'' that for steady-state condi: 

diameter; and f and'c refer to fiber. . 
that the control of drayn-*fiber s ize  - , - 
gh adjustmentiof the ratio of cane 

' 

order that diamete 
be varied independ 
feed rate 06 the ca 

-, + to 2.00 in./min. 'T 

* 

posited on the cathode (or negative electrode); however, it should riot 







. . A schematic diagram del PC-5 plating-control circuit.is . 
shown in Fig. ,9.33,., "hi is'typical of both models; they differ, I 

:., shown in Fig. 9.34. 
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-'- Fig. 9:32 -Dissimilarity of cell-current and ionization-current be 
, ionization current. 

n e r ro r  signal a t  the grid of V-1 which will 
*' , . result in-a'corrective ch?nge in the degree of conduction of V-4 to ' 

maintain the desired solution-cathode potential. ?e e r ro r  signal isr - ~ 

the solution-cathode potential and the 
I t 

t is highly degenerative,due to the feedback loop ' 1 

ating cell and the'calomel reference half-cell.and- 
ps from the plate of V-3 to the cathodel 
voltage gain from the grid of V-1 to th 

! V-4 with feedback-is approximately 280. The voltage gain 
back is greater than 10,000. 

\The plating control normally. maintains the solution-c 
to within f 10 mv (see. reference 40) of the initial value 
ing operation, which may require several hours for essentially com- 
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OR NO.CURRENT 
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AND I S  NOT SHOWN 1 

WITH ANODE-CATHODE CLIRRENT WITH SILICONE GREASE TO 
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* ,  Fig. 9.34,Simplified schematic of control circuit and plating cell. 
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- . Fig. 9.36-150-volt power supply. 
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comes essentially-equal to R-22. For output currents below this maxi- ' 

which prevails with current regulation. The power supply is thus pro- 
tected from short. circuits, and the external load current may be limited 
to a safe value by choosing a'suitable value for R-22. 

The power supply i s  adjusted for best regulation by connecting a 
dummy load equal to the rated load to the output jacks, with provision 
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-1 and V-4 
a r e  alternately adjusted to obtain best regulation a t  rated output volt- 
age, as determined with a differential voltmeter. 

. 4.5 A Low-powe$ Induction Heater. A schematic diagram of a low- 
power induction designed to heat small metal objects to a ,, 

temperature of about 150°C in 5 to 10 min is shown in Fig. 9.37. This 
instrument has been used extensively for moderate-temperature heating 
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 platinum cru- 
cibles having 0.01-in.-thick walls. The critical frequency is defined by 
Brownd5 as the frequency for which the material thickness is equal to 
2.25 times the skin thickness, where skin thickness i s  a measure of the 
degree of penetration of an alternating current below the surface of a 
conductor. 

The heater is designed to operate with the tank circuit located 10 or 
12  f t  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 designed to utilize four 6L6 
tubes in parallel. However, no appreciable increase in power output (due 
to power -supply limitations) was obtained by using four ,output tubes-* 
instead of two;-the four-tube circuit is more disposed to parasitic os- 
cillation. ' \  
' 

The heater will deliver approximately 20 watts (using two tubes) 
through 12-ft lengths of coaxial cable to a nickel load consisting of. a 
capped cyli6der 0.66 in. in diameter and length with a weight of approxi- 
mately 17 g. The highest temperature reached was 300°C. The 20:watt 
output .represents a plate-circuit efficiency of about 33 per cent. 

mum, the internal impedance is equal to the low dynamic impedance 
- I ,- 

' 

' 

, 
I _  

- 4.6 Microfoil Holder,(by C. E.'Shoemaker). , One of the developments ' 
': which made microlpurity assay possible on awaccurate and rapid scale 

(Chap. 7, Sec. 11.2) was 'the successful design and construction of a 
microfoil holder which provided for  the transfer of the ppfonium-plated 
microfoil from one piece of apparatus to another in a low-risk area. 
The holder is illustrated in Fig. 9.38, which shows one holder com- 
pletely closed and another holder whiih has the foil extended. The ra- 

- 
9 

- 
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- 8  - Figures 9.39 and 9.40 show a foil holder mounted in a sectioned 
' mounting block. In Fig. 9.39 the end plate of the foil holder has been 
. moved a sufficient distance to partially expose the,inner chamber; in' 

. Fig. 9.40 the foil has been fully extended.. * I 

The foil is introduced into the apparatus in question by inserting the 
, , 

. 
foil holder into a mounting block with the foil fully retracted in the 
holder and the end plate in place. The holder is positioned in such a 
manner. that the end plate is seated in a groove in the gate which covers 
the sample port p f  the mounting block. The gasketed coupling nut is put 
on and tightened to obtain a vacuumtight seal  between the foil holder and 
the mounting block. The ga te raha t ing  lever of the mounting block is 
then placed in the "open" position, which movement uncovers the sam- 

-ple port and at the samGe 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 foil: Additional rotation of the handle when 
the foil is fully extended results in rotation of the foil so that, for ex- 

A .  

ample, either side may be'counted in a Logac-L. 

. .  
..- 

"i 

, 
4.7 Auxiliary Calorimetry Equipment. (a) Thyratron Heater Con- 

' . trbl. The stability of the calorimeter bath temperature (Chap. 10) is ~ 

- J .  
3 an important factor in assuring precision ,in the measurement of the 

energy released in radioactive decay. One of thetmethods used for c'on- 
trolling the bath temperature uses a thyratron heater control. The 
original thyratron heater cont rh  was designed by J. W. Heyd at the 
Dayton Project, and this control was modified by C. E. Hites and H. 
L. Cook, Jr., a t  Mound Laboratory. The control of the calorimeter bath 
temperature to within f 0.002"C is possible with this equipment, 

The correct operation of this circuit depends upon the proper appli- 
cation of two bias voltages to the grid of the thyratron V-2 (Fig. 9.41). . 
A negative d-c voltage, which is obtained from the half-wave rectifica- 
tion of the alternating voltage appearing a t  the secondary of the trans: 
former T-1, is provided a t  the iower contact on connector CN-1. A .I 

negative half-wave voltage which is obtained from the phase-shift 

coupled to the thyratron grid. The diode coupling stage (V-1, Fig. 9.41) 
functions. as a clipper circuit that prevents ,the application of positive 
half-,wave voltage excursions to the thyratron grid, thereby preventing 
excessive thyratron-grid-current flow. 

a Al'mercury thermoregulator, which is immersed in the calorimeter 
,bath, is connected across  connector CN-1. The expansion of the mer- 
cury in the thermoregulator, which results from an increase in the 

. 

, * a '  

I 

8 

I 

I . network consisting of R-5,- P-1, R+-6, and C-2 is continuously diode- - 
.. 
c\ 

* 

i ,  
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t ,  . -  
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Fig. 9.39-Foil holder in mounting block, end plate being moved. ! 

i 

Fig. 9.40-Foil holder in mounting bfock, foil fully extended. 
I 

d 
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Fig.19.41 -Calofimeter thyratron' heater control. 
I 

, I  
, I .  , 
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(b) Proportional Bath Control., The control of calorimeter bath tem- 
peratures to within'0.001"C presents a variety of problems. The devel- 
opment of a proportional-type controller (based on a Leeds & Northrup 

. Company circuit)" for bath-temperature regulation has resolved most . 
1 of these*difficulties: In this apparatus the signal- to the controller, which 

signal is caused by a'change in bath temperature, is taken from a re- 
sistance bridge thermometer and fed to a galvanometer in the control; 

photocell which changes the current delivered by a thyratron to'the - 
bath heater. For  a steady deflection of the galvanometer a constant 

7 

+ * ,  . 

hich galvanometer reflects a wide beam of lig 
11. Deflection of the galvanometer *changes th 

onto a photoelec- 
ght flux on the , 

1 
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bridgezthermometer voltage is implied; thjs means a constant power 

stant sources of power, just balances the powe,r leak from thepath to 
the enbronment. Figure 9.42 shows the bridge thermometer with two 
opposite, a rms  of the bridge contained in each of the thin-walled brass 
tubes. ,A  top view of the hroportional controller, showing the galvanom- 
eter and photocell, i s  shown in Fig. 9.43. 

, (c) , Plati&m-Manga&n Bridge Thermometer. -To facilitate observa- ~ 

tions of the bath temperature a t  the calorimeter-control consol'e, (Fig. 
10.5), a platinum-manganin'bridge thermometer was developed. 'The 
pripciple of operation utilizes, the temperature coefficient of resistance 
of the bridge winding. For a fixed current through the bridge the volt- 
age change'in tKe bridge is calculated from 

into the bath which, when added,to the power of stirring and other con- 
-, 

- ', 

, 
' ( 1  

, 

E = IRpt 

where I = half of the bridge current in amperes \ 

R = resistance of one arm.of the bridge 
, p  = tempeiature coefficient of resistance of platinum 
t = temperature change of the bath 

, e /  

' The bridge is connected into a typical Wheatstone-bridge arrange- 
ment, as shown in Figs. 9.44 and 9.45, to realize the fullest sensitivity. 
Figure 9.46 shows the construction of the thermometer where the coil- 
fprm dimensions are chosen so as to minimize air spaces and, hence, ) 

This circuit has a sensitivity of about 2.5 pv per 0.001"C and a time 
reduce the time of ;response of the thermometer.. ' - 1  

- A 

designed for the purpos of ionizing polonium, of other 'material, 
tz discharge tube for atomic and m 

s were that the equipment supply a 
500 to.750, watts (or sufficient power'to pro- 
perature of 500'F) over a frequency. range' of .' 

from 10 to 30 Mc/sec. In addition, frequency and power output were to 1'. 

- ,  

. 

eproducible over the- specified ranges. 
Corps radi6 transmitter BC-61OE (part of radi 

. A  
set  SCR 399) was found to-meet these requirements after some modifi- 

, cations and additions.4e A photograph of the modified BC-61OE is shown 
in Fig. 9.47. ' 

. '  

8 .  
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Experiments'with a sampie discharge tube showed that the tube coul i  
be fired and the tube temperature requirements met by using metal 
sleeve electrodes slipped pver the ends of the tube. The tube is fired 
and the a r c  maintainedbi connecting the electrodes across the appro- 

TO TO 
POT EN T ly E T E R 

t 

TO CURRENT 
SOURCE 

. I  - 
TO, CUR R E NT 

SOURCE 

Fig. 9.44 -Manganin-platinum bridge-thermometer schematic. P = 100 ohms, 
platinum wire; M'=  100 ohms, manganin wire. 

4 5 1  - 4 

TO 
POTENTIOMETER 

- ,  LEEDS a NORTHRUP 
,' + DECADE RESISTANCE BOX ' 

c 
TO BRIDGE 

D. ~I . - CURREF,SIDE,  

E.M.F. 

4 NAT. BUR. STD. TO BRIDGE 

E.M.F. . '0-150. MA 

TO BRIDGE 
POTENTIOMETER SIDE 

-. . - t  

TO BRIDGE 
POTENTIOMETER SIDE 

-. , , 

.0-150 MA 

. .  
. ,  

Fig. 9.45 -Measur&g circuit for manganin-platinum bridge thermometer. 

I '  

priate number of turns of the output tank coil. Since the tube'was to be ' 
used on a special 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 
diagram of the coupling unit is shown in Fig. 9.48. The radio-frequency 

~ 



Fig. 9.46 -Manganin-platinum bridge thermometer. 
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I 
9.47-Radio-frequency ele'ctrodeless' discharge ', exciter unit. 
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r 7 1' '  DIAMETER .H'OLE 

_ _  - - - - - T-T _ _ _ _ _ _ _ _ _ _ _ _  ! .  

1 

* a  

COPPER 
ELECTRODES , - , 

DISCHARGE 
TUBE 

4O"L X 7 " D  X 8"H 4" x 7 "  x 10" 
b 

C-1. 100-ppf 6000-volt a i r  condenser. 
L-1. i o  to 1 7  MC. two turns NO. 10 AWG. 211/i6'-in.,-diameter 

turnsspaced s/' in.; 17  to 31 Mc, one turn No. 310 AWG, 
ll5A6. in. in diamete:. . 

L-2. 10 to 1 7  Mc, eight t u k s  No. lO-AWG, 2'/4-in.-diamebr 
turns spaced '/is in.. coil tapped 1.75 turns from rotor 

turns spaced t3/3, in., coil tapped 1.25 turns from rotor 

~ 

, f .  

e 
' 

' ,  
l end; 17 to 31 Mc, six turns No. 10 AWG, 119/Jz-in.-diameter 

end. i- . :  , e .  

(Npte: All coils a r e  si -Plated, and links are centered near  the tap.) - 

ing unit for radio-frequepcy,exciter. 

i 

- 
not appear at the rotor end of the coil as .- . ' 

oint approximately'20'per cent up from the . 
c 

rotor end. The remaining tank turns a r e  the close optimum compromise . : 
for firing and mainFining; the arc. ksoiindicated in Fig. 9.48 is a cop/ 
per-screen covering the discharge tube. This s .- es  to reduce inter- ' * 

' ference to radio communication, services. e - '  
e exciter units for higher quencyand lower . 
These were a power oscillator adjustable over ' , , 

the'frequency range of 50 to 300 Mc/sec and a convert& surplus radar ' 

transmitter AN/APT-5 operating over the frequency range of approxi- 
mately 3oO-to 1500 Mc/sec. Both units supplied about 50 watts of ' 

~ 
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. Fig. 9.42 -Bridge thermometer. 

I _  

. .  

"i 
Fig. 9.43 -Proportional controller, top view. 
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1. INTRODUCTION I 

' A calorimeter is an apparatus-for measuring quantities of heat; the ~ ' 
f i r s t  law of thermodynamics, namely, the principle 'of \the conservation 1 , 
of energ$, forms the basis'of measurement by calorimetric methods. It 
is the aim of all calorimetric methods to dissipate the incoming energy 

coming energy. Calorimetersrare especially useful for the quantity 
. 

assay of alphaLparticle-emitting radioactive isotopes; for example, 
those isotopes which have been incorporated into,neutron sources and 

in a medium, using the effect on the medium as a measure of the in- . ' l i 7  

* 

alpha sources. . < 
* Calorimeters have been used to measure the rate of heat o r  the to;al 
amount of heat generated from various sources. In 1903 Pierre Curie * 

' and A.. Laborde' first used a calorimeter to measure the heat generated 
m radioactive disintegrations. They used 

~ 

sks, one containing 1 g of a mixture of about. 
one-sixth by weight of radium' bromide in barium bromide, and the 
second fiask contained 1 g of barium-bromide. Based on the observed 

nce between.fiasks, they were able to 
the radium dromide. Later experi- 

ts and improved upon ~ e i r  calorimeter. 
I -  In 1913 Rutherford and, Robi6son' used small platinum coils, attached 

toLthe inside' of duplicate tubes, which served as two a rms  of a Wheat- 
- stone bridge (the other two a r m s  .consisted of manganin coils) in a calo- 

the heat produced by 1 g of radium in 

~ 

- 
.l 

I - _  
'* 
* J  

L 
life products. In this case the calorim- *- 

d as a null instrument o r  could be calibrated 
es produced by an electric heater. This 
tion of the quantity of heat generated,is called 
metry and remains the most satisfactory sysl ' 

- \  

' %  

I 
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te'm in many applications The twin calorimeter is one among the many 
types of isothermaldcalbrimeters and haslone major advantage, that of 
compensating.for the changes in the environment because of the pres- 
ence of the second calorimeter. The f i rs t  calorimeter contains the 
power source. It is ithis' calorimetric method which provided'the basic 
design principles for the ,Mound Laboratory calorimeter. 

J ,  
2: HISTORICAL BACKGROUND 

I 

, The use of calorimeters at the Dayton Project and at 'Mound Labdra- . 
tory dates from late 1944.' Prior to this time polonium was as 
electronic counters; however, the higher precision attainable with 
calorimeters as compared'to the alpha-counting equipment available 
at that time recpmmended the use of calorimeters for the routine ' 
assay of neutron sources and alpha sources. In 1945, the workers at 
the Dayton Project envis,aged the foliowing benefits from use of calorim- 
eters: 

1. Polonium quantity-assays could be made with much greater ac- , ' 

curacy than the existingfassay by alpha counters. 
2. The very low geometry alpha counters (Logac-L) used i 

purity assay- of samples c o d a  be standardized by calorimeters. 
3. 'The cal'orimeters cpuld aid the research  program involving the' ,I 

physics arid chemistry of polonium. 
4. The half life of 'polonium could be-redetermined calorimetrically 

with much greater precision than had previously been possible.'" 
The formation of, two calorimetry groups, a Research Group'and 

Assay Group, were based upon these considerations. The Research 
Group developed faster, more sensitive, and more accukate calor 
e ters  and essential auxiliary equipment. The Assay Group performe 

, routine assays with-the calorimeters that were designt d and constfu 
by the'.ResearchGroup. ; 

cided that a differential resistance-bridge calorimeter,'based 
Rutherford-Robinson calorimeter ,'-lo would be most suitable f 
purposes. By the edd of 1945, two such calorimeters were con 
by the Research and put into-operation by the Assay Group, I 

~ ' = These calorimet d a speed of about 2 hr and-a precision-of about , 
. 1 per cent with an 'accuracy of 2 per cent. It has been found that the 

factors which limit %e precision of calorimetric measurements a r e  : ' 

' 
* 

', 

. 

' 

The Research Group considered all types of calor 

c 

- 
calorimeter; the environment of the calo I a, 7' 

, '  I se  of the c a l o r h e t e r  to its environment. 
. -  

c - - Much of )he year 1946 was spent in-improving the basic calorimeter 
_I - .- design. An instrument with 0.15 per cent precision was constructed, 

b - ,  
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'but it had a speed,of 2 days for a single sample-assay. This'paiticular 
instrument was considered to beltoo slow and fragile for rou!ine assay 

~ purposes,, but it was useful as a temporary standard i n  calorimetry 
' and was suitable for $cry accurately measuring the,halT life of polo-' 
nium. A microcalorimeter was constructed in' 1946 which measured 
,200 mc of polonium with a precision of about 2 per cent. 

of construction have been continuously incorporated into the Mound 
Labpratory calorimeters until at this time the present calorimeters 
are twice a s  fast, ten times more precise, about twenty times as 
accurate, ten to seventy t imes a s  sensitive, much more versatile, and 

'much more rugged than those calorimeters developed by 1946. . 

Advances in calorimeter construction techniques and new materials 

3. THEORY OF CALORIMETRY 

3.1 Definitions.- (a) Speed (Time of Response). The speed of a 
calorimeter (a function of the construction) is the time elapsed be- 
tween the 'insertion 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 h in the mathe- . 
matical expression of this law, 

' T  = Tmax e -At I 

1 > -  

where T is the temperature in degrees centigrade and t is the time in 
seconds, is a function of the calorimeter speed. A precise determina- 
tion of h requires th6 solution of a second-order partial differential 

- equation, based on the radial flow of heat in concentric,cylinders hav- 
ing'different thermal conductivities and unit heat capacities: Solutions 
to the type of heat-flow equations involved are adequatelx described in 
the literature.'i''4 

(b) Piecision. The precision of a calorimeter is the ability to re- 
produce readings for a given sample. I 

(c) Accuracy. The accuracy of a calorimeter is the degree to which 
the absolute samp magnitude is determined.- , 

he sensitivity of a calorimeter, which is conven- 
iently expressed, in units of microvolts per  millicurie, 'is calculated 
from a knowledge of the thermal conductivity of the materials of con- 
struction of the calorimeter, the temperature difference across  the 
cylindrical shell of the gradient medium, the inner and outer radii,of 
this shell, the temperature coefficient of r e s i s t k c e  of the bridge wind.: 
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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 multiplying this potential by the reciprocal of this derived 
factor .I5 

(e) Thermel. 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 Error.  The heat-distribution e r r o r  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 e r ro r  represents 
the maximum er ror  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 the 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 principles16s14 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 Operation of a Calorimeter. Several methods of operating a 
steady-state resistance-bridge-me calorimeter are available. In the 
replacement method a sample is run, removed from the calorimeter, 
and replaced by a calibrating heater which is used to. duplicate'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 sensitivity, but it has the dis- 
advantage of having to reach temperature equilibrium in the calorimeter 
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- 

, 

I 
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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 

’ 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 a r e  in- 
volved and that the heater side in the differential calorimeter is used 
only as a proportional reference point.’* A description of this method 

’ of calorimetric assay is given in Sec. 3.4. 

3.3 Electrical Analogues. Thermal problems in the unsteady (or 5 

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 e r ro r  also involves 
the solution of a partial differential equation. A d-c electrical’ analogue 
can be set up mathematically, and this close approximation, although 
tedious, can be solved by algebraic methods. 

Thermal conductivities can be replaced by electrical resistivities, 
temperatures by voltages, heat flow by electrical current, and heat 
capacities by electrical capacitances. In the steady state, heat capaci- 
ties do not affect t h ~  flow of heat;. hence, in the electrical analogue, 
capacitances can be neglected. 
, One problem in calorimetry was the. investigation, 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 potentiometer. 

A small longitudinal element of a calorimeter thermel would look as , 

shown in Fig. 10.la. Assuming that the heat source in a calorimeter is 
at point S, 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 S. At each point the heat flow will experience a resistance to 
flow which is a function of the dimensions of the element selected a t  

6 ,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 
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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.ld shows the electrical equiva- 
lent of the calorimeter, with rl, r2, r3, etc., representing the radial re-  
sistances to current flow and %, Rz, and R3, etc., representing the 
longitudinal resistances to flow. For a given current flow the voltage 

Fig. 10.2-D-c electrical analogue of a calorimeter. 

readings taken a t  points like P, Q, and S will simulate a temperature 
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,, etc. 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 perpendicular 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 followed 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," a s  used here, refers to a 
heat baffle. 

3. A guard-ring calorimeter will have from one-third to three- 
fourths the heat-distribution e r ro r  of a straight twin calorimeter. 

3.4 Fundamental Calorimeter 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, a s  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 recog 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." 

lent of polonium can be derived. The total energy dissipated per polo- 
nium alpha emission'is calculable from the following equations: 

Based on the above-mentioned energy considerations, the heat equiva- 

where E, = energy of the polonium alpha particle 
mo = rest mass of thGpolonium alpha particle 

' C = velocity of light 

v = velocity of the polonium alpha particle 

M, = rest mass of the lead recoil fragment 

B =  v /c  

E R ~  = energy of the lead recoil fragment 
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Converting ETotal to joules by multiplying by lo-?, and, since 1 joule 
is equivalent to 1 watt-sec, 

I 

., 

ETotal = (E, + ERe) lo-’ watt-sec 

By multiplying E ~ ~ t d  by the number of disintegrations per  second per  
curie (3.7 x 10”) and taking the inverse of this factor, the heat equiva- 
lent of polonium is obtained. From values tabulated for E, and ERe 
(see reference 21), the heat equivalent of polonium is calculated as 
being 31.23787 f 0.00920 curies/watt. 

tion 
The operation of the steady-state calorimeter depends upon the equa- 

’. i’ 
W 

\ 
‘ where Q is the quantity of heat transferred per  unit time per  unit area 

between two boundaries, 1 and 2, a distance d apart; TI and T, are the 
temperatures‘ at the respective boundaries; and k is the coefficient of 
thermal conductivity. This equation holds only for  steady-state heat 
transfer. 

In practice, the boundaries chosen are the inside and outside of a 
medium within which the sample is placed and which is itself ‘suspended 
in a constant-temperature bath, leaving T1 and Q a s  variables. Inside 
the medium (in this case a cylindrical tube) and surrounding the sample 
is a winding comprising the two opposite a rms  ofla Wheatstone-bridge 
circuit, the other two a r m s  of which are wound in a tube of identical 
construction suspended in the same bath. These two tubes are referred 
to a s  the “sample side” and the “dummy side” of the calorimeter. 

. 

state pertains, then 

I 

When the sample has been in place long enough so that the steady 

AT = k’Q 

where A T  is the amount by which the internal temperature of the side in 
question has risen above the base o r  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) 

‘ a rea  through the gradient medium from the sample or heater, and k‘ 
is the inverse of k/d. 

Since the Wheatstone,-bridge potential is, a function of the compara- 
tive resistance of the opposite pairs  of arms, and since the resistance 
of the bridge windings will increase with temperature, 

z 

8 

. .  , .  
. .  

/ . ,  i ! 
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ABP = k”Q 

where 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 S (the sensitivity) as being equal to k” ,  
the change in bridge potential for each side of the calorimeter can be 
represented by the following equations: 

ABP, = S,Q, 

ABPD = SDQD 

where the subscripts s and I) 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 contribution of the sample side as being the more posi- 
tive value, thy” 

.ir- 
ir*’ 

ABFNet = ABP,:- ABPD = S,Q, - SDQD 

Expressing the sensitivities in te rms  of microvolts per  curie of polo-, 
nium instead of in te rms  of microvolts per heat unit per unit tim-e per  
unit area (the mean area is constant but undetermined), ’ 

ABPN,, = S,C, -S&D (10.1) 
\ 

where ABPN,~ is the actual change in potential from zero (i.e., no 
sample, no heater) measured across  the potential terminals 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 
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 te rms  of the curie equivalent per current unit squared (I2) 
rather than in ohms. For any heater, C = 12F, and by substituting in 
Eq. 10.1, 

, 

ABP = I;F,S, - I ~ F D S D  

for the calibration condition where heaters are being run in both sides. ‘ 
For heaters connected in series, I, = I,, and 

ABP = I~(F,s, - F ~ & )  = m12 (10.2) 

I 
~ , . .  
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where m is a constant and is, in fact, the slope of the curve obtained by 
dividing the bridge potential deflection by the square of the current 
used for a single run. For a run in which the dummy side is not ener- 
gized 

(10.3) 

The sensitivity S, can then be evaluated from one determination, as-  
suming the heater factor F, to be known. The heater factor Fs is de- 
veloped later. For  a sample run 

ABP = c,s, - I'FDSD 
I 

and solving for  the sample value 

ABP + I'FDSD 

s, \ c, = 
\ 

From Eq. 10.2 

FDSD = F,S, - m = A 

and the sample curie value is 

-. (10.4) , 

ABP + AI2 
c, = (10.5) 

SS 

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 quantitias A and 
S, a r e  determined. Elunning an unknown sample 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 obtained if 
the calorimeter is run nearly a t  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 

1 

Y 
"-, 

In order to effect all the measu'rements required by the above the- 
ory, the calorimeter circuit should be adjustable so that: 

, .  

' 9  . ., . .  
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1. The bridge current is reproducible, since the Wheatstone-bridge 

2. Bridge potentials a re  measurable. 
3. Heater currents a r e  measurable and capable of being set  to a pre- 

4. Heater potentials are measurable to determine heater resistance. 
5. A switching system capable of energizing either heater independ- 

ently or both heaters in se r ies  is provided. 
In practice, all voltages a re  measured by a Wenner potentiometer, 

and all currents a r e  measured by this same instrument by observing 
the potential drop across  standard resis tors  through which the currents 
flow. Figure 10.3 presents a schematic diagram of the calorimeter 
control circuit for a single calorimeter. 

switches in the calorimeter control circuit a s  follows: on position 10 
of the selector swiltch, a potential (HP) is measured which is ‘hi of that 
across  the voltage divider. Positions 6 and 8 will give the potentials 
HPLi and HPLz between the ends of the voltage divider and the corre- 
sponding ends of the heater. The heater potential will then be 

potential depends upon the current &rough the bridge. 

de te r m  ined%alue. 

The heater factor F, can be determined from adjustment of the 

Heater potential = l l H P  - HPL, - HpLz 

Measuring the current I a t  switch position 4, the heater factor F, can 
be determined: 

(11HP - HPL, - HPL,) x 31.2379 
I F, = 

Also, by measuring the bridge potential at  switch position 2 &d sub- 
tracting the zero-point bridge potential, the sensitivity S, is calculable 
from Eq. 10.3. 

figure (Fig. 10.3) for a slope or “m” run, and reading bridge potential 
and heater current, the quantities m and A can be obtained from Eqs.. 
10.2 and 10.4 for a complete calibration. 

Figure 10.4 shows a representative type of calorimeter in use at 
Mound Laboratory. Figure 10.5 shows a typical calorimeter console 
from which all data are read. Two calorimeters immersed in a con- 
stant-temperature bath are shown in Fig. 10.6. 

run, the equation for calculating the curie value of a sample can be 
presented as 

By setting switches 1, 2, and 3 as shown by the switching chart  on the 

3.5 Calorimeter Error Limitations. For a differential calorimeter 



. . -' 
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Fig. 10.4-Representative type of Mound Laboratory calorimeter. 
, 

Q -00.6)  (m1~104 + B P ~  - BP) C, = 31.2379 12R, - S 

where C, = sample value, curies - 
I = heater current, amperes 

Rs = sampleiside heater resistance, ohms 
m = slope, microvolts per ampere squared 

BPo = zero bridge potential, microvolts 
BP = bridge potential during sample run, microvolts 
S = sensitivity, microvolts per millicurie 

.. ' 

- -  - .  
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- Fig. 10.6 -Two calorimeters immersed in a constant-temperature bath. 

L - 
. *  

The precision of measurement of C, is a function of the precision of 
measurement of each of the directly measured quantities. To determine 
what error i s  allowable in each of the directly measured quantities if a 
prescribed error in C, is not to be exceeded, Eq. 10.6 i s  written 

' 

G 

C, = f(1, R,, m, BP,, BP, S) (10.7) 
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Differentiation of Eq. 10.7 gives 
1 

(10.8) 

In a set  of repeated measurements it is assumed that each set of the . 2. * I  

AI'S, AR,'s, etc., has a normal' distribution. Therefore, if Eq. 10.8 is 
squared, the sum of all the c ross  terms, a'1 - PR,, etc., will vanish 

Thus, i f  there are n values of C,, 

'3 - 
- -. I since there wili be an even distribution of positive and negative terms. 

I .  

-3 
' (10.9) 

The original statement of the problem suggests the following treat- 
, ment. In the ,absence of any knowledge t? the contrary, and in view of 

the assumed normal distributions, it is postulated that I 

7 
(1 0.10) 

, d  

If any of these products has a known value, this value should be in- 

If the assumption stated in Eq. 10.10 is introduced into Eq. 10.9, 
5 serted in Eq. 10.9 and moved to the left side of the equality, sign, 

1 8  

Here n is the number of independent variables in Eq. 10.7 which have 
'unknown values fitting Eq. 10.10, and q is a generalized symbol for the 
independent variables, now all assumed to have equal effect. For a 
prescribed value of AC,,, it is now possible to find the corresponding 
allowed value of Aq: 

- 

I 
This equation can be used with Eq. 10.6 and, with reasonable assump- 

I- ,tions a s  to numerical values of the independent variables as they occur -' . L .z in practice, to find the various allowed values of the Aq's. Reasonable 
values of permissible variation in the independent variables for the 
Mound Laboratory calorimeters are:22 

AC, = 0.001 curie ' AS = 0.005s mc/pv2 
Am = 0.195s pv/amp2 AI=ARs=O - i' 

,ABPo = ABP = 0.55 pv 
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?he sensitivity S of a calorimeter is defined.as 

where yi = temperature coefficient of resistance 'of bridge winding 
R = total resistance of bridge winding 
i = bridge current, amperes 

rz = outer radii of the calorimeter shell under investigation 
r i  = 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- 
r imeters  used by the assay group a t  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 per  cent. 

3.7 Measurement of Alphu, Beta, and Gamma Radiation. For mil- 
licurie o r  curie amounts of radioactivity, a calorimeter assay can be 
made with much greater certainty than a particle-counting assay be- 
cause of the independence of the calorimeter to the physical character- 
ist ics of the sample. Calorimetry is especially applicable to alpha 
emitters because 
ticles. 

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 energy within the calorimeter proper. Since the beta par-  
ticles are charged and have,a finite range, this condition would usually 
be satisfied by calorimeters designed for alpha emitters. It is possible 
to measure beta disintegration rates with a calorimeter if the average 
energy of the beta particle is know& 

With gamma rays the reguired mass  of absorber in a calorimeter is 
so great that it is generally accepted that a gamma-ray calorimeter 

' 

must operate at  the temperature oflliquid helium (T- 4%) in order to 
reduce the heat capacity and radiation losses to such a level that the 
speed and sensitivity of the calorimeter a r e  of reasonable magnitudes. 

e high energies and .short ranges of alpha par- 

' I  , 
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4. ,CALORIMETRIC ASSAY OF POLONIUM 

4.1 Assay Calorimeters. The present Mound Laboratory calorime- 
t e r s  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 calorimeters a precision of 
0.1 per. cent is attained, and experiments have indicated that the ab- 
solute e r ro r  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, o r  about 10'3.counts/min. Special low- 
geometry attachments (Chap. 9) a r e  required for samples of this mag- 
nitude. Other conventional particle counters are limited to about 2 mc 
of activity. For these counters, sample-mounting procedures, self - 
absorption of sample activity, 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 e r rors ,  convection and radiation losses, bath-tem- 
perature fluctuations, etc., do affect the results and must be taken into 
account. In addition, the calorimetric assay method requires an accu- 
rate knowledge of the disintegration energy, mode of decay, half life, 
type of radioactive emission, etc., of the material being assayed before 
precise results a r e  attained. 

Discrepancies between the results obtained using different low-ge- 
ometry attachments's 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 
advantage 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 Calorimeter. 
In an attempt to determine the precision and accuracy of the Mound 
Laboratory type calorimeter, five polonium samples were sent to the 
National Bureau'of Sandards for assay in their ice calorimeter. The 
sample values obtained by the National Bureau of Standards checked the 
values obtained at Mound Laboratory to better than 0.1 per cent. The 

I 
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precisions achieved with the Mound calorimeters were equivalent 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  better, a i d  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 calordimeter 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 I 

5.1 Half-life Measurements. The physical and chemical properties 
of polonium 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 f 0.0051 days (see reference 24). 

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 e r ro r  of 0.1 
per cent. 

The calorimetric 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 

- 
5.2 Reactor F l u  ,Determinations. Irradiated bismuth slugs are I 
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the neutron-flux distribution along the axis of the reactor channel with 
a precision of a t  least an order of magnitude greater than it was known 
at that time. The assay results provided the reactor engineers 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-assay 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., provided that channels are avail- 
able in these areas. 

6. CONSTRUCTION FEATURES 

6.1 Calorimeter Baths and Bath-temperature Controllers. The 
calorimeter baths in use a t  Mound Laboratory a re  constant-temperature 
units containing approximately 54 gal of distilled water ,which has a 
thermal capacity of 2 x lo5 calories/deg. Water lost by evaporation is 
automatically replenished from an inverted 5-gal jar suspended over 
the bath (Fig. 10.6). 

Ice-water mixtures are known to remain at  a constant temperature 
i f  the mixture is well st irred.  Mound Laboratory has experimented 
with a bath of this type (Fig. 1,O.i') which held approximately 20 gal of 
ice and water and required about 1 2  lb of ice per  day to maintain the 
bath temperature to a constancy of better than 0.01"C. Bath-tempera- 
ture fluctuations a r e  presently controlled by a proportional-type con- 
troller. This controller is discussed in Chap. 9, Sec. 4.7b. 

. 

I 

6.2 Bath Stirring. Considerable effort has been expended to deter- 
mine the best method of st irring a bath for temperature uniformity. 
Vertical s t i r re rs ,  with adjustable-pitch propellers, develop more 
nearly uniform bath-temperature conditions and are used almost ex- 
clusively in the Mound Laboratory calorimeter baths. The efficiency of 
stirring is checked by introducing small quantities of ink at  various 
poi& of 'the bath surface and measuring 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 differential-bridge 
calorimeter is sho,wn in Figs. 10.4 and 10.8. Many variations in the 
construction of a calorimeter are possible, although certain features, 
such as the use of a Wheatstone-bridge arrangement for detecting tem- 
perature changes, remain fixed. Guard rings, different types of insula- 
tor materials, coil forms, wire diameters, etc., a r e  some of the vari- 
ables of construction. The design and construction of calorimeters 
require the use of materials chosen according to their thermal conduc- 
tivities, densities, specific heats, temperature coefficients of resist- 

% 
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ance, etc. This 'information, together with a knowledge of the funda- 
mental heat-flow characteristics, permits optimum calorimeters to 
be 

I .  
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1. Cap 
2. Jacket 

4. Top baffle 
5. Bridge winding 
6. Thermel form I 

7. Heater form 
8. Heater winding 
9. Pin 

3. Thermel support ring - 

10. Bottom baffle 
11. Heater leads 
12. Insulating support ring 
13. Lead connector support ring _ _  
14. Bridge leads 
15. Connector support pin 
16. 8-point tube socket and 

adapter 
17. Lead conduit 
18. Panel 
19. Gasket 
20. Machine screws suffi- 

cient to complete 

Fig. 10.8-Differential-bridge calorimeter assembly. 

windings a r e  connected in ser ies  to form the opposite bridge arm. The 
average temperature of the f i r s t  and fourth windings is believed to be 
equal to the average temperature of 'the second and third windings in 
this arrangement. The wire is now spaced with the lead screw of a 
lathe instead 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 a longer distance along the coil formi in fact, they are made 
several times the length of the sample container to minimize heat- 
distribution e r rors .  The doubling of the number of layers has permit- 
ted the use of wire whose diameter is larger by the factor a. The 
larger  diameter wire and the more constant tension have both contrib- 
uted to the attainment of more stable bridges. Th,e more nearly equal 
temperature of opposite a r m s  has furnished a more linear relation 
between bridge potential and sample curie value. 

over ear l ier  models by designing sample containers to fit tightly into 
the calorimeter and by redesigning the heater construction so that in 
both cases a i r  gaps a re  minimized. 

Convection losses are minimized by means of Styrofoam (The Dow 
Chemical Co.) plugs which a r e  mounted above and below the sample 
container. 25 

The forms on which calorimeter bridge coils a r e  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.26 

The speed and stability of present calorimeters have been increased 

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 sensi’tive than a Beckman thermometer, could have 
a faster response to bath-temperature changes, and could be read re- 
motely from the bath. This bridge 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 4l/, 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 limits 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 relatively small volumes of 
waste solution processed. This condition is magnified by the fact that 
laundry wastes, chemical laboratory wastes, and wastes from radio- 
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 a s  a service facility - 

and in no way limit scientists, craftsmen, decontamination workers, 
and others as to  what kind of liquids may be poured into the waste 
s t ream or 

2. Demand that only easily handled wastes and those of known com- 
position be sent to  the waste-treatment plant. I 

The approach used at  Mound Laboratory is one that demands the 
maximum performance from the waste-di'sposal 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. 

* 
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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  s t r ip  the waste stream of suffi- 
cient radioactivity so that the process effluent will not ra ise  the back- 
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 “tolerande.” 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. 

= 
, 

Table 11.1-Composition of Influent Waste 

Average, ’ Maximum, Minimum, 
Mate rial PPm , PPm PPm 

Dissolved solids - 4895 7340 1295 
Suspended solids 685 1811 < o  
Total solids 5580 9151 1295 
Citric acid 39 208 0 
Orthophosphate 31 52 2 
Pyrophosphates 176 645 34 

I 

2.2 Composition and Variation of Waste. (a) Chemical Composition. 
No restrictions are made as to what material can be discharged into 
the collection system. Experience has shown that the following chemi- 
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, chelating agents, soaps, lubricating 
oils, ,organic solvents, strong inorganic acids, sodium hydroxide, for- 
mic acid, sodium tartrate, formaldehyde, and many other substances. 
Most of these substances are quite concentrated at the time 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 
reference 2). The pH of these waste solutions ranged from 6.6 to  12 
with an average of 9.7. 

This information was adequate for the satisfactory processing of 
waste solutions; hence analyses for other substances were not made. 

P 
. 
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\ .  Fig. 11.1) at.Mound Laboratory receives, several radioactive isotopes. 
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was considered to be the greatest hazard. In accomplishing this the 
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1, Fig. 1 l . l j  having hopper-shaped bott'oms. 
with-a valve in order that the waste &an be diverted into 

These ta&s a ie  construdted of steel-lined concrete and ha 
axapaci tpof  30,000 gal each. Each tank-is equipped with $0 side-- , 

' ~ entering agitators, a hydrostatic-pressure-type level indicator, and a ' 
!% high-level alarm. The - t ahs  are totally enclosed and haveoverflow 1' 

onejank at a tim'e and process the contents as soon as possible. 

3.2 'Preliminary Treatment of Liquid Waste. p e n  an influent tank 
has been filled to the desired level, it is shut off from,the system to 
prevent 'additional waste from entering. w i n g  to the wide variation in 

I the characterjstics of the soiution from tank to tank; a pretreatment is 

The purpose of the pretreatment is to bring about coprecipitation 

u lines which'connect to  the adjoining tanks. 'It is common practice to9ill , 
' - P -  

- t  
, * '  

' 

, 
- '  

' - , 

' required to  reduce adverse effects of these variations. - . 

*' with and adsorption of 'the activity on particulate matter that can be re- 
moved by the standard process. 

Filtration of a sampfe of the waste solution through a fine sintered- ' 

the, method employed to  determine the kind and extent of I 

. ' 

' ', . 
pretreatment required., Operational experience has shown that the f i l -  
trate of such samples must not contain more than 50 per cent.of toler- 
ance if a satisfactory end product from the waste-disposal process i 

tolerance as a*guide, many detailed studies -- 
ory.' Reagents ?sed for these experiments 
r ic  chloride, sodium sulfide, calcium 'chloride, 
ed carbon, aluminum s+f-ate,-and 'many :others. 

pilot-plait runs, it was found that a pretreatment ' ' 
ions of calcium chloride: barium 'chloride, so- 

sulfate, and activated carbon (Aqua Nuchar) . 
quirements in al1,cases. Calcium chloride .will ' 

acid pyrophosphates. Barium chloride is an ex-: 
ill precipitate both anions and cations .' 

sulfide will form sulfide and hydrox- I - 
ulfate forms a'floc in. the clarifloccul 
ent. The activated carbon is an adsorp- 

tion agent which adsorbs small particles and many organic-<substances. . 
The following pretreatment is effective in most cases: 

ff from the system when fuJ1 (approxi- 

nts ' i s  begun and is continued until the * ' . 

. 

. 
I .  . , #  

through the standard process. 
usted to between 6 and 8 with'66"B 

sulfuric acid. . I . . ' . \  
4; Activated carbon, 48 lb, is added in the form of a slurry. 



, ' 5., Sodium sulfide, 6 lb, is added in the form of a 20 per cent aqueous 

6. Calcium chloride of commercial grade, 150 lb dry weight, is added 
' shutidn. " I .  

, 

in the form of an aqueous solution. 
, 7. A contact time of approximately 30 min with agitation is allowed. 
A sample of the pretreated waste is, taken to the laboratory, and the 

pH of the sample is adjusted to> 8.8 with sodium hydroxide. The sample 
is then filtered through a fine-porosity sintered-glass 'filter. The f i l -  

, trate is assayed to determine. the concentration of activity. If the fil- , 
' t ra te  is within tolerance, tke tapk is ready to be discharged to the 
standard process. In most cases this pretreatment is sufficient to re- 

, duce the concentration of activity to below- tolerance. However, in a 
few cases  multiple,pretreatments a r e  necessary using the%same re- 
'agents and using barium chloride and aluminum sulfate as additional 
'reagents. The exact amount -of-each reagent used in the multiple treat; 

' ments is.determined in the laboratory prior to plant-scale treatment. 

I 

~ 

' I 

i 
, 

, 

3.3 Co-agulation and Sedimentation of Particulate Matter. The waste- . disposal process uses two standard clariflocculators, (item 2, Fig. 11.1) 
1 'manufactured-by%the Dorr Co:, Chicago, Ill. Each consists of a floccut 

ilator-and clarifier. The cJarifier is 30 f t  in diameter, has a cone-shaped 
, bottom, and has  a side depth of-10 ft. The flocculator is located in-the 

' 

center 6f the clarifier and is 16 ft in diameter with a side depth of 71/2 ft. 
The flocculator is equfpped with a rotating.-blade agitator that turns $t 
2 rpm. The clarifier is equipped with plows in the bottom to move the ' 

sludge toward tde apex of the 'cone-shaped bottom. Sludge is,withdrawn 
from the center of the cone-shaRed botfom of the clarifier. The plows I 

a re  turned at  0.05 rpm. Figure-11.2 shows one of the clariflocculators - 

The clariflocculators a re  equipped with pH controllers and recorders 
(Leeds & Northrup Company,QPhiladelphia, Pa.) which utilize standard 
immersion-type cells. 

The pretreated waste enters the mix trough of the clariflocculator 
1 through suitable flowmeters.' Ai this point aluminum ,sulfate [Al,(SO,),. ' 

18Hz0] is added at the rate of 10 grains per gallon of influent. The pH 
is adjusted to and controlled at  8.8 with a 5 per cent solution.of sodium 

The studge collects and concentrates in the bottom of the clarifloccu- 

. 
f ' 

' I  

L * _  - 

I insta;led in the  Waste Disposal Building. 1 

, *  
1 . 

- I 
I *  

I hydroxide. 

lator. The concentration is such that the average sludge withdrawn is 
12 to 18 per cent ,solids and contains practically all the radioactivity. . 
At all times a sludge,blanket is maintained to a depth of approximately 
6 in. below the bottom of ,the flocculating chamber. Sludge is withdrawn 

. at a rate  that maintains this blanket'at a constant depth. Retention time I 

for sludge in the clar,iflocculator is Irom 4 to  8 months. Plant-scale 
tests have been made with various sludge levels and with no sludge at 

. 
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. 1 ,  
< *  

0 is addeh to the’c.l&iflocculator effluent. ,This process, em- 
’ 

ploying inadequate equipment, has been in use for about 2 years  and has ~ 

produced excellent results., The installation of proper equipment should 
give even bitter results ... 

acid addition, smaller,amounts of other reagents have-been used. Aiso, 

Table 11.3 -Total Bacteria in Clardlocculator Sludge? 

. 
. 

I 

r During the 2 years of operation with the manually controlled carbon- ‘ I 
4 i 

$ 

$ ‘ 4  < *  
J 

‘ E  

-, 8 .  

, I  J Clarifloccu!ator A, Clariflocculatof B, 
no./ml - no-/ml ’ 

1.5 X 10’ 4.5 x 10’ , 

3 I 

1 

, .  , 3.0 X 10’ 1.45 X 10’ 
; 

7.8X lo6 . 1.05’X loy 

1.6 X lo6 3.2 X lo6 
7.0 X l o 5  ‘ ‘ , 4.0 x 105 

._ 2.5 X lo6 5.9 x 105. 

t Bacteria samples were taken weekly for 4. - 
6 weeks. 

I ,- 

F -  multiple pretreatments have been almost completeJy elimin 
acid’carbon ac ts  as an’ excellent adsorbent and forms a ce 

. formation. The. pH change results in the formation,of a_luminum 
from the aluminum remaining in solution after the incomp 

:tatcon- of aluminum? in the @ariflocculat,or. The optimum -a I ”  ‘ , 

, - carbon i s  about 125 ppm. I , -  .. t ?  

. -  (b) S&d FiZfier-Opet-btiorz. Two rapid sand hlters (item 3, Fi 
by the Hardinge Company, Inc., ;York, Pa., * .  

ons with porous plates, sand, 
these filters is shown in r ig .  11.3. 
dwith sand to  a depth of about 10 in. T 
i ,Foundry Sand Co., Cincinnati, Ohio, 

e of 0.147 mm with a uniformity coef-: 

y when required,‘to maintain a sat 
ent water is used for the b 

. ‘ ^  - and the volume used averages 3.5 per cent of the volume filt 
‘ back&ash rate is about 12 gal/min per .&pare foot of filter area. The 

bac&ash water is recycled back tokhe influent tanks for reprocessing. 

~ 
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The filters operate with a head of 0 to 24 in. The normal rate of f i l -  
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 indefinitely. 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  a s  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 fi l ters were fed with waste solution at  pH 8.8. However, no mud 
balling is encountered at pH 6.0. Intermittent operation impairs the 
fi l ter  efficiency slightly. Expansion and contraction of the schmutzdecke 
have been observed, but they do not cause trouble. 

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 a r e  agitated and then sampled. 
The sample is assayed to determine the concentration of activity. The 
average concentration of activity for 4v2 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. 

Decontamination factors greater than those described here  are pos- 
sible, but the added expense required 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 

lo', although factors as high as 1.0 x 10' have been attained in plant- 
scale operations. ' 

After assay of tiie'effluent is made, and if the effluent i s  below tol- 
erance, the tank contents are discharged into the river. Less  than 0.5 
per cent of the effluent is recycled. 

3.5 Final Effluent. 

4. SOLID-WASTE PROCESS 1 

The sludge formed in the clariflocculators is withdrawn periodically 
and is moved with an Oliver diaphragm slurry pump (Oliver United 
Filters, Inc., Chicago, Ill.) 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 predetermined level 
is reached in each vessel. Usually the volume is 60 gal, but this  can be 

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,/calcium, and iron go into solu- 
tion, and carbon dioxide and hydrogen sulfide are liberated. A small 

Table 11.4 -Summary of Waste-disposal Operations 

, 
4 

- -  varied to allow for process control. Two gallons of 66% sulfuric acid - m  

- 2 

- 
I 

Radioactivity concentration, 
i 

x tolerance Decontam,ination 
Period Influent Effluent factor 

Jan. 1949 -July (1949 
July 1949-Jan. 1950 
Jan. 1950-July 1950 
July 1950-Jan. 1951 
Jan. 1951-J~ ly  1951 
July 1951-Jan. 1952 
Jan. 1952-July 1952 
July 1952 -Jan. 1953 
Jan. 1953-July 1953 

82 8 
1,290 

94 6 
1,017 

828 
1,420 
1,180 
2,040 

544 

0.16 
1.03t 
1.72t 
3.61t 
0.28 
0.28 
0.28 
0.12 
0.20 

5,175 
1.252 

550 
281 

2,957 
5,071 
4,214 

17,000 
2,720 

t Dilution water was used during these periods to  adjust the waste-disposal- 

I ,  

plant effluent to  tolerance level. 

amount of radioactivity is leached from the sludge in this operation. 
During addition of the acid, meclianical agitation is used, and the 
evolved gases are passed through a filter system to  remove particulate 
matter. The acidified sludge is then fed by gravity to the final filtration 
apparatus. 

(item 7, Fig. 11.1) and is maintained at a constant level in these drums. 
The filtrate is continuously withdrawn from the slurry, by vacuum, 
through Moore-type filters' (Fig. 11.4) which are immersed in the 

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 

*- 

The acid slurry flows into 30-gal, polyethylene-lined, open-head drums 
~ 

drum. Since the insolubles'contained in the slurry a re  more than 90 1 ? L *  

+ 

. .. . ,, 
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-FILTRATE REMWAL TO MANIFOLD 

>WELDED TO CAP c OVER HOLES 

VACUUM SEAL CAP I 

SLOTS FOR JACK USED IN 

ELECTRODES FOR AUTOMATIC 
CONTROL OF SLURRY LEVEL 
WITH AIR-OPERATED VALVE 

FILTER-CLOTH RETAINER RING 

PERFORATED I6-GAUGE STAINLESS 
STEEL (CLOTH SUPPORT) 

POLYETHYLENE DRUM LINER 

RLON CLOTH (PRESSURE-FILTER - 
TYPE WEAVE) 

ir- k 
STANDARD 30-GAL OPEN- 
HEAO~ DRUM 

NOTE: CAP, RING, AND THE HALF. 
CYLINDERS BOLTED TOGETHER. 
UNIT DISASSEMBLED ONLY TO 
INSTALL FILTER CLOTH. 
UNIT'IS REMOVED IN TWO 
SECTIONS BY BREAKING THE 
PIPE UNION. 

/ 

FILTER F E T  

. .  

Fig. 11.4-Moore-t+ filter. 
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of solid cake which is about 40 per cent solids and with an activity con- 
centration about equal to that contained in a 30,000-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 45/, 
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 l ines.  This solution 
has a soluble salt content of 4 to  9 per cent and a volume equal to 1/300 
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 liquor is discharged to the river along with 30,000 gal of 
the sand filter effluent. 

, 

5. PLANT MAINTENANCE‘ 

5.1 Tanks, Clariflocculators, and Lines. The steel tanks and clari- 
flocculators require very little maintenance other than painting. A 
painting schedule has been started whereby most surfaces a r e  recoated 
at about 3%- to 5-year intervals. Inspections have shown this schedule 
to be adequate. The waste lines at Mound Laboratory require practically 
no maintenance. 

Normal maintenance of the pumps is required, and, because some of 
these are of.the closed-impeller type, cleaning is necessary on those 
handling the feed to the clariflocculators. Mop strings, lint, animal 
hair, and other substances must be removed from the pumps at inter- 
vals of about 3 weeks. 

I 

i 

5.2 Sand Filters. The sand filters require surface washing with a 
fire hose about once each year to aid in maintaining cl’ean 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- 
ment resulted from insufficient backwashing 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 encountered. , 
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5.3 General Maintenance. Experience shows that slight additional 
time and cost are required to maintain this plant compared to the time 
and cost needed to maintain a municipal water-treatment plant. . 

6. HYDROLYSIS OPERATIONSs 

The waste hydrochloric acid solution containing the dissolved bis- 
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 
l i ter  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 hydrolysis tank where it 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 fiM1 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-disposal plant 
(excluding hydrolysis operations) includes research, process improve- 
ment, supervision, labor, chemicals, power, maintenance, overhead, 
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 municipal 
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 municipal water treatment. These fac- 
tors  are as follows: 

1. Mound Laboratory operates 8 h r  per day compared to a 24-hr day 
at water plants. 

2. The influent waste varies so much in composition that multiple 
pretreatment is sometimes necessary. 

, 
I 

I 
. I .  
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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 public. 

4. Much more waste could be processed by the present staff and 
equipment, which would lower the cost per unit volume. 

proper handling and disposal of the water. 

used,. causing materials and maintenance to be more costly. 

. %  5. Many reagents a r e  used in relatively large quantities to ensure i 

6. Several corrosive reagents uncommon to the water industry are 

. ,  
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Chapter 12 

NEUTRON SOURCES AND ALPHA SOURCES 

By John L. Richmond 

1. NEUTRON SOURCES 
4 

1.1 Introduction. 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'-' and by refarring to the work of some of the many contribu- 
tors to the science of the neutron, such as Fermi, Bethe, Goldhaber, 
Alvarez, and Joliot. 

in the literature, they will be summarized and a lengthy discussion 
omitted. 

The neutron has an atomic weight of 1.00897, mass of 1.67 X lo-" 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 10' cm/sec'in the , 
thermal region, and 1.4 x loB cm/sec at  1 MeV. 

tion cross  section is quite low, with the exception of resonance capture 
of therma1,neutrons by such elements as boron, cadmium, and indium. 
A neutron loses its energy by collisions with nuclei. A neutron of 1 Mev 
is thermalizedlby about 18, 90, and 114 collisions with hydrogen, beryl- 
lium, .and carbon, respectively. When the neutron is captured, a gamma, 
geptrbn, proton, deuteron, or alpha is usually emitted from the com- 

J 

Because the properties and reactions of neutrons can be readily found 

? Since the neutron has no charge, it is rather unreactive. Its absorp- 
- 

1 

- 
&-/'pourid nucleus. I 

\ 

1.2- Sources of Neutrons. ,-Neutrons a r e  produced by the nuclear re-  
actions (cu,n), (y,n), (d,n), and (pjn).and by fission. There are no radioac- 
tiye neutron emitters. Alphas, deutercns, and protons can be acceler- 
at&, to the energies required for neutron-emitting reactions. Acceler- 
&?is are used chiefly for producing very high energy neutrons and 

ergetic neutrons as in the reactions sLi4@,n)4Be7, 4Bes(d,n)5B'o, 
)4Be8, and lH'(cu,n)SLis. Production of neutrons by accelerators 

- 
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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- 

energy of 1.63 MeV. Some elements used in photoneutron sources are 
NaU, Mn56, GaT2 2 ,  YS8 SbiZ4, and La?‘’. Photoneutrons a r e  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 a t  various levels. 

Photo sources are limited in usefulness by the low (y,n) cross  sec- 
tion. They are usually fabricated a t  the place of use  by inserting a 
gamma source into a well in a block of beryllium. 

lium can produce neutrons i f  the energy is above the (y,n) threshold - a  

’ 

= 

1.4 Alpha-Neutron Reactions. Alpha particles react with nuclei of 
atoms to produce neutrons. The alpha particle has a charge of + 2 and 

1 , can penetrate the nucleus of an atom i f  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 “leaking through the 
potential Garrier.’” * 

The neutron yield of a given element increases with alpha energy. 
This relation is reported graphically by A n d e r ~ o n . ~  For alphas of 3, 
4, 5, and 5.3 Mev on beryllium, the respective neutron yields are 12, 
26, 61, and 77 neutrons per lo6 alphas. 

Alpha-neutron reaction energies are positive, as for beryllium and 
boron, o r  negative, as for lithium and fluorine. It is possible for a neu- 
tron to be emitted with the energy ‘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. This gamma e’nergy is not 

. 

. 

, 

, 

- available to the neutron. 
Reaction energies, coulomb repulsions, and neutron yields are sum- 

marized in Table 12.1. Reaction energies are based on atomic weights , 
as given by Friedlander and Kennedy.2 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 combined, the neutron yield of each element --. 
is calculated from a formula given by Wattenberg, as cited by Lei tz6  

L _  I 
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a. where Ni(pure) = neutron yield of pure element i 
Ni(mix) = neutrpn yield of element i in mixed target 

I 

. 
, , Fi = weight per cent of element i in mixed target 

Ai = atomic, weight of element i 
- . I  

The formula has been proved approximately correct by preparing 
mixed target souices which .yielded 90 per cent of the neutrons calcu- , I  

lated by the formula. The neutron yield of sources prepared from pure I .  

elements seldom exceeds 90 per cent of theoretical (see Table 12.1). 
Since the largest  neutron yields are from beryllium, boron, and flu?- ' , 

rine, these elements a r e  most commonly used in neutron sources. Flu- ' 1- 

orine must be in combination and is generally used as sodium,fluobo- 
rate. 

( 1  

', Table 12.1 -Energy Balances and Neutron Yields of Alpha-Neutron Reactions 

Reaction Coulomb 
Abundance, energy Q ,  repulsion, 

Isotope 96 Mev Mev 

H3 -4.65 , 0.63 

He4 . 100,  -18.90 ' ,1.20 
He6 0.77 1.13 

Li6 7.30 

Li8 - 6.65 1.60 

' Be8 -11.25 2.15 

Be'o ' 3.86 2.05 

B'O 18.83 1.37 
B" .81.17 0.27 2.52 

C'2 98.9 _ *  -8.40 

1' Li' 92.70 -2.79 ' 1.64 

, Be7 * - -6.41 '2.20 

Be9 100 5.74 2.10 

2.571 

2*g7} 

3, 
c'3 I 1.1. , 2.36 2.92 
C'4 I -1.74 2.87 . 

. I  
N'' 99.62 -4.68 
N'' $38 -1.96 
Ni6 i . 0.43 3.26 

0 ' 6  99.757r -11.96 ' 3.74 
0" 0,039, I 0.64' , 3.69} 
018 0.204 . 0.21 3.64 
0 1 9  4.86 3.59 

F'8 -1.90 4.10 
F" 100 . ' ' -1.90 4.05 

r -  . \  
Neutrons Neutrons/sec 

per lo6 alphas per curie 
of Po of Po 

2.7 

. -  
' i7 

22 ' , 

. .0.10 

* 0101 

0.07 , 

. ,  
4.44 x i o 5  

i 
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from Rackurn a& Polonium-. 
ally as the alpha emitters'in t 

dium h a s  the advantage of a long 
ources. of nearly constant neutrpn emission. How' 
ation fr3m radium is much greater than from po- 

lonium. The short half life of polonium (138.40 days) means a small 
amount of 'material per curie and therefore little self-absorption of 

Radium-berylljum and small polonium-beryllium-neutron sources a 
supplie'd by, the Eldorado Mining Company of Cana 
from polo-nium and any of the target 'elements l iste 
supplied byf Mound Laboratory. Neutron sources can 
emit neutron fluxes of greater than lo* neutrons/sec. 

be intimately mixed with the'target element6 to obtain a high neutron 
yield. The-importance of distribution is shown by the fa& tha! the path . 
of a polonium alpha of 5.3 Mev is,only'about 0.0018 c 

4 

. -  
s 

1.6 Methods of Preparing Neutron Sources., The alpha emitter must e 

, ~ . -- 

b' 2- 

beryllium. " 1  

. 
ness,a solution of, radium bromide on beryllium pow 
lis solder-sealed in a brass capsule.to prevent 10s: of ra 
method is simple, but the bromine is a diluent which reduces ne 

es,  from eolonium were made a t  the Dayton Pro 
the first time in 1945. Polonium production at that time was in 

Radium-berylliuni neutron sources a r e  made by evaporating t 

. 
4- 

' 1  

-, quantities; fienke the spurces were qu!te>small, When bismuth 
' .radiated in a reactor, production-of polonium in quantity becamelpos-- 

sible. .,The preparation of neutron sources in quantity was then 
according;to the methods suitable for each type. 

\ 

t 
1.7 ,Polonium-B~~~ll ium-Neulron Sources. The first 

, :' . beryllium' neutron d ?ources made a t  the Dayton Project-were made by _, 
? 'I . plating polonium on p!atinum or beryllium disks and sandwiching these, ' 

between beryllium disks.' ;The efficiencies were low with the, small  
amounts of pok'onium used; therefore the technique showe 
fo? 1ai;geTsourLes. - I 

' Polonium islquit? low in the electromotive series of el 
electrochemically deposit on the light metals. This prin 
for several years  in ,the pr,eparation ,of polonium 
sour'cei. At fipst,'beryllium was either shaken or stirrbd inla 1.5N' 

time was determineh by sampling the solution and takin 
until 90 per cent oy more of the p6lonium was deposite 

. 
11 

It 
Y % 

, 
9 I nitric acid-polonium solution for sever$ hours. T 

-%- 

,'-e 



' ; ' tion wawthen decanted; ang the powder was washed with alcohol, dried, , 
transferred to a metal container.' To make large sources by this 

- method, the reduction and 'deposition of the pol-onium was 'done-in steps, 
e porti'ons of powder were combined in one container. 
last  beryllium sources made <by this method were made h a 

iremote-cqntrolled apparatus,' whiyh is shown schematically in 
2.1. Beryllium powder of 230 to 325 mesh was stir&d in cham- 

1 (Fig. 12.1) with a stream of nitrogen in 1.5N to 3.ON nitric acid. 
higher concentration of acid was used only to hold larger quantities 

of polonium in solution (chamber 2). The deposition time in3N acid was I 

~ 

, ' made as short as possible because of'the increased solubility of beryl- 
* ' lium. Deposition times in this apparatus were usually less than 1 hr. 
' Completion of the deposition was determined by a neutron probe (No. 3, 

Fig. 12.1) attached to a ratemeter. When the neutron emission reached 
mum, the acid,solution was drawn off through a sintered-glass 

fjlter.'The powder was rinsed with alcohol and transferred a s  a slurry 
in al'cohol to'a container with an Oilite (The Amplex Mfg. Co., Sub. of 
Chrysler Corp., Detroit, Mich.) filter (No.-4, Fig. 12.1). Dry nitrogen 
was passed over the powder to*remove the last traces of alcohol. 

, 

' 

-- 
- 

a 

Since 1948 all'beryllium sources have been made by a votatilization ' 
od. The polonium is volatilized into one part  of a metal container. 

er,yllium powder, o r  po-wder that has been cold-pressed to fit . the cdnt%iner, is added. The container is thenlassembled and coated 
with about 0.020 in. of nickel which ;overs any contamination and seals 
the container. At this stage the sources a r e  20 to 40 per cent efficient. 

'They a r e  heated to-about 600°C to distribute the polonium throughout.. 
the beryllium. The completed sources are usually 75 to 90 per cent 
efficient. Figure 12.2 presents a view through'a water-barrier window. ~ 

in a shielded hood which shows the remote-operated volatilization 

. 
,,, I 

: - 
e -' 

, " equipment. 
On some occztsions polonium deposited on platinum has been inserted 

into the source container. The polonium on platinum has been covered 
with an alpha range of .nickel to permit assembly without bodily expo- 

. A sure  to neutrons. The sealing and distribution are carried out a s  de- 
scribeh above. A slightly higher volatilizing temperature is required 

' 

1 .  to get the polonium through the nickel layer, and the neutron efficiency ' 
may be a little less than when a nickel covering is not used. 

. , ' 1.8 Polonium-Boron Neutron Sources. Boron is a nonmetal and will 
not deposit polonium from a solution. The vol&ilization technique used 

' for beryllium sources cannot be used because boron is a poor conductor. 

' 

I 

I ' 

lonium and boron are hea 
' 

, a high +neutron efficiency i 
istributed to the more rapidiy cooling metal and develops a neur 

to 600°C in a sealed metal con- 
ached. Upon cooling, the polonium 

ciency of 10 to 20 per cent, i 
1 
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Fig. 12.1 -Semiremote-controlled appaiatus for making neutron sources. . -  I. $ _  * 
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and has the advantage over evap 

The number of boron-sources prepared is small; he 
of, introducing pure polonium into the source. 

usually madeTby an evaporation method which can be 
any time. Po!onium is dissolved in hydrochioric acid 
tion is evaporated from boron powder in a giass ves 
ciencies of'80 to 90 per cent a r e  attained when the-d 

- a = der  do$s not exceed 1 mm:,-The temperature of eva 
' - - :below 150°C to prevent lo& of volatile polonium chloride. I 

- The evaporation method& useful for any size source. So 
300 curies have been made ,by incr.ementar evapor 

' bining the portions 'of'boron. Several evaporations per,sou?ce 
give high neutTon efficiency and seduce personnel 

been used in attempts to'prqduce neutron sources simulating the fi 
spectrum. The combination o\f salts now used is sodium fluoborate 
sodium fluoberyllate with a mole ratio of B : Be =-24 i 1. , 

To prepare a: source from- any salt, the polonium is dissolved in'a 
acid having the same,radical as t ~ e  salt, +d the acid is removed by) ' ., 
evaporation.' Hydro!luoric acid is used in making mock-fission sources. 
Fluoborates are unstable at elevated temperature 
is done be!ow- 150"C;,Since platinum must be used to withstand hydr,? 
fluoric acid, evaporations'are made in thin platinum vessels which can 
be-cut o r  pressed to the skiape of the finished sou 
vessel is coated 'directly or  placed in an outer cbntainer and coated 

\ 

1 

1.9 Polonium -mock -fission Neutron Sources. 

I 

*)" ' 
' 

t 
' * 

+- ' 
1 ,  

. 

Neutron Sources. 
loniym in a nickel container through volatiliza- . 

Lithium and sodium sources 

etalq'sealing with nl'ckel, and heating above the , 
i metai. Polonium-plated platinum vessels 

' 

e of the nickel containe 

have been made because the homogeneity 
ility of a reproducible neutron standard; 

ioactive materials are not stable. S y r c e s  
entaf1uoride"-and solutions of beryllium in 
t stable enough for s 
alpha in liquids is so short that only about10 
ized; 'hence calibrated solid sources a re  used . 

. 

usively for  standards. i I 

7 
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* -  
.11 EffiLiencj of Neutron Source;. The theoretical neutron yields.' " ~ 

' 
1 I given in Table 12.1 a re  used to calculate efficiencies of sources. When 

pure polonium is used, the efficiencies, of beryllium and boron sources , 

are about 95 per cent i f  the ratio of polonium to target is small. De- 

known better for beryllium than for other target elements. As the ratio 
reaches.50 curies per gram of beryllium, the neutron efficiency de- 
creases  to about 75 per cent."What data a r e  available for borqn sources 
indicate a similar trend. J 

', The surface area of 230; to 325-mesh beryllium powder, as meas: 
ured by Hertz," is 2400 sq  cm/g. For a monoatomic layer of polonium 
on 1 g of this gowder, 3.4,curies of polonium'are required. With 50 ' 
curies'of polonium per gram of beryllium, there a r e  15 atomic layers. 
The thickness of polonium is not great _enough 'to absorb appreciable 
alpha eqergy; however, ,neutron ,yield decreases rapidly as alpha en- 

- 

... ,- r crease in efficiency \witli an increase in the- polonium-to-target r a t io i s  - 
, 

~ % 

= 
- ,  

. 

. ergJ; decreases. c 

' * 

, salt  sources. The specifications for such s o p c e s  usually a r e  f o r  high . . 
1 ratios of polonium to target, and most sources a r e  in the range of 60 

to 70 per cent efficieni. 

1.12 Containers for  Neutron .Sources.' Aluminum and- brass  were . 
used for some of the.early source containers;:however, nickel is now 
used for 'most source containers, except for special containers' re- % 

Some sizes and shapes of source containers are shown in Fig. 12.3. 
,-The standard container is a'nickel right cylinder 0.66 in. O.D. .by 0.66 
in. high with 0.08-in. walls, before sealing. When finished, the dimen- 
sions are 0.70 in: 0:D. by 0.70 in. high. Containers as small as 0.20 

I _. in. in diameter a r e  somelimes made. If thelamount of ,polonium in a 
source is to be determined by a sensitive calorimeter, dimensions must 

. not exceed 11/s in: in diameter by 3 in. in length. 

'1.13 Sealing Source Containers. The first neutron sources made at 
the Dayton Project were 'solder-sealed. Dipping in solder covered up 
contamination on the outer- surface. Frequently, decontamination was 

All sources are now 'sealed with nickel obtained [ram the decompo- 

Efficiencies of 90 perrcent can be attained for mock-fission and other 

,\ , ,  

, *  
, .  

' quiringl steel, platinum,-or beryllium. 

+ ' 

, ' 1 

' .  

' 
I 

- \  

complete, and a coating of paint or  plastic was applied. 
/ 

._ i- 
i' sition of nickel carbonyl: The containers are aitomatically decontami- 

. nated by tlie nickel> coating which should have a thickness of about 0.02 - 
euiron sources to be used a t  high temperatures are sealed with 

nickel and placed in a second container whichis clos6d by welding. Po- 
'lonium-beryllium neutron sources have be'en'held at 850°C for 6 months 
with only a small decrease in neutron efficiency. Source efficiencies 

I 'ti 

.a- 
' 

I 
- I 1 '  

L >  
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(a) 
STANDARD NICKEL CONTAINER 
HEIGHT ,OR DIAMETER MAY 
BE VARIED IN !SPECIAL CASES. 
DIMENSIONS 0.70" X 0.70" 
WHEN NICKEL COATED 

4 "  

1 
f 

0s . 
HOLE 
/ 

(d) 
"347 STAlN.LESS 
STEEL FOR HIGH- . 
TEMPERATURE SOURCES 

(b) 
NICKEL O R  
PLATINUM SPHERE. 
DIMENSION 0.40" 
WHEN COATED 

( e )  
PLATINUM CAN OF 
+MIL WALL. DIMEN- 
SIONS 0.22" X 0.40" 
WHEN NICKEL 
COATED 

(f) 
NICKEL CONTAINER . 
WITH 5-MIL WALL. 
OIAMETER 0.10" 

COATING 
AFTER NICKEL' 

(C) 
NICKEL CONTAINER 
TO BE COATED 
AND INSERTED IN 
WELDED CONTAINER 
SHOWN IN ( d )  

-+! 0.195" 

Fig. 12.3-Neutron-source containers. 

I 

(4 
NICKEL CONTAINER 
WfTH EYELET 

. 
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are heldjbetter a t  high temperature when iron or  beryllium is used for 
the source container. 

sources of high curie value are sealed at a pressure of about '/z atm. 
The higher pressurs  is used to lessen migration of polonium chloride. 

1.14 Equipment for  Source Preparation. A well-ventilated hood 
(Fig. 12.2) is necessary for handling 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. 

Polonium is transferred to source containers by heating it to a red 
heat in vacuo. 'Induction heating 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-shielded 
G-M tube. To take gamma counts, transfer of polonium is made be- 
fore addition of target to the source container since many alpha-neu- 
tron reactions are accompanied by gamma emission. 

The resistance-heated apparatus, together with a gamma counter, is 
usid for transferring'increments of polonium. l2 The polonium is placed 
at the bottom end of a metal gun about 5 in. long. Heat is applied a t  the 
top of-the gun a t  such rate that the transfer of polonium can be extended 
over several hours. A slow rate  of transfer permits high accuracy of 
increment volatilization. ' 

hind ,shields (Fig. 12.2), or with remote-controlled a p p a r a t ~ s . ' ~  

sible f rom leaks. Oxygen interferes with the coating process. Even 
minute concentrations of 'oxygen cause the nickel to be brittle. Small 
induction heaters of 50 watts output are used to closely control the 
temperatuke 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, paraffin mod- 
erator, and counting circuit similar to that shown in Fig. 12.4. 

When the reduction and deposition method 'was in use for preparing 
beryllium sources, i t  was desirable to follow the polonium concentra- 
tion of the solution. For that purpose an immersion alpha counter was 
developed by Birden.'4*1s 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 counting tube. The 
other end of the quartz tube which dipped into the solution permitted 
the polonium to come into contact with the window for alpha counting. 
The immersion counter (Figs. 12.5 and 12.6) was useful in'the range of 

Most sources a r e  sealed a t  a pressure not exceeding 5 cm Hg. Boron 

' 

The assembling of sources is done with tongs 1 or  2 ft in length, be- 

Nickel coating of sources is done in a vacuum system as free a s  pos- 



I 
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Fig. 12.4-Neutron-counting equipment. 

0.1 mc to 3 curies per milliliter of solution and was so made that the 
range could be extended. 

The amount'of polonium in a neutron source is determined to about 
0.1 per cent in a calorimeter. Gamma and neutron radiation absorbed 

I 
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1 
in the calorimeter is negligible in comparison to alpha radiation (Chap. 

A neutron counter is essential in the preparatioh of neutron sources. 
Unknown sources are compared with standards by use of a boron-lined 

10). 

tube in a Hanson-type".paraffin moderator. 

t 

_ *  .. I 

4 Fig. 12.5-Immersion alpha counter. 

- 
1.15 Neutron Counting. The neutron has no charge and is counted ' 

indirectly. The principal reactions used a r e  neutron-alpha, neutron- 
proton, 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. 

means of counting neptrons. Exposure of the permanganate solution to 
neutrons, precipitation and recovery of manganese dioxide,.and beta 
counting is laborious and time-consuming. 

- 
I 

: a  The Szilard-Chalmers method' uses beta-emitting manganese as one 

-c 
Probably the most accurate method of calibrating a neutron standard 

uses indium foils which are inserted into a graphite block. T6e foils . 
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I 

are placed in the block at various distances from the neutron source 
(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 a t  Mound 

Mound Laboratory used the indium-foil technique. 
Laboratory; however, calibration of primary neutron standards for 

accurately compared with it by use of a boron-lined or  BF, tube in a 

3 :  

When a primary standard is available, unknowns are quickly and 
- . j  

paraffin moderator of the Hanson type.16 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 a t  Mound Laboratory prior to 1949 agreed well with the' 
standards established 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-beryllium, polonium-beryllium, and polonium-mock-fission 
standards were calibrated in 1949. New polonium-beryllium and polo- 
nium-mock-fission standards are prepared as needed and calibrated 
against their previous standards and the radium-beryllium standared. 
The radium-beryllium standard is corrected according to the equation 

- 

\ 

' 

' Neutron change = 1 + 0.100 (1 - e-t/22) 
I 

where t is the time 'in years. The neutron change is due to the length of 
time required for radium-D to equilibrate with i ts  predecessors. 

It has been shown that the several kinds of neutron sources can be 
accurately compared when placed at least 50 cm from a Hanson-type 
counter." Accurate comparisons are made at closer distances i f  cali- 
bration curves are used, I 

source depends upon its physical size and curie content. The heat lib- 
eration of 1 curie of polonium is 27.54 calories/hr o r  0.032 watt (Chap. 
10). Standard beryllium sources of 4.2 and 22.6 curies reached tem- 
peratures of 30 and 56°C in air, respectively.6 The temperature reached 
in vacuo is much higher, and care  must be taken to keep boron'and 
mock-fission sources from exceeding a temperature of 150°C. Beryl- 
lium sources are usable at temperatures as high'as 850X if  they are 
especially prepared. 

Neutrons and gammas a r e  
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'' gamma of 0.8 Mev energy,per 
alpha. A polonium-beryllium neutron source emits about 0.7 gamma of 

1.16 Temperature of Neutron Sources. The temperature of a neutron 

- 

: 4. 

1.17 Radiation from Neutron Sources. 



4' 

, 

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 a r e  given in Table 12.2. 

Average energies of qeutrons from polonium-beryllium, polonium- 
boron, and polonium-mock-fission sources a r e  reported in the litera- 
ture a s  4.5, 2.3, and 220 Mev, respectively. A program is under way a t  
Mound Laboratory to determine neutron energies! 

Table 12.2 --Gammas from Polonium Neutron Sources 

Energy of gammas, 
Element Reaction Mev 

Lithium ~i '(cy,  a ' ) ~ i '  0.483 

Beryllium Be9( a,n)Ct2 4.45 

Boron B" (a ,n)N14 2.36 
B'O( a,p)C" 3.68 

Fluorine F"( a,n)NaZ2 1.28, 1.51 
Na2' - Nez2 + ,r3+ 

Sodium Na2'( a,p)MgZ6 0.43, 1.13, 1.83, 2.57 

Magnesium MgZ5( a,n)SiZ8 4.0 

1.28 

Mgz4(a,~)AL2') .ol 
MgZ5( cy,p)AlZ8 
~ 1 2 8  -. si28 i p- 
AIzs - Siz9 + 8- 

1.82 
1.30, 2.32 

Aluminum Ai2'( a,p)Siso 1.25, 2.28, 3.55 

1.18 Radiation Tolerances. At present the limit for total body ra- 
diation is 0.3 r/week,' 60 mr/day, or 7.5 mr/hr. One milliroentgen per  

cm, 234 slow neutrons/sec/sq cm, and 530 1-IVIev gammas/sec[sq cm. 
Shipping regulations of the Interstate Commerce Commission permit 

200 mr/hr  total radiation at the surface of a container or 10 mr/hr a t  1 
meter from the source of radiation. 

' hour of radiation is given approximately by: 10 fast  neutrons/sec/sq % 

1.19 Shielding Neutrons. As explained earlier, in this chapter, neu- 
trons are thermalized by fewer collisions with light elements than with 

' heavy elements. However, because the heavier elements have higher.- 
densities, the thicknesses of various materials required 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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9 
4 

2' 
2 3 4 5 6 '  7 8 9 to 41 

ABSORBER, IN. 

Fig. 12.7-Effect of absorber thickness on half-thickness. 

where n = fast neutrons through the shield 
N = strength of neutron source, neutrons per4econd 
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.6 Half -thicknesses of 
most materials a r e  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. 

under Interstate Commerce Commission regulations. Water-filled 
drums are sometimes used when sources are transported by Atomic 
Energy Commission carrier.  

Steel drums filled with paraffin are used to transport neutron sources 

3 -  

.. .i' 

,. . 
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*$- ' 1:20, U s e s  of Neutron Sources; 'Neutron sources are'used in start ing.  , ; - ,~ ' uranium reactors, calibrating instruments, simulating .fission spectra, 
making biological radiation shielding eliperiments, and.in oil-well log- 
ging. . 

- 

A 

I 1.21 Number and Size of Neutron Sources. Hundreds af neutron . 
sources have been made at  this laboratory since the first one was made \ 

' 

- ' , in 1945. Polonium has,been used in increasing amounts as the demand 
7 for neutron sources ,has increased. The average-size neutron source 
fabricated at Meund Laboratory contains approximately 5 curies of 

. polonium. , 

_ I  

. , 
, 

Both polonium-beryllium and polonium-boron sources have been made 
with neutron emissions in excess of lo* neutrons/sec. 
4 Several ser ies  of polonium-beryllium sources were made in which the' 
spread in neutron emission 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 t  
eight sources was made to produce four pairs of sources with a spread 
in neutron emission of 0.2 per cent between each pair: 

5 

- 2 

- 
I 

- \  - 2. ALPHA SOURCES 
I .  

I 2.1- Introduction. The alpha radiation from Pozio is!essentially 
monoenergetic at  5.298 Mev (Chap. 2). The small amount of,polonium 
per curie means that alpha sources with negligible self -absorption 
can be made. Polonium migrates readily and-gives serious contami- 
nation problems.  For this reason,  uncovered alpha s o u r c e s  a r e  sup: 
plied only to those experienced in the handling of polon'lum. 

that little attempt is made' to make a standard alpha source; rather, 
each' source is made to fit the needs of a particular experiment. ' 

' 

- 

' .  

The needs of,,people doing research with alpha radiation a r e  so varied 
A 

- 4- . * -  - 

. ,  2.2 Alp,@-s*e Coverings. The*range of .a polonium alpha is only 
3.84,cm in air and iess  than 0.0025 cm in metals. To'make covered 

* 

alpha sources whic are rugged and absorb little alpha energy requires 

- ,  The thickness of a material which will absorb the energy of an alpha' 
is given approdmately by: milligram per square centimeter (equal to 1 
cm of air) = 0.3 Jatomic weight, which, for poloniuxb, becomes 3.84 X 

0.3 Jatomic weight'for the fu l l  rknge of the alpha. The t h i c h e s s  of'the 
absorber in centimeters is then 

_. !strong thin films. . I  

- 

I ,  

< 

, .  
. I.. . e. 
. .  . .  . 

. I  . . I  -. . .  . .  

L 

, %  1 1000 mg/sq cm ~ \ c 

Density i 
\ =  
I \  

I 

cty The thicknesses of selected substances which will absorb the energy of 
, polonium alphas a r e  given in Table 12.3. - ,  

/ I  . - 
.. 

7 -  . ,  
1 

8 .  - 
I .  ___ j. 1 - - 2' T.' 

' -  
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' I  Range of polonium 

\ % *  

Cm In. 

0.0018 * 0.00070 ' 

j ' Tantalum 16.6 ' 

0.00030 . 

,. r . -  

, .' 
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disolution of polonium is 
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HEALTHPHYSICS . . 

. . .  
. .  
I ,  

. .  
. .  , ,  

. , , . -  
. .  . _ .  . .  

I ' ,By Warren L. Hood and John S. Stanton' . . :  ," 1' .. . -  
. . - ,. . ... . .. t 

. .  ' . . . .  
9 .  

~. . .  

- .  ' 1. INTRODUCTION . '  . . 

Hea,lth Physics is primarily concerned with the protection of per-. 
sonnel from the radiological hazards accompanying the formation, con- 
centration, handling, ,storing, and use of radioactive materials. The , 
science of Health Physics originated about the.time that the Manhattan 
Engineer District (which was the predecessor to the Atomic Energy 

*= . , Commission) was established. Subsequent to its inception, the Dayton 
Project instituted a Health Physics program for the protection of . 

personnel from the hazards associated with the handling of radioactive 
materials. , 

Mound Laboratory, include: * 

*- 

' 

~ 

/ The-responsibilities of the health physicist - a t  the Dayton Project and; 
r 

1. The establishment of standards of safe levels,of exposure to all 

2. ,The detection of these radiat ioF under a wide variety of condi- , 

tl 3. The interpretatfon of the data collected on routine and special ~ . 

, J  I -  ' types of radioactive emissions. - 
- 

% .  tions. 

laboratory area surveys. , -  ' 
4. The development of suitable methods of personnel protection from 

3 radiation hazards. 
IC The indnrtrination of Dersonnel in health Dhvsics Drocedures. . ". -__- -_----___________ _- c -- - . I  

I The Health Physics procedures-in this chapter are applicable to all 
3 radibactive elements which have been handled at  the Dayton Project 
>L. 3 

I and at Mound I * t  

- 
*- 

< 

I 

.2., ESTABLISHMENT OF'LIMITS OF PERMISSIBLE EXPOSURE 

gram, little was known of the permissible 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 

. -  
2.1 General. During the formative years of the atomic energy pro- , , 

I 

\ 335 ' 1  

' f  



ame obsolete . 



e . -  

, Former (prior to 
. Apr. 1,  1951)- I 

* ,(Air level . 

- 1500 dis/mm/wipe 



'. . . 

- .  

I 

I* :  

* '  

, .  I 

. ,  . '  

* -  

. -  
. I  

. .  , 

., - .- 
Fig. 13.1 -Typical polonium-processing hoods. 

I 
I 

I <  

1 ,  
r -  

1 ,  I \ ,  
~ 3 .2  Ventilation Systems\: Pressure Differentials. The spread of 

active contamination i s  minimized by maintaining air' pressure 
differentials between areas having different concentrations of radio- 

I ' Lgboratory. The air pressure in each system is adjusted so that, if ' 

' e  ? 
, 

, activity. Four such pressure-regulating systems are in,use at Mound 
,. 

1 - -  , I 

-, 
\ 

s i  ! , _. 



'. . . leaks .occur, air*flows;from the main laboraiory corridors into the'in- . \ -  

dividual laboratories; thenrfrom these into the service korridor (area 
behind the hoods); and finally into the hoods. Each hood4s equipped 
with an a i r  filter, and the outlets of all these filters i r e  discharged 
into a common filter bank which discharges through an ekhaust stack- 
into the atmosphere. % ' 

at this time are'given in Table 13.2. 
Area air,p.ressures and air  change rates  ineffect a t  Mound Laboratory 

1 

t 

Table l,3.2-Pressure Differentials and Air Change Rates at Mound Laboratory 
~ 

I /  = 
P re s u r e  , 

Area in. above atmospheric Air change,rate 

I . Main coyridor . 0.20 10-12 per hr , . 
Individuai laboratori '0.15 10-12 perhr  
Service corridor 0.10 16 per hr 

0-0.05 1 per mm Hood 
a. , 

. .  
3.3 Interarea Traffic Procedures., Where the confinement of radio- 

activity is of ,extreme importance, the design of a laboratory must allow 
for essential traffic between areas  handling different quantities of radio- 
activity. In some areas  it .is advisable to require a complete ch:nge of 
clothing before entry is gained; hence facilities a r e  provided for the 
storing.of personal clothing and for the supply of apparel to be w6rn in 
the higher risk area Air  ,locks, locker rooms, shower stalls, and 
laundry facilities ar also effective in controlling the spread of radio; 
activity. Interarea traffic a t  Mound Laboratory is routed throhgh sec- :' 
tions of the laboratory that incorporate these facilities. 

&- 

~ 

. ?  ' 

. /  

3.4. General Laboratory Design. The use of compartmentalized * 

polonium-processing hoods has proved to be a major advance-in pre- 
venting the spread of radioactivity at Mound Laboratory. On, those 
occasions when ,unavoidabl$ accidmts occur and polonium is intro: % 

duced into working areas,  effective decomtamination must be attained. 
Some of the factors which assure ease in decontaminating a re  the use 
of smooth,*hard, nonporous surfacing for floors and walls; laborat'ory 
design which minimizes the number of horizoital surfaces, the use of - 
enclosed storage spaces, and the use of materials of construction which 
a re  unaffected by strong decontamination agents. , 

. r  

. 4. CONTROL OF RADIOACTIVE CONTAMINATION - - ,  

4.1 A rea Classification. Laboratory'areas are classified according * <  
to the nature of the work done within the area.and the quantities'of 



blished at Mound Laboratory which govern 1 

. 1. Travel betweenareas. ‘ . I  

2. The wearing of protective clothing. 
3. The use of personnel monitoring devices. 
4. Methods of decontamination. 

, 5. Methods of area monitoring.. 

1 ,  

. r *  

/ 

6. Trahsfer of equipment between‘areas. * : :  

7. The establishment of safe working conditions: 
Areas may be classified as “cold,” “low risk,” “high risk,”$ and “hot.” 

. . . Cold areas  a re  those in which no radioactive material‘is handled and . 
the contamination level is jessentially zero. 

1 
fined in sealed storage spaces,.hoods, o r  other suitable containers. 
The contamination level in an area of this classification3s generally 
qui te  low. I 

where there is a high probability of exposure ‘to hazardous amounts of 

The  inside of hoods and the intake of filter. banks a r e  classified a s  

- 
Low-risk ayeas are those in which all radioactive materials are con- 

8 

, ‘ I  
The areas behind the hoods (service corridors) and oth‘er regions 

- radioactiyity are classified as high-risk area;. 
i .  

hot areas since they generallyrhave high levels of radioactive con- 
. ’ ,  tamination present. r’ 

$ 2  4.2 Operating ProceduPe in Event of a Spill of Radioactive k t e r i a l .  
The akcidental release of appr 
often referred to as a “spill,” working area demands immediate 
,action on the part  of both the personnel involved in the accideLt and the 
health physicist. Those personnel in,the laboratory where the spill oc- 
curred immediately hold their breath, assure themselves ‘that further 
spills are not likely to occur, and vacate the room. Others are pre-. 

’ ’ vented from entering the contaminated laboratory until after a health ’ 
physicist has been notified of the accident* and has arrived on the scene 

le  amounts of polonjum, which is 

, . 

’ 

% 

\ 

. and been apprised of the pertinent details. 
The healthph takes charge and car r ies  out the fol1owing;pro- . - 

1 -  

~ ‘ cedures, qough cessarily in the order delineated: . e  I 
/ 1. Area is checked for evacuation of personnel, 

% , ’ 2. The personnel from the contaminated area are checked for me&- -’ = 

‘ t  I 1  cal assistance and/or decontamination requirements. ‘ 
5 3. The gffected.area,is surveyed and an air sample is taken to deter- 

* . $  
mine the amount and extent of the contamination. Appropriate protec- 

oweling to prevent a further spread o$ contamination. 

I \  

. ,  
,, I . tive clothing and-air masks are worn by the survey personnel. ‘ 

4. The spilled-material, if liquid in form, is absorbed with paper 

5. The area is roped off-and surveyed for contamination spr  

I - 
? 

r, . 
8 r . the shoes-of personnel involved in the accident. 

’ ’ ” /  1 

. . , ?  ‘ 
f * 

I. 
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.placed over instruments; desks, etc., to minimize the effects of-fall- 
out .of radioactive dust. Grossly contaminated objects a r e  sealed in 
suitable paper (Sisalkraft oi- wrapping paper) containers for later de- 
contamination. Laboratory notebooks a r e  sealed in large manila en- 
velopes. I II. 

6. The immediate area involved is decontaminated.' Coverings a re ,  
I ,  

I 

1 .  * >  I 

1 <  . <  
r . *  - -  

7. The general area in  proximity to the laboratory involved in the , 
spill is decontaminated by soap'and water, blea'ch, or other decontam- 
inant scrubbing. 

8. Surface-wipe and air,-level samples a re  taken to determine 
whether or not additional decontamination is required. 
9. General area surveys of adjacent laboratories and corridors a r e  I 

made. 
10. If all surveys and air samples taken show results that a r e  within , 

permissible limits, the floor in the faboratory is waxed, and the l a b r a :  ' 
tory is returned to the assigned personneltfor occupancy. 

types of radioa\ctive contaminants do not respond equally well to a given 
method of removal; hence effective decontaminants must be selected on 
the'basis of past e-xperience or  a knowledge of chemical displacement, 
between the conyminant and\the solvent. The type of surface ov'er wh 
the contamination is spread will-al'so affect the selection of a decon- 

I ,  

; I 

' 

4.3 Removal of Radioactive Contamination. Generally; difterek 
, 

taminikig-agent. - 
Eifective agents for the removal of polonium from various .surfaces 

include sodium hypochlorite, soap powder or pther detergent, abrasives, ' I 

alcohol, acidsJ water, and'strippable coatings of paint or plastic. The 
desired go& of decontamination procedtires is the complete removal ' 

; of al1:radioactivity; vigorous scrubbing using a cloth or stiff brush and 
- one or more of thejabove cleansing agents has proved / to be especially 

.effective. Repeated scrubbings may be required to accomplish tlie del 
,decontamination. Delicate instruments may be cleansed- 

cloth that has been dipped in water and wrung nearly.. -) ', < 

r e  complete decontamination-c-hnot be attained 
scrubtjing, etc! , the object imquestion is usually considered reusable 
when a wipe sample produces no counts. 

I.' 

. .  . 

: .  I 

. - 1  

- 
. -> 

- ;  I , '  T 

5. MONITOR~,G, SURVEYING, AND COUNTING RADIOACTIVITY 
- 6  3 

1 ,  

- ' 5.1 $ersonnel Fonitol;ing. Early experiments5 proved that appre-': 
ciable.amounts of ingested polonium are excreted as body waste prod- 
ucts. The ease with which the ,analysjs of urine for i ts  polonium con: 
tent can be performed has resulted in the sthndardization of this method 
as a routine means for personnel monitoring. The maximum excretion 

e.. 

1 

I 
. I  

\ I  

I '  

- _  - I 9 L- 

f 1  

- 5  
L .  - -  
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of polonium in ,urine occurs within 24 h r  after ingestion, and routine 
, urine collection schedules which take cognizance of this fact a r e  in ef-' 
fect  a t  Mound Laboratory. Urine samples *'may be collected at any time 
i f  exposure to polonium is suspected. 

and plating (by chemical displacement) the polonium from this solution 
onto clean copper -disks. The transfer of the polonium to the disk is in- 

copper disks recovers an average of 86f lO per cent of the polonium 
present.6 The coppe? disks a r e  then inserted intola parallel-plate 
ionization chamber, and their alpha activity is ,counted. Alpha counts 
greater than'k2 per minute per 50 ml a re  sufficient cause to restrict  
the person whose urine produced this count valye from working in a 
r isk area. 

Film badges and pocket chambers supplement the urinalysis pro- 
gram of personnel monitoring. All  personnel assigned to r isk areas  at  
Mound Laboratory carry these supplementary monitoring devices dur- 
ing the performance of their duties. 

The film badges consist of a packet of photographic film (Du Pont 
No. D552) mounted in a stainlesslsteel frame. Windows in the frame 
allow radiation to penetrate the film. The remainder of the frame is 
covered by a thin cadmium shield which is.helpfu1 in identifying the 
energy,level of the radiation.' The film in these devices is' developed 
'we'ekly and analyzed by a standard film densitometer. Calibration of 
the film is established through comparison'with a se r ies  of films ex- ,  
posed to known radiation intensities and developed in the same solu- 
tion and a t  the same time a s  those,films worn by laboratory personnel. 

The pocket chamders,' which a re  shaped like fountain pens, ,are air 
capacitors which a r e  charged to 150 volts before being used. Ionizing 
radiation penetrating these .chambers tends to discharge the capacitors, ' 

, and the residual charge at  the end of a working day gives a measure of 
the amount of personnel exposure. The charge on the capacitor is 

' nieasur'ed daily by an electrometer'circuit. Pocket chambers a i e  usu- 
ally carried in pairs so  that if  one is accidently discharged the second 

I ' 

Thebrocessing of urine samples<consists in a-cidifying the sample 

creased by stirring the-solution. This method of platjng polonium- on 

I I .4 

I r :  

5 -  

, 

-' 

I 

, 

- 

I - 
- 

chamber will supply the kxposure information. I ,  

5.2 Air  Monitoring. Laboratory areas  a t  Mound Laboratory in which 
, polonium is handled or processed are continuously monitored, during 

the normal working day, for the airborne polonium content. Wafi- - mounted air  samplers contain'filter paper through which laboratory air 
is drawn at  a ra te  of flow of 10 liters/min, which corresponds to the 
approximate average breathing rate of man. The air samplers are 
mounted about 5 f t  above floor level, and this height agrees well  with 

-G 
, 

1 .  

, the nose height of the average man.. <c 
i 

I \ 
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Two types of air samplers in use at Mound Laboratory a r e  shown in 
~ - 4  

\, ; 2 Figs. 13.2 and 13.3. Air contamination levels in the main laboratory, , 

corridors and low-risk areas are monitored by the air sampler dhown 
' 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 f i t  through the wall of a laboratory in such a-manner 

- 

2 

--+ 
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paper and into a which-leads to $he 'flow indicator (rotamet 
and into the exhaust manifold-of the vacuum pump. The vacuu-m 
(The Spencer h r b i n e  Co.-type 7) will accommodate up to 80 air sam- 
plers and are capable of discharging 30 cu ft of air per minute against 
a 22-in. pressure head. The air from these pumps is discharged into 
the upstream side of 

content before discharging into the exhaust stack. !n most cases the 
sampled air from the downstream side of the filtbr bank'is returned 
to the upstream side of the filter bank. 
, Filter papers from the air samplers are-counted for their polonium 

content in parallel-p!ate alpha counters. 

' 

7'. f 
tory air -filter bank. 

I 1 7  The downstream ai ch filter is sampled 
%, = - - 

+. 

. _  
' .  , 

b.: , 

._ . I  

5:3 Process'Monitoring.' The processing of polonium and the fabri- 
cation of neutron and alpha sources.involves radiation intensities that 
are potentiaily hazardous. These'radiations, which include alpha, beta, 
gamma, and neutron emissions, are continuousfy monitored'by a 
variety of instruments. Chapter 9 gives a description of some of these 

, I 

instruments. I ,  
Process monitors are usually equipped with audible or visual a larms 

which are adtiated when maximum permissible exposure levels are ex- 
ceeded. Occasionally% it is desirable to make a permanent record,of the 
amount of radiation emitted from a given process, and for these re- ,I 

quirements the monitoring instrument is COMe.Cted to ,a  supplementary 
recorder. 

5.4 Laundry.:yonitoring. -Facilities for cleansi% the clo 
in r i sk  areas-at  Mound Laboratory aFe provided by a laundr 
divided into two ope g areas, a high-risk (hot) section and a l o -  '- ' 

ly contaminated clothing is washed ,separately 
os: contamination of all * 

* -  L 

, *  . 
the high-risk laundry until a health 

e has monitored the clothing for its contamination 
lothing -should indicate more than 5000 ~ . 
ralls), a s  registered by a portable sur -  

Model 356), before being released for reuse. If 
el cannot be realized after two washings in the 

, r  

_ -  

e lowirisk laundry. . 
the clothing from this section are monitored , , . 

Towels, underdothing, 
n per 100 sq cm before 

they a re  released for reuse, whereas other clothing may indicate up to 



I 

- '5000 disymin per 100 sq cm still be usable. Polonium c'an be re -  
moved frbm white clot'hing through the use of citric &id, whereas in * 

dyed clothing the polonium is tenaciously held and is very difficult to 
remove. Apparently, in the case of dyed cloth.ing, polonium complexing 

\ 

- occurs with agents introduc-ed in the dyeing process. , - 1  

' 
,ti Clothing worn in clean a reas  is spot checked for contamination. 
. Personnel working in !he r i s k  sections of the laundry must wear pro- 

. I tective clothing, which' includes rubber boots and gloves, a s  well as :' % : 
submit to frequent surveys of the level of hand contamination. 

,, . 5.5 Surface Surveys. Methods for  locating radioactive contaminants 
on equipment, laboratory surfaces, and personnel include surface sur- 
veys'by direct reading and surface surveys from wipe samples. The 

, direct-reading survey is usually made with a portable, air-ionization, 
' raie-meter instrument which is suspended directly above the  surface 

being surveyed. Experience has indicated that, owing to the nature of 
polonium and,its compounds, it is more important .to evaluate con- 
tamination on loose dust rather than to take direct surface readings. 

in wiping a 40-sq in. area with-a 4.25-cm-diameter filter paper. A 
representative sample can be obtained by making six wipes with the,  

made at  random within the area to be surveyed. A'high degree of re-  
producibili6 is attainable with wipe surveys. 

I 

I 
,. , 

' 

, 

A technique for measuring re,movable surface contamination consists 

. 
' .  filter paper across  a reas  bin.  wide by 6 to 8 in. long. These wipes a re  -,- 

, 

. I  The wipe samples a r e  evaluated -by an a i r  proportional alpha counter 
1 _- . which is connected to a' pulse-rate-meter circuit. I 

5.6 Environmental Surveys. Environmental surveys a re  those in. 
. , which the area surrounding Mound Laboratory is monitored for i t s  
. '. polonium concentration. Similar surveys were conducted around the 

facilities which constituted the Dayton Project. The manners by which 
polonium can escape into surrounding regions include the release of 

' e  polonium through air exhaust systems, the transmittal from unknowingly 
contaminated clothing worn outside of th6 confines of the laboratories, 
and the transportation of polonium in the effluent waste from4he l a b -  - 
ratory areas.  Sanitary sewers carried the effluent wastes from the 
Dayton Project because, a t  that time, no waste-disposal facilities 
were)available and the sanitary sewers afforded a large dilution fac- 
tor. Mound Laboratory has 'its own waste-disposal system which was  

, I  

, 

., 

described in Ch$p. 11, * ' A *  

. ' Early environmental surveys at the Dayton Project consisted in 
taking air, waterfmud: and vegetation samples at  selected points sur- 

-' rounding the polonium production areas. Withdhe city of Dayton as , 
the center of the environmental survey area; sampling locations ex- 

- 
? tended outward on each 15-deg radius for distances of 50 to 75 miles. 

1 .  
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A&xond environmental survey r'oute 
and fhe intersection of the,east-west- 
in projdmity. to:!Mound Laboratory., ,' 

' : The Great Miami Riv'er.flows- thro 
, Dayton Project was established) and adja 

Ohio (where Mound*Laboratory is locate 
have been, discharge? .int,o..*is.river, some before tr,e 

. moval of th&,polonium"and'some after treatment. Surv 
near  ,'tlie.,points wher'e the waste discharges into the ri 

' ' further do,w&tream; Lhav-e b e h  of particular interest_ 
.polonium. Figure"l3.4 sljows' the mud and water surv 
the G.reaf*.Miami RiVe.r,' where sampling sites '8 and .9 

* 'eifiu&it-+a:te, i+k+ o,utlbt from the Dayton Project, 
42 .and. 43 are sat the effluent-waste outlet from -Moun 

. Many of the'se sampling s i tes  'have been dfscontinue 
,been determined. that very little polonium accumula 
.The frequency of sample collection at m 
sites has.a$so beenIreduied.' , , 

.. similar 'type routes. for environmenta 
tablished,' an& Fig.".13.5 shows s ix  of th . . . .  

. ples a re  taken:at the numbered dots. T 
center, of;'th$ 'concentric cixcles a t  point iN 

The processing. .of .mud and water s i m p  
-for' counting is accomplished through the 
The countingof .... theirecovered polonium i 

. [  .counters. ; 

: : There have:been'no test resuits f ro  
pling: sites which .Showed excessive a 
-any. appreci,able 'period of time. I 

. I  

5.7 Heal~th,!Physzcs Cozking. Samples collected by the Health 
Physics Section of Mound Laboratory are assayed for their polonium ' 
content by alpha co$nting of the sample. Types of samples> evaluat 
in this mannek include urine samples, air samples, wipe samples, 
samples of mud, water, air, and vegetation obtained through environ- i 

'I 
* *  mental surveys. I 1 . -  

' , e  Since ,the njaxim3m pe missible level of poloniun, is quite.low, low-- 
,level alpha-counting techniques are employed, Counting rpoms and al- 
pha counters ;are kept scrupulously clean to maintain counting back- 
grounds as near zero as,possible, and samples afe counted for a suffi- 

attain acceptable,statistical accuracy. Counting ' 

stable in  operati-on, free of .spurious responses, and 

. 
' 

I I _  

;; 

- 1  in good operating condition. 
f , '  + A, separate counting laboratory is provided for low-level' health 

physics counting. This laboratory is maintained-in ultraclean condi- 

I 







’ laboratory through an a i r  lock and a change house. - 
n parallel-plate alpha counters are used for counting 

. . 
. - 

. low-level alpha samples. These counters are being supplanted by win- 
, dowless gas-flow proportional counters which have better long-time 

stability than the parallel-plate counter, and in addition have a very 
low background count and greater counting versatility owing to their 

ime and large-area sample holder. 
ounters designed specifically for counting air, samples 

. 

eposited on filter paper of various sizes‘are also employed i n  heal th  
physics counting. These counters are connected to. integrating pulse- 
‘rate’meters which indicate the average counting rate directly on a 

counters are generally of the gas-flow type ~ 

d dependable tiian air proportionallcounters. 
; ‘ calibrated mete 
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lntensityt Occurrence$ A. A v (K) 

35 7 . a d  9,374.80 10.663.9 
250 a ’ 9,227.87 10,833.8 ~ 

- 15 7 - a  9.051.9 11,044 
d 500 a.d 8,618.26 11.600.1 

( ,  150 a d  8,506.04 11,753.1 

. I, 300 , a.d 8,433.81 11.853.8 
. I  

50 a,d 8,193.0 15,202 
*a,d 7,962.5 12,555 600 

3 15 , a 7,648.44 13.071.0 
100 - ’ a 7,391.56 13,525.2 

I . 35 a 7.373.40 13,558.4 
25 a 7.314.82 13.667.1 
10 a ‘ 7,311.84 13.672.7 
25 a 7,236.44 13,815.2 

20 6,245.5 16,007. 
75 5.939.57 16,831.6 
300 a 5,744.77 17,402.3 
100 . a’ ’ 5.388.87 18,551.6 

\ 300 ( a  5,323.40 18,779.8 

100 ‘ a  5,236.32 19.092.1 
‘50 a 5.227.64 19,123.8 
100 * a :- 5,062.09 19,749.2 
450 a 4,946.91 20.209.0 
100 a ’ 4,931.34 20,272.8 

400 a 4,876:28 20,501.7 
200 8.c . 4,867117 20,540.1 
50 h c d 4,825.91 20.715.7 
35 h , c.d 4,780.47 20,912.6 

It’ - 50 h c ,d 4,684.68 21,340.2 
* 350 1 -  a 4,611.45 21,679.1 

a 4,564.69 , 21,901.1 
a 4.543.48 22,003.4 

, d- 

l r- 

100 
175 
50 ’ a 4.513.3 22,151 

u* 800 a.c 4,493.13 22,250.0 
200 h . c.d 4,415.58 22,610.7 

6p’ (‘9) 7s ‘$ - 6p’ (‘SO) 8p 10, or 10, 
6p’ (‘9) 7s s& - 6p’ (‘9) 8p 12, or 12; t 

.t 

6p’ (‘9) 7s ‘e - 6p’ (‘9) 9p 14, or 14, 
6p’ (‘9) 78 ’Sl - 6p’ (‘9) 9p 151 or 1% 

6p‘ ‘Pi - 6$ (‘9) 78 ’$ I \ 

‘ r  
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',' Appendix A - (Continued) 

I Classification i 

3.433.0 29,121 

3,396.35 29.435.0 

* 100 a,b 3,382.43 '29,556.1 
10 a,b . 2 3,381.58 *29,563.5 
20 ' a& , 3,373.29 29,636.2 
25 a ,b 3,365.47 29.705.0 

i 
4 4  

i =  

I 10 a,b , 3.364.67. 29.712.1 
s 4  

a,d 3.346.66 29i872.0 
a.b ' 3,392.39 29,910.2 

600 ._ a,b.c I 3,328.61 30,034.0 6p' 'Di - 1; a 

100 ' a,b , 3:319.77 30,114.0 

250 a,b - 3,286.39 30,419.8 6p' 'Dl-2; 
. 450 ' ' a,b I 3.283.90 30.442.9 

20 ' . a,d . 3.283.62 30.445.4 
50 a.b ' 3,283.10 '30,450.3 
10 a.9 3.280.26 30.476.7 ' 

t , . *  20 -, b d  3,260.06 30,665.5 
50 * 2.b 3.257.6? 30,688.4 

- ;; 

. .  4 

600 - .* a,b,c 3i240.23 30,853.1 ,6p'+ 'Di - 31 . 
200 . ,/ a,b r 3,115.95 32.083.7 

150 , I a,c , ; 3,048.64 32.792.0 
.50 a c;d 3,034.26 32,947.4 

400 * a:b ' 3,189.01 31,348.7 ,6p' 'D; - 4; _I 

I 450 1 , a.b.c ' 3.b69.29 32.571.4 6p' 'D; -5!  

33.288.0 6$ 'Pi - 6ps ('dl 7s I -  - 
33.786.5 6p' 'Di - @ 
34.244.7, 6p' 'D: - 7; 
34,589.0 6p' 'Di - 8! 
34,881.5 , 6p''Pf - 1; 
35,398.7 
35,700.7 , 

6p' 'D; - 9: . 
6$ 'Pi -31 .. 

: 2,777.90 35,987.8 
2,761.91, 36,196.2 ' 6p' 'Pi -4; , 
2,671.69 37,418.3 6p' 'Pi - 5! ' 

2,663.33 37.535.8' - 
2,645:36 37,790.8 6p' 'D; - 11: 

2,637.03 37,910.2 , 
2,587.63 38,633.9 6p' '91 - S i  
2,583.54 38,695.0 

. ' 2.578.79 38,766.3 
2,562.31 39,015.6 

I 

\ 
<I 





- Appendix B 

ENERGY LEVELS OF Po I 

L3 

4. 

- .  

1 

Relative value 
(K) , Comments. Configuration Level notation 

1 

0 
7.5 14 

16,831 
21,679 

39,081 
40.802 

51,712 
52.099 
52,532 
53,027 
54.250 
55,465 
55,923 
56,268 
57,077 

59,354 

59,583 
59,469 

61,818 
62,704 
62,806 
62,884 
62,959 
64,551 

121 or 122 
,, 13; or 131 

or 14, 
I 151 or 1% 

16; or 161 
1 14 or 171 

U1 or 4% 



i ' ,  
i 

/ 1  

1 

- 1  

r :  
1 ,- 

-_ 

1 3.553.4 I 28,134 ' 
2 , 3,563.0 26.058 

3,573.0 27.980 
3,582.7 27,904 
3.592.5 27,828 

3,602.3 , 27,752 
1 ? '3.612.3 27,675 

3.645.0 27,427 
3,646.7 27,414 ' 

0 3,647.8 27,406 ' ' 0 3,648.9 ' 27.398 

1 3.656.9 27,338 1 . 3,658.3 27,327 
1 3,659.3 27.320 , 1 %  3,660.6 27,310 
0 3,666.2 . . 27.268 
1 3,668.6 27,251 2 3,669.6 27.243 * 
2 3,,671.2 127,231 4 3,672.2 ' 27,224 \ 

0 ' 3,674.1 '27,210 1 3,675.0 27,203 1 

0 3.667.3 27,260 , , 

3.681.1 27,158 
3.684.1 27,136 

- 
3' 3.696.2 27,047 

3,699.7 , -27,022 
3,704.9, c 26.984 - 
3,708.7 26,956 

2 3.711.3 26,937 3,7!2.3 26,930 
4 3,720.3' 22872 

2 3,732.9 26.781 
3 3,737.3 26,750 3,738.3 26,743 
2 ,3,745.9 , 26,688 1 2  3,747.0 26,680 

5 3,750.5. 26,656 5 ' I  3.751.5 26,648 I' 

( 

' 1  

2 3,724.2 -26,844 3.725.3 26,836 ' ',* h, 

- 1 ,  

'* 3,760.4 26,585 
3,765.1 ' 26,552 
3,778.6 26,456 
3,792.7 26,359 1 

1 1 

*, 
358 



7 - *  
I .  

n 1, 357 < , . . I  
L L  

Appendix C -(Continued) ' 
Molecule -% Po'" P?fffl Molecule PoZla PoZlp 

I \ 
Inten- Wavelength, Frequency $ten- Wavelength, Frequent; 

s1ty A (K). srty A (K) 

, -2 3,795.1 ;6;342 1 7 3.795 3 26.341 
3 3,806.1- 26,266 4 3,806.9 9 ,.' 26.261 

1 3,809.4 26,243 2 3.809.0 26,246 . 
5 3,820.6 26,167 4 3,821.3 26,162 

1 3.823.5 26.147 v :  3 . 3,822.8 26,151 

0 3.834.4 26,072 
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 , 3,843.5 26,011 

3 3,850.2 25.965 2 3.850.8 . 25.961 
1 7 3,851.8 25,955 1 3,852.5 25,950 
2 3,854.1 25,939 ~ * 2 1 3,854.5 ' 25,936 
5 3.858.4 25.910 3 3,658.8 25,907 
3 3,865.4 25,863 2, 3,865.9. 25.860 

i 3,8684 25,843 1 3,869.0 , 25.839 
1 3,871.0 25.826 1 7 3,871.7 25.821- 
5 3,673.5 25,809 4 3,874.0 . 25,806 
4 3,874.9 25.800 ' 3 3,875.3 425,797 I . 
1 I 3,681.0 25.759 1 7 3,881.3 25,757 

"0 3,883.2 25,745 
2 3,885.4 . 25,730 1 3,885.8 25.727 

.h- 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 

- 
2 3,844.1, 26,007 , 

. .  

d 

I 

1 3.897.3 - 25.652 

. 6 , 3,904.5 25.604 4 3.904.8 25,602 
4 3,905.5 ' 25.598 , 2 3.905.2 25,600 . 5' + 3,906.4 .25.592 4 3,906.7 25.590 

- I  1 3,900.3 25,632 

1 .3,911.3 25,560 * 1  

2 ' ' 3,912.8 25.550 I 

5 3,920.6 ' ' 25.499 , 
4 3,921.7 .( 25,492 
5 3.928.6 25,447 I , 

I .  

r ,  

u - 1 . 3.931.8 25,426 

-c? . . -  2 3,953.'3 25.268 

3,957.7 25,260 1 3,957.4 25.26 
3,960.6 25.242 ' 8 *3,960.,7 ' 25,24 
3,968.6 25,191 I 4 - 3,968.6' 25.191 

7?:,* $< ,: 1 I 3.970.2 ' I 25,181 1 3,970.1' ' 25!181 
4- 'I 3,976.5 1_ 25,141 3 3.976.5 -25,141 

5 3,977.3 25.136 6 '' 3,977.h' 25,136 
3 3,984.4 25.09; 2 7 3,984.6 25.090 

6 3.985.0 25,087 6 . 3,985.1 25,086 
3 3,992.6 25,039 3 3,992.7 25,039 , 

1 3,994.2 25,029 2 3,994.2 25,029 

8 -  

' .  
I <  

, 
\ 

I .  

.;*. - 
, 
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Appendix C - (ContiFued)' 

1 - 1  
\ I  

Molecule Pozo8 Pozo8 Molecule Po2" Po2l0 . 
I I 7 r , . Inten- Wavelength, Frequency Inten- Wavelength, Frequency 

s1ty A (K) - s1ty A (K) 

1 ? 3,996.0 -25,018 1 r 3.995.8 25,019 
4 4,000.8 24.988 3 4,000.7 24.989 

7 - 4,001.7 24.982 7 4,001.9* 24,981 ~ 

2 4,008.6 24,,939 1 4,008.4 24,941 

2 4,009.7 24,932 2 4,009.6 24,933 
3 I 4,016.6 .24,890 * 2 4,018.5 24,890 
3 . 4.017.5 24,884 3 4,017.5 24,884 - 
5 4,019.0 24,875 -6 4,018.8 24.876 
4 4.025.2, 24.836 3 4.025.1 24,837 

6 4,026.4 24,829 ' 4,026.4- 24,829 
6 4,026.6 24,828 ' 
4 4,033.2 24,787 3 4,033.0 24,788 1 

2 4.036.4 24,768 2 4,036.0 24,770 
- .  2 4,041.2 24.738 2 4,040.9 24,740 

3 4,042.1 24,733 3 4,041.9 24,734 
5 4.044.0 . 24,721 , 6 4,043.6 24,723 

-r 2 4,046.5 24,706 
2 4,049.3 24,689 1' 4,049.0 24,691 
3 4,050.3 24,683 o ?  4.049.9- 24,685 

4 4.051.7 24,674 1 4.051.1 .I 24.678 
7 4,057.9 24.636 5 4,057.5 24,639 L. L 

4 4,059.4 24,627 1 4,058.9 24.630 
8 ' 4,061.6 24,614 ' 3 ~ 4,061.0 24,618 
2 4,063.6 24.602 0 ? 4.063.4 24,603 

3 4,066.1 ~ 24,58? 2 4,065.6 24,590 
I 4,067.1 24,581, 0 ? 4.066.7 24,583 
10 4,069.1 24,569 7 4,068.7 24,571 

2 4,073.9 24,540 1 4,073.3, 24,543 
3 I 4,074.9 24,534 ~ 3 4,074.5 24,536 

1 4.079.4 24,507 4,079.0 24,509 
3 4,082.1 24,490 2 4,081.5 24,494 
6 4.084.5 I 24,476 4 .. 4,084.0 24,479 1 

10 4,086.9 24,462 8 4,086.4 24,465, 
4 4,090.8 24,438 ' 3 4,0?0.2 24,442 

4,004.5 24,965 > =  

f 

. ,  

2 4,091.6 24.433 ,- - 
3 4.094.4 I 24,417 5 4,094.0 24,419 
2 4,098.8 24,391 1 4,098.2 24,395 
4 4.100.0 24,383- , 2 4,099.4 24,387 
2 4,100.8 I 24.379 

2 4,102.0 24,371 1 4.101.5 24,374 
3 4,105.0 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, 4.109.8 24,325 2 4.109.1 24,329 

1 4,111.3 24,316 - 

4 4,115.1 . 24,294 4,114.21 24,299 
8 , 4,117.5 24,280 4 '4,116.9 24.283 

"-2 

i .i 

* I  

1 

\ z  10 4,112.4 24,310 4,111.9. 24,313 -. 
# 

A- 
I 0 ? 4,121.6 24,256 

, ,  

I 
/ 
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1 Appendix C - (Continued) 

aity' A . , 

4 4.123.8 
3 4,124.5 
7 4,127.7 
5 4,130.9 
3 4,131.8 

6 2.' 4,133.1 
8 4,138.3 
2 4.139.5 
2 I 4.140.9 
4 4.143.0 

3 4,148.0 
1 I 4,148.8 
2 4.150.1 
3 4.153.4 

10 4,156.9 
2 4,161.1 
3 4,164.2 
2 4.165.2 

3 4.166.4 
3 4.176.5 
1 4,179.6 
2 4,181.4 
8 4,183.2 

5 4.187.1 
3 4,190.5 
6 4,198.0 
4 4.200.0 
2 4.202.2 

:lo 4,209.5 

~ 1 4.214.9 
'3 4.220.8 

0 7 4.223.2 

2' 4,233.7 
6 4.236.1 

3 I 4.243.8 
2 4,247.2 

' 2 ' 4.254.8 
4( 4,258.5 

24.243 
24,239 
24.220 
24,201 
24,196 

24,188 
24,158 . 
24,151 
24.143 ' 
24.130 

- 24.101 
24.097 
24,086 
24.070 

24,050 
24,025 
24,007 
24,002 

23,995 
23.937 
23.919 
23,909 
23,898 

23,876 
23.857 
23,814 
23.803 
23.790 

23,749 

23.719 
23.686 

23.672 
23,666 
23.623 
23,613 
23.600 

23,557 
23,538 
23,496 
23.476 

6 .. 4,263.3 , 23.449 

2 4,266.1 23.434 
2 ' 4.267.8 23,425 
6 4.210.5 23,410 
3 4,278.2 23,368 
1 4.281.3 23.351 

I 

Molecule Porlo PozLo 
I 

Inten-' Wavelength, Frequency , 
(K) s1ty 

2 

3 
5 
0 7  

2 
6 
0 7  

2 

7 
2 

1 
3 

8 
2 
2 

34 
1 

0 7  
3 

2 
2 

1 
0 

5 
3 
1 

2 

2- 

3 
2 
1 
5 

3 
2 
1 

4 

1 
2 
3 
2 
2 

2 .  

A 

4.122.9 

4,126.7 
4.130.1 
4,131.0 

4,132.5 
4.137.6 
4,138.8 

4,142.3 

4,143.7 
4.147.1 

4,150.1 
4.15~2~5 

4,153.9 
4,156.0 
4.160.1 
4,163.5 

4.165.4 
4.175.7 

4,180.5 
4.182.2 

4,185.8 
4,189.5 
4,197.0 
4.198.8 
4.201.3 

4,208.5 
4,209.1 
4,211.9 

4,219:6 

4,223.2 
4.230.6 
4,232.,6 
4.235.0 

4,242.7 
4,245.9 
4,253.6 
4.257.2 
4.261.7 

4,265.1 
4,266.6 
4.269.0 
4.276.7 
4.279.8 

24,248 

24,226 
24,206 
24,200 

24,192 , 
24,162 + 

24,155 

24,134 

24,126 
24,106 

24,089 
24,075 , 
24.067 
24.055 ~ 

24,031 
24.012 

24.001 
23.941 

23,914 
23.904 

23,884 
23,862 
23.820 
23,810 
23.195 

23.755 
23.751 
23,736 

9 - >  

23,692 

23,672 
23.631 
23,620 
23.606 

23.563 ' 

23.546 4 

23,503 
23,483 * 

23,458 

23.440 
23,431 , 
23.418 I 

23,376 
23,359 



. ., 

2 4,291.5 23,295 
5 4,296.1 23,270 

. 1 4,298.8 23,256 
1 4,300.4 23,247 ' 
1 4,303.1 23,233 

2 4,340.7 23,031 
I 1  4,343.4 23,017 

2 4,345.1 23,008 
2 4.348.2 22;992 
5 4,350.4 22,980 

4 4,352.6 ' 22,968 
6 4,357.7 . 22,941 

' -  1 4,360.1 22,929 I 

2 4,364.9 22,904 , 

2 r 4,379.0 22,830 
3 -4,379.7 ,22,826 
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Appendix c - (ContPnued) ' 
' ,  

' Molecule Po'" Po'" Molecile Po'" Pozm 

Inten- Wave ency Inten- Wavelength, Frequency Inten- Wavelength, Frequency , 
+ 

6 (K) sW 

't 4,411.3 22,663 
4,414.7 22.645 

1 4,416.1 .22,638 
2 t4,416.8 7 .  22,634 
1 4,419.1' 22.623 

2 4,422.6 22,605 0 I 4.421.9 22.608 

P 

I 2 4.424.2 -22,597 - 1 4.429.7 ~ 22,569 2 4,427.3 22.581' ' - 
0 4,431.6 22,559 
2 4.436.0 * 22,537 

3 4,443.4 22,499 0 7 4,442.8 22.502 3 '4,440.9 
0 4,446.6 . 22,483 
0 4,448.1 22.475 , 
4 4,450.5 22,463 0 4,449.9 22.466 7 4,448.0 22,476 

3 4,448.5 , 22,473 

5 4.449.4 22,469 . 

, I  

1 1 ,  4.454.6 22,442 . 2 4,452.2 22,455 . 2 ~4.451.9 22,456 

2 4,457.7 22.427 6 4,455.3 22,439 
3 .  , 4,459.2 22,419 4 4,457.2 i 22.429 
1 4,462.4 $22.403 1 4,459.8 ' 22,416 , 

2 4,464.9 22,391 
' 1 4,466.8 22,381 

& 2 *4.471.5 22.358 

; a .  

2 t . 4,478.7 22,322 0 ,, 4.478.2 22,324 
! ' .  

4 4,485.9. * 22,286 1 4.485.2 22,289 6 -4,483.3 
4.481.2 22.279 I 

. >  -4,489.8 ' &  22.266 

2 '  4.500.3 22,215 3 .4.497.7 

t 7 4,502.0 '22,206 

01, 4,506.6 , 22,183 
7. ~ . 4,513.6 22,149 
0 4.520.5 22,115 

. I  

0 ., 4 - 4.528.7 a 2 4,528.1 ' 22.078 

0' 4,535.3 22.043 

0 4.542.5 22,008 ' 
1 

5' , , 4,543.2 ~j 22. 

2 4i550.1 i,21.971 0 4,549.3 21,975 

0 '  * 4,558.2 . 21.932 ' 
3 4.564.6 21,902 0 4,563.7 21.906 

< 1  

i 3 -' ~ 4,557.3 21,937 0 4,556.5 ' 21,941 

1- 

' 1 -4.565.6 21,897 4. 

. . ./ . .  , .  
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Appendix C -(Continued) , ' \ 

, ' I' 1 

Molecule Pozo8 Pozo8 Molecule Pozos Pozos Molecule PozLo PozLa 
I L 

' Inten- Wavelength, Frequency Inten- Wavelength, Frequency Inten- Wavelength, Erequency 
sity A (K) sity A (K) sity A . (K) 1,  

7 I .  '4,568.3 21.884 
2 4,571.9 21,867 
1 4.573.1. 21,861 
0 4,576.4 21,845 

I .  

2 ' 4,578.9 21,833 
1 4,580.8 21,824 
3 4,586.0 24,799 
3 4.593.1 21.76: 

3 . 4,600.3 I 21,732 

, 3 4,607.8 21,696 
. 3 4.608.7 21,692 

, 2 '  4.601.2 21,127- 

3 4,614.9 21.663- 

2 
3 
3 

. 3  

2, 
, 

2 
3 2  

0 
2 

2 
1 

4,616.3 
4,622.0 
4,629.1 
4,636.3- 

'4,637.1 

i.643.6 
4,644.6 
4.647.9. 
4,651.$1 

4.652.2 

21,656 
21,630 

t 21,596 
21,563 
21,559 

21.529 
21,524 
21,509 

. 21,4?4 

21,489 

3 4,658.1 21,462 
1 4,659.9 21,454 
3 ' 4,665.2 21,429 

4 4,672.4 21,396 

3 4.679.7 21,363 
, 3 4,680.5 21,359 

8 -  

\ 

2 4,,687.4 2 21.326 
1 4,688.1 21,325 
0 4,691.0 :21,311 
3 4,694.5 21,296 

'2 4,695.7 21,290 

, 4 4,701.5 21,264 
. . 3 4.708.6 21,232 

1 *4,709.6 21.226. 
3. - 4,715.9 21,199 _ _  , 3 4,716.8 21,195 

I 3 4,724.0 -21,163 
-3  . '4,730.8 ~ 21,132 

' 1 4,731.8 21.126 
0 7 4,134.7 21,115 

" 

3 4.737.9 21.101 

. c :  
I 

2 4,565.1 21.899 
0 4,571.1 21,870- 3 4,568.7 I 21,882 
0 4,572.5 21.864 * 3 - 4.570.1 2?.875 

1 4,573.2 21,860 c- s 
0 ' 4,574.5 21.854 

4 4,575.7 21,646 
2 4,577.7 . 21,839 

0 4,585.2 21.803 3 4.582.9 .21,814 - - 
1 4.592.3 21,770 3 4,590.0 21.780 

1 * 4,590.9 21,776 

1 4,599.5 21.735 3 4,597.1 21,747 
2 4,598.0 21,143 
2 4,604.5 21,712 
2 ~ 4,605.7 21,706 

I .  

1 4,614.1 21.667 3 4,611.6 21,678 - 
2 4,613.0 21,672 

0 ~ 4,621.3 21.633 3 . 4,616.6 21,646 
1 4,628.3 21,600 3 ~ 4,625.7 21,612 
1 4,635.5 21,567 2 4,632.9 21,579 

2 4,633.7 21.575 

1 4,636.7 21.561 ' 
0 4.642.6' 21,534 2 4,640.1 21,545 

2 4,641.2 21,540 
0 4,644.1 21,527 / 

2 4,647.5 * 21,511 

I 1 4,648.7 21,505 
0 4,653.0 21,486 

0 4.657.3 21.466 3 4,654.6 21,478 
1 4.656.4 21,470 

1 4,664.4 21,433 3 '  4,661.7 21,445 , 

1 4,671.6 . 21,400 3 4,668.6 21,413 

1 4,678.8 21,361 1 4,676.0 21,380 

, 

1 , 4,669.4 r21.410 

2 -4,676.7 21,377 , 

2 '4,683.5 21,346 
2 4,684.4 -21,341 . 0 4,687.2 21,329 

1 4,693.5 21,300 2 4.690.6 21.312 

0 4,679.5 21,364 - 

1, 4,692.0 21,307 + =  
,* 

1 4,700.6 21,266 3 4.697.8 21,261 
1 4,707.7 21,236 3 4,704.9 21.249 

' 1 4.714.9 21,203 1 4,712.1 21,216 
1 4,706.2 * 21,243 %C 
2 4,713.0 21.212' 

2 4,720.0 ' 21.181 > 

1 4,727.9 21,145 

1 4,736.9, 21,105 3 4.734.0 21,118 

0 4,729.8 21,137 2 4,727.0 21.149 - 
' 0 4,730.6 21,132 ' 
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Appendix C - (Continued) 

Molecule Pozo' PO20s Molecule Pozq' POros Molecule PoZlo PozLo 
. .  

Inten- Wavelength, Frequencv Inten- Wavelength, 
A 

4,735.7 

4,748.2 
4,749.3 
4,755.4 

4,741.1 

4,756.2 
4.763.2 
4.763.8 
4,766.6 
4,770.2 

4,771.4 
4.774.3 
4,777.3 
4,779.0 

4.784.3 
4,785.7 
4,791.5 
4.792.5 
4,799.6 

4.806.5 
4,807.3 
4.813.6 
4,815.0 
4.820.6 

4.827.7 

4.834.9 
4,836.0 
4.843.0 

4.849.8 
4.850.7 
4.856.9 
4,858.6 
4.864.0 

4,871.1 

4.818.3 
4.879.2 

4,829.2 

4,886.3 

4,901.9 
4,907.4 . 
4,908.8 

4,914.4 
4,915.8 

4.922.6 

4,893.3 

4,929.8 

Frequency 
(K) 

21,110 
21,086 
21,055 
21.050 
21,023 

21,019 
20,988 
20,986 
20,973 
20.958 

20,952 
20,940 
20,926 
20,919 

20.896 
20,890 
20.864 
20,860 
20,829 

20,799 
20,796 
20,769 
20.763 
20,739 

20,708 
20,102 
20.677 

' 20,612 
20,643 

20.614 
20,610 
20,584 
20,576 
20.553 

20,524 

20,493 
20,489 

20,460 
20,430 
20,395 
20.372 
20.366 

20,343 
20,331 

20,309 
20.279 

Inten- Wavelength, Freauencv -. 
(W 

21.073 
21,041 

21,010 

20,945 

20,913 

20,883 

20.851 

20.815 

20.786 

20,154 

20.724 

20,694 

20.663 

20,628 

20,600 

20,569 

20.416 

20.357 

20,326 

sity 

1 
3 

e2 
1 
1 

3 
1 
1 
0 
2 

1 
0 
2 
0 

2 
1 
0 
1 
2 

1 
0 
1 
0 
1 

1 
0 
0 7  
1 
2 

1 
1 
1 
0 
1 

0 7  

0 7  
1 

1 
0 
1 
0 
0 

0 
1 

2 
1 

iK) - 

21.093 
21,069 
21,037 
21.032 
21,005 

21.002 
20,971 

20.956 
20.940 

20.935 
20,921 
20,909 
20,901 
20,887 

20.878 
20,871 
20.846 
20.846 
20,811 

20.781 
20.178 
20,750 

20.720 

20.690 
20.683 
20.658 
20,654 
20,624 

20.595 
20,590 
20.564 
20.557 
20,534 

20.509 
20,414 
20.470 
20.443 

20,440 
20.411 
20,374 
20,352 
20.346 

20.322 
20,311 
20,293 
20,288 
20,259 

sity 

1 
1 

1 

1 

1 

0 

0 7  

1 

0 7  

1 

0 

0 

0 

0 7  

0 

0 

0 

1 '  

0 7  

A 

4,744.0 
4,751.2 

4,758.3 

4.773.1 

4,780.3 

4,187.3 

4,794.6 

4,802.9 

4,809.7 

4,816.9 

4,823.9 

4.831.0 

4,838.2 

4,846.5 

4.853.1 

4,860.3, 

4,896.8 

,4.911.0 

4,918.4 

sity 
d" 

2 
3 
3 
1 
2 

3 
3 

0 
3 

1 
0 
3 
1 
0 

* -  

- - 

A 

4,739.5 
4,744.9 
4,752.1 
4,753.4 
4,759.4 

4,760.2 
4,767.2 

4.770.6 
4,774.2 

4,775.3 
4,778.5 
4,781.3 
4.783.2 
4,786.3 

4,188.4 
4,789.9 
4.795.7 
4,796.7 
4,803.1 

4,810.8 
4,811.5 
4,817.9 

4.825.0 

4.832.0 
4,833.6 
4,839.3 
4.840.4 
4,841.4 

4,854.3 
4.855.4 
4,861.4 
4,863.1 
4,868.5 

3 
2 
2 
1 
3 

2 
1 
3 

2 

2 
1 

- I  
2 
2 

2 
0 7  
2 
0 
1 

d 

- - 
0 

. 2  
c 0 7  

2 :  

4,874.6 
4,883.0 
4,883.9 
4,890.3 

4.891.0 
4,897.9 
4.906.8 
4,912.1 
4i913.6 

4.9 19.3 
4.920.6 
4.926.4 
4.927.6 
4,934.6 

1 
2 

2 1 
2 
1 

1 
1 
1 
2 
2 

- *  .#% 

J 
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Molecule Pozod PozQ8 Molecule Pozo8 Pozo9 Molecule PoZ'O Pozto 

Inten- Wavelength, Frequency Inten- Wavelength, Frequency Inten- Wavelength. Frequency 
1. 

(K) sity A (K) sity sity A 

3 4,941.4 

0 4,950.4 

1 4,957.0 

1 4,964.1 
1 4,971.0 
1 4,972.6 
2 4,976.0 
1 , 4.985.5 

1 4,986.4 
1 4.992.5 
0 4,994.4 
0 4,998.5 

1 4,948.3 

2 4,955.7 

1 4.999.6 

I 

20,231 1 4,940.2 
20.203 
20,195 , 
20,173 0 7 4,954.5 
20,168 

20.139 
20,111 0 7 4,969.6 
20,105 
20,083 
20.053 0 4.984.2 

20,049 
20,024 0 4.991.3 
20,017 
20,000 
19,996 

20,236 1 
1 

20,178 0 
0 

1 
20,117 2 

20,058 1 7 

20.029 1 

0 

0 
1 
1 

1 

0 
a 1  

0 
0 
0 

1 
0 
1 
1 7  

a 

A 

4,936.6 
4,943.5 

4.950.8 
4,952.3 

4,959.1 
4,966.0 

4,980.1 

4.987.2 

4,994.3 

4,998.8 
5,002.4 
5,009.3 
5,016.4 
5,023.2 

5,030.5 
5,045.4 
5,052.3 
5,066.3 
5,071.9 

5.095.1 
5,102.1 
5,109.5 
5.131.2 

(K), 
L .  

20.251 , 

20,223 

20,193 . 
20,187 

20,159 
20,131 

r - 
20,074 

20.046 

, 20.017 

.19.999 
19,985 
19,957, 
19,929 
19,902 

19.873 
19,815 0 
19,787 
19,733 
19.711 

19,621 
19,594 
19,566 
19,483 

i 



VI' 

0 
1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

21 
22 
23 
24 
25 

26 
27 
28 
29 
30 

c 

I 

. .  

Appendix D 

VIBRATIONAL ENERGY LEVELS OF GROUND STATE O F  Po:'' 

Observed level 
value (K) 

0 
156 
309 
463 
61 7 
769 

921 
1072 
1221 
1371 
1520 . 

1668 
1816 
1963 
21 08 
2253 

2399 
52542 
2686 
2829 

' 2969 I 

31 121 
3251 
3391 
3529 
3668 

3806 
3943 
4080 
4215 
4350 

0 
155 
31 0 
464 
61 7 
770 

9 22 
1073 
1223 
1373 
1522 

1670 

1965 
2111 

I 2256 

2401 
2545 
2688 
2830 
2972 

3113 
3253 
3393 
3532 
3670 

3808 
3944 
4080 
4215 
4350 

1818 

Calculated level 
value (K) V" 

31 
32 
33 
34 
35 

36 
37 
38 
39 
40 

41 
42 
43 
4.4 
45 

46 
47 
48 
49 
50 

51 
52 
53 
54 
55 
56 

Observed level 
value (K) 

4483 
461 7 
4750 
4881 
5012 

5143 
5272 
5401 , 
5530 
5657 

5784 
5910 

6160 
6283 

6407 
6528 
6650 
6770 
6890 

7010 
7128 

7363 
7477 

'(7592) 

6035 t 

~ 7246 , 

365 

t 

Calculated level 
value (K) 

4484 
4617 
4749 
4881 
5012 

5142 
5272 
5401 
5529 
5656 

5783 
5909 1 

6034 
6158 
6282 

6406 
6527 
6649 
6770 
6890 ' 

7009 
71 28 
7246 
7363 
7480 
7596 

* .  . 



* - 
VIBRATIONAL ENERGY LEVELS OF EXCITED STATE OF Poiio 

REFERRED TO LOWEST LEVEL OF GROUND STATE 

Observed value Calculated value 

(K) (K) Level 

, 

6 
7 
8 
9 
10 

11 
12 
13 
14  

' 1 5  

16 
17  
18 
19 
20 

21 
22 
23 
24 
25 

25,125 
25,233 
25,340 
25,446 
25,550 
25,654 

25,757 
25,860 
25,961 
26,062 
26,162 

26,260 
26,359 
26,455 
26,551 
26,647 

26,741 
26,835 
26,932 
27,023 
27,112 

27,204 
27,294 
27,380 
27,469 
27,554 

25,125 
25,233 
25,339 
25,465 
25,550 
25,654 

25,758 
25,860 
25,961 
26,062 
26,162 

26,261 
26,359 
26,456 
26,553 
26,648 

26,743 
26,837 
26,930 
27,022 
27,113 

27,203 
27,293 
27,382 
27,469 
27,556 

.:* 
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Appendix F 
i 

COMPARISON OF OBSERVED AND CALCULATED ISOTOPE SHIFTS 

po;oe-po210 2 po208 p 0 2 0 9 ~ p 0 2 1 0  2 

Frequency in Poi1o Calculated Observed Calculated Observed 
Band (K) (K) (K) (K) (K) 

Ir 

3 

4-0 25,550 
5-0 ? 25,652 
6-0 25,757 
7-0 25,860 
8-0 25,961 
9-0 26,062 
10-0 26,162 
11-0 26,261 
12-0 26,359 
13-0 26,456 
14-0 26,552 
15-0 26,648 
16-0 26,743 
17-0 26,836 
18-0 , 26,930 
19-0 , 27,022 
20-0 27,112 
21-0 27,203 
22-0 27,292 
24-0 ? 27,468 
25-0 ? - 27,556 

2-1 
3-1 
4-1 
5-1 
6-1 
7-1 
8-1 
9-1 

10-1 

25,181 
25,288 
25,394 ' 

25,499 
25,602 
25,704 
25,806 
25,907 
26,007 

1.9 1 
2.4 3 
2.8 2 
3.3 3 
3.8 4 
4.2 4 
4.7 5 
5.1 5 
5.5 6 
5.9 6 
6.3 7 
6.7 8 
7.1 7 
7.5 8 
7.8 7 

' 5  8.2 
8.6 8 
8:s 7 
9.3 8 
9.9 
10.2 

i 

0.2 
0 .'I 
1.2 

J 1.6 
2.1 

' 2.6 
3.1 
3.5 
3.9 

387 

0 
0 

.1 . ' 

1 
2 
3 
3 
3 
4 



, .  

Band 
I 

16-1 ? 
17-1 
18-1 
19-1 
20-1 
21-1 
22-1 
23-1 
24-1 
25-1 ? 
26-1 ? 
27-1 ? 

1-2 ? 
2-2 
3-2 
4-2 
5-2 
6-2 
7-2 
8-2 
12-2 ? 
13-2 
14-2 
15-2 ? 
20-2 
22-2 
23-2 
24-2 
25-2 
26-2 
27-2 ? 
28-2 
29-2 

1-3 
2-3 
3-3 
4-3 
5-3 
6-3 ? 
8-3 
9-3 
10-3 

Appendix F-(Continued) 

Frequency in Poi'' Calculated 
(K) (K) 

26,585 
26,680 
26,774 . 
26,865 
26,956 ' 
27,047 
27,136 
27,224 
27,310 
27,398 
27,485 
27,568 

24,925 
25,029 
25,136 
25,241 
25,345 
25,447 
25,550 
25,652 
26,048 
26,147 
26,243 
-26,341 
26,804 
26,984 
27,071 
27,158 
27,243 

, 27,327 
27,414 
27,498 
27,581 

6.3 
6.7 
7.1 
7.5 
7.8 
8.2 
8.5 
8.9 
9.2 
9.5 
9.8 
10.1 

1.1 
-0.6 
-0.1 
0.4 
0.9 
1.3 
1.8 
2.3 
4.0 
4.4 
4.8 j 

5.2 
7.1 
7.8 
8.1 
8.4 
8.7 
9.0 ' 

9.3 
9.6 
9.9 

24,770 
24,876 
24,982 
25,087 
25,191 
25,295 
25,499 
25,598 
25,698 

-1.8 
-1.3 

, -0.8 
-0.3 
0.2 
0.6 
1.5 
2.0 
2.5 

Observed Cdculated Observed 
(K) 

7 
8 
7 
7 
7 
7 
8 
7 
10 
8 
8 
10 

1 
0 
0 
1 
0 
2 
1 
3 
5 
4 
3 
1 
3 
5 
6 
7 
8 
11 
9 
7 
8 

-2 
-1 
-1 
1 
0 
0 
1 
2 
2 



Band 

11-3 
16-3 
17-3 ? 
18-3 ? 
27-3 
28-3 
29-3 
30-3 
31-3 

0-4 
1-4 
2-4 
3-4 
4-4 
5-4 
6-4 
7-4 ? 
8-4 
9-4 
13-4 
14-4 
15-4 
21 -4 
22-4 
23-4' ? 
24-4 ? 

-0-5 
1-5 ' 
2-5 
3-5 

/ >  5-5-1 
6-5 

/$,.- 7-5 ? 
' I  8-5 ? 

10-5 ? 
t.2 11-5 

12-5 
24-5 
25-5 

0' 6 
4 1-6 

gc 

\ 

-= 3 
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' Appendix F - (Continued) 

Frequency in Pdi0 Calculated 
'(K) , 

25,797 
26,280 f 

26,375 

27,260 
27,344 
27,427 
27,509 
27,591 

24,509 
24,618 
24,723 
24,829 I 

24,933 
25,039 
25,141 
25,241 
25,345 
25,447 
25,839 
25,936 
26,031 
26,585 
26,674 
26,763 
26,850 

24,357 
24,465 
24,571 
24,678 
24.884 , 

25,090 
25,191 

25,492 
25,590 
26,698 
26,785 

24,206 
24,313 

. I .  

- 26,469 

24,989 

25,394 

(K) 

2.9 
4.8 I 

5.2 
5.6 , 
8.6 a 

8.9 
9.2 
9.5 - 
9.8 

-3.1 
- 2.5 
- 2.0 
-1.5 
-1.0 
-0.5 

0.0 
0.4 
0.9 
1.3 
3.0 
3.4 
3.8 
6.0 
6.4 
6.7 
7.0 

-3.9 
-3.3 
-2.8 
-2.3 
-1.4 
-1.0 
-0.5 
0.0 
0.9 

, 1.4 
1.8 
6.2 
6.6 

-4.5 
-4.0 

Observed Calculated Observed 
(K) 

3 
5 
1 

8 
8 
7 
8 
6 

-2 
-4 
-2 
0 

-1 
0 
0 
1 
0 
2 
4 
3 
3 
7 
6 
7 
7 

-3 I 

-3 
- 2' 
-4 
0 
1 
1 
0 
1 
1 
2 
6 

-5 
-3 



Appendix F -(Continued) , 

i p0~08-p0210 p0ZO8 pozos~pozlo 
2 2 

Frequency in Po:" Calculated Observed Calculated Observed 
Band. 

2-6 
4-6 
5-6 
6-6 
7-6 ? 
9-6 
10-6 
14-6 

' 15-6 
16-6 
18-6 
21 -6 

0-7 
1-7 
3-7 
4-7 
5-7 
6-7 
7-7 
8-7 
9-7 
10-7 
12-7 
13-7 
16-7 - 19-7 

0-8 
1-8 
3-8 ? 
4-8 
6-8 
7-8 
8-8 
9-8 ? 
15-8 
16-8 
18-8 ? 
19-8 ? 

0-9 
1-9 
3-9 

(K) 

24,419 
24,630 
24,734 
24,837 
24,941 
25,141 
25,241 
25,632 
25,727 
25,821 
26,007 
26,280 

24,055 
24,162 
24,374 
24,479 
24,583 
24,685 
24,788 
'24,890 
24,989 
25,090 
25,288 
25,385 
25,670 
25,950 

23,909 
24,012 
24,226 
24,329 
24,536 
24,639 
24,740 
24,837 
25,426 

. 25,521 
25,704 
25,797 

23,755 
23,862 
24,075 

-3.5 
-2.5 
-2.0 
-1.5 
-1.1 
-0.1 
0.4 
2.0 
2.4 
2.8 
3.5 
4.6 

-2 
-3 
-1 
-1 
-2 

1 
2 
3 
5 
4 
5 

O \ '  

-5.2 -5 
-4.6 -4 
-4.0 -3 
-3.3 -3 
-2.7 -2 
-2.2 -2 
-1.7 -1 
-1.3 0 
-0.8 -1 
-0.4 1 
0.5 0 
0.9 0 
2.0 
3.2 5 

-5.9 
-5.4 
-4.4 
-3.9 
-2.9 
-2.5 
-2.0 

0.9 
1.3 
2.1 
2.5 

-1.6 

-6.5 
-5.9 
-4.7 

-6 
-5 
-6 
-4 
-2 
-3 
-2 
-1 
1 
0 
3 
3 

-6 
-5 
-5 

e.* 

c 

"f 
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Appendix F -(Continued) 

I Po:o*-P0;10 

Frequency in Po:'' Calculated, Observed 
Band ' '3' ''4 (K).? I, (K) (K) 

5-9 24,283 -4.1 - -3 
6-9 24,387 -3.6 -4 
8-9 24,590 -2.7 -3 
9-9 24,691 -2.2 ' -2 
11 -9 24,890 -1.4 '0 
12-9 ? 24,989 -1.0 -1 
13-9 ? 25,087 -0.5 -1 

0-10 23,606 -7.2 -6 
2-10 23,820 ' -6.2 -6 
4-10 24,031 -5.2 -6 
5-10 24,134 -4.7 -4 
7-10 24,340 -3.7 -4 
8-10 24,442 -3.3 I -4 
9-10 24,543 -2.9 -3 
11-10 24,740 -2.0 -2 
13-10 24,933 -1.1 -1 
14-10 ? 25,029 ' -0.7 0 
19-10 25,499 1.1 1 
20-10 25,590 1.5 2 

0-11 23,458 -7.9 -9 
1-11 ? 23,563 -7.4 -6 
2-11 23,672 -6.9 -6 
4'-11 7 23,884 -5.9 -8 

, 6-11 24,089 -4.9 -3 
7-11 24,192 -4.5 -4 
9--11 24,395 -3.6 -4 
10-11 24,494 -3.2 -4 
12-11 24,691 -2.7 -2 
13-11 24,788 -2.1 -1 
14-11 - 24,884 - -1.5 0 
15-11 ? 24,982 -1.1 -1 
17-11 25,167, -0.3 1 
18-11 i -25,262 , +0.1 +2 

$- - - a  

' 0-12 23,309 - -8.6 -8 
1-12 ' 23,418 -8.1 . -8 

3-12' 23,691 -7.1 -8 
4-12 23,736 -6.6 

2-12 / 23,525 . - 7.6 -7 

' 6-12 23,941 -5.6 -4 
9-12 , 24,248 -4.2 -5 
10-12 24,348 -3.7 -4 

, ' \  

1 .  , .  
- I .  

.. . 

I . .  

. .  

I .  . ,  

. .  , .- 
, .  

. I  

I .  



Band 

12-12 ? 
13-12 
14-12 
15-12 
1 6 ~ 1 2  
17-12 
20-12 

0-13 7 
1-13 
2-13 
3-13 7 
5-13 
6-13 
8-13 7 
10-13 
12-13 
13-13 7 
14-13 
15-13 
19 -13 

0-14 
1-14 
2-14 7 
3-14 
4-14 ? 
5-14 
6-14 
7-14 
10-14 
11-14 
15-14 ? 
16-14 7 
17-14 7 

0-15 
1-15 
2-15 7 
3-15 
4-15 7 
6-15 
7-15 
9-15 

\ 

* *  

.,. \ -  
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Appendix F - (Continued) 

Po;O8-Pof'O Po208 Po2Q8-Po$l0, 

(K) 

24,543 
24,639 
24,734 
24,829 
24,925 

. 25,019 
25,295 

23,163 
23,270 
23,376 
23,483 
23,692 
23,795 
24,001 
24,200 
24,395 
24,494 
24,590 
24,685 
25,058 

23,017 
23,125 
23,233 
23,337 
23,440 
23,546 
23,649 
23,751 
24,055 
24,155 
24,536 
24,630 
24,723 

22,871 
22,980 
23,085 
23,192 
23,295 
23,503 
23,606 
23,610 

(K) 

-2.9 
-2.5 
-2.1 
-1.9 
-1.3 
-1.0 
0.1 

-9.2 
-8.7 
-8.2 
-7.7 
-6.7 
-6.2 
-5.3 
-4.5 
-3.7 
-3.3 
-2.9 
-2.4 
-0.9 

-9.9 
-9.4 
-8.9 
- 8.4 
-7.9 
-7.4 
-6.9 
- 6.4 
-5.1 
-4.7 
-3.1 
-2.7 
-2.3 

-10.5 
-10.0 
-9.5 
-9.0 
-8.5 
- 7.5 
-7.0 
-6.2 

Frequency in Poi'' Calculated Observed Calculated Observed' 
(K) (K) (K) 

-3 
-3 
-1 
0 
1 

0 

-10 

. *  - 

-1 - 

-8 
-8 
-7 
-6 
-5 
-6 
-4 
-4 
-4 
-3 
-2 
-2 

-11 
-10 
-9 
-8 
-6 
-8 

-5 
-4 
-2 
-3 
-2 

-10 
-11 
-10 
-10 
-7 

-6 

- 

r"r 

"1 

I- 7 

-7 ,f' 

1 
1 
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Appendix F - (Continued) 

Po:08-P0:'0 
> ,  

Frequency in Po:'' Calculated Observed 
Band (K) (K) (K) 

12-15 
14-15 
15-15 
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 

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 ? 

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 
22,693 
22,798 

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 

22,904 I 

-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 
-7.9 
- 7.0 
-5.8 

-4.5 
-3.8 
-3.1 

-12.4 
-11.9 
-11.4 
-10;9 
-9.9 
- 9.4 
- 8.9 
-8.1 
-7.2 

- 5,.3 

-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 
-2 

-12 
-11 
-11 

-9 
-9 
-9 
-8 
-4 

-4 

-12 ' 

Cdculated Observed 
(K) (K) 

-8.5 -10 
-8.1 -9 

-8.6 -9 
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I ,  

Band - .  

12-18 

,o-19 ? 
I .  1-19 ? 

2-19 
3-19 
5-19 
6-19 
7-19 
9-19 

11 -19 
13-19 ? 
16-19 
19-19 
20-19 

1-20 
2-20 
3-20 

, 4-20 
6-20 
8-20 

lo-,20 
' 12-20 

13-20 ? 

0-21 ? 
2-21 ? 
3-21 
4-21 
6-21 
7-21 
8-21 
9-21 

10-21 
12-21 

4 14-21 
15-21 ? 
16-21 , 
18-21 ? 
19-21 ? 

i 

2-22 
3-22 
4-22 
5-22 

4 ,  j j  

. ,  

Appendix F-(Continued) ' 

Po;oB-Po;'o 

Frequency in Po:" Calculated Observed 
(K) 8 (K) (K) 

23,672 -6.8 -6 

22,293 -13.0 -14 
22,403 -12.5 -12 
22,512 -12.0 -13 
22,618 -11.5 -13 
22,826 -10.5 -12 
22,929 -10.0 -9 
23,031 -9.5 -10 
23,233 -8.7 I -9 
23,431 - 7.8 -6 
23,623 -7.0 
23,914 - 5.8 -5 
24,192 -4.7 -4 
24,283 -4.3 -3 

22,370 -13.0 - 12 
22,476 -12.3 - 13 
22,581 -11.6 -12 

22,992 -9.8 -11 

23,390 -8.1 
23,490 ' -7.6 -6 
22,008 -14.2 -12 
22,227 -13.2 \ -12 
22,335 -12.7 -13 
22,439 -12.2 -12 
22,646 -11.3 -12 
22,769 -10.8 -12 
22,850 -10.6 -11 
22,951 -9.9 
23,050 -9.5 -9 
23,247 -8.6 -9 

23,537 - 7.4 -7 

22,263 -13.6 

22,289 -10.7 -13 

23,192 -8.9 -10.' 

23,440 - 7.8 -6 

23,631 - 7.1 -8 
23,810 -6.3 -7 
23,904 -5.9 -6 

22,089 -13.8 - 14 
I 22,195 -13.3 -14 

22,403, -12.3 -12 
22,299 -12.8 -13 ' 

i 

! 
poZ08 poZOS~po210 

2 

Calculated Observed 
(K ) (K) 

r t  

-9.0 -10 t 
-8.6 -10 

\ 

I 
I 

-9.2 -10 

I "  

-9.5 -11 
I 

- 

I -7.8 -9 
- - 

I 

- 10.4 -11 
-10.0 -12 
-9.6 -10 

\ 
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Appendix F - (Continued) * \  

Frequency in Pd'O Calculated Observed 
3. ' i Band (K) (K) (K) 

6-22 22,507 
7-22 22,609 
9-22 22,811 

11-22 ? 23,008 
13-22 23,204 

= ' 16-22 23,490 

2-23 ? 21,947 
3-23 22,054 

, 4-23 ? 22,160 
6-23 22,263 
7-23 22,469 
8-23 22,570 
9-23 22,671 

10-23 22,771 
11-23 22,871 
12-23 ? 22,968 
13-23 23,065 

d 14-23 ? 23.163 
18-23 ? 23,537 
19-23 23,631 

1-24 7 21,706 

3-24 21,916 

5-24 22,124 
'6-24 22,227 
8-24 7 22,429 

10 - 24 22,632 
~ ' 12724 . 22,830 

22,929 

0-25 7 21,455 
= 3-25 7 21,776 

4125  21,882 

.) 

2-24 ? 21 ,812 

4-24 e 22,020 

I I 1  

13-24 

5-25 21,986 . 
6-25 22:089 + 8-25 22,293 
9-25 ' 22,394 

10-25 22,495 
11-25 22,593 
12-25 22,691 

4 13-25 22,789 
14-25 ? 22,884 

\ 

-11.8 
-11.4 
-10.6 
- 9.7 

-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 

-10.4 
-10.0 

-16.6 
-15.1 
-14.6 

-8.9 

-11.2, 

,-Ih.i 
, -13.6 

-12.7 
-12.2 
-11.8 
-11.4 
-11.0 
-10.6 
-10.2 

-12 
-11 
- 10 

-9 
-6 

-15 
-14 
- 14 

- 13 
-11 
-11 
-12 
-10 
-9 

-10' 
-10 

-7  
-8  

- 14 
\ 

-14 
-15 
-13 
-12 
-10 
-9 

2 1 2  
-9  

-16 1 

-15 
-15 
- 14 
- 14 
-13 
-12 
-12 
-12 

' -13 
-11 

I 

-10.4 -11 
-10.1 - 11 

-8.4 - 8  

-10.9 
. -10.5 

' -10.1 

-11.0 ' 

' -10.6 
-10.2 

I %  

-1'2 
-11 
- 11 
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, I  po;08-po210 po208 p0209-p0510 I 2 
Frequency in Poi1o Calculated Observed Calculated Observed 

(K ) (K) (K) (K) (K) 
Band 

I 

15-25 22,980 
16-25 23,075 

4-26 
' 5-26 
6-26 
7-26 
9-26 
11-26 
13-26 
15-26 
19-26 

1-27 ? 
5-27 
6-27 
7-27 
8-27 ? 
9-27 
10-27 
12-27 
13-27 ? 
14-27 
16-27 
19-27 7 
20-27 7 

3-28 
4-28 

. 5-28 
6-28 
7-28 
8-28 ~ 

10-28 
12228 
14-28 
15-28 7 
16-28 
19-28 ? 
20-28 

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 

22,119 
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 

22,020 

- 9.8 -11 
- 9.4 -9 

I 
-15.1 
-14.6 
-14.2 
-13.7 
-12.8 
-12.0 
-11.2 
-10.3 
-8.8 

-17.2 
-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 
-11.8 
-11.4 
-11.0 
-10.0 
-9.6 

-15 
-16 
-15 
-14 
'15 
-14 
-13 
-13 
-13 
-12 
-12 
-9 
-10 

-16 
-15 
- 14 
- 14 
-12 
-13 
-12 
-12 
-8 

-10.7 
-10.3 

-11.1 
' -10.8 
-10.5 

- 16 
- 16 
- 15 
-14 
-15 
-14 
-13 

-11 
-12 
-10 
-10 

-9.0 

-7.9 

. .  
- . B  

-10 ~ - - -11 ' 

1 
-11 
-10 
-12 

?- 

-10 

-9 ' 

-11.4 -11 
-11.1 -10 
-10.8 -12 

c .. 

-11.9 -11 -15.8 -16 
-15.3 -16 

-14.4 -15 

6-29 ? 21,545 - 
-11.5 -13 , 

7-29 21,646 
8-29 
9-29 21,848 

r 

-12 -r -15 -11.1 21,747 -14.8 

.. 
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Appendix F - (Continued) 

. Frequency in PoiLo Calculated 
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 7 
16-32 ? 
17-32 
18-32 

(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 

22,299 
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 

22,202 

21,145 
21,346 
21,445 
21,545 
21,646 
21,743 
.21,839 
21,936 
22,030 
22,124 
22,219 
22,312 

-14.0 
-13.6 
-12.8 

-17.8 
-16.8 
216.4 
-15.9 
-15.5 
-15.0 
-14.5 
-14.1 
-13.7 
-13.3 
-12:8 
-12.4 
-12.0 
-11.6 

1 -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 

Observed Calculated. Observed 
(K) 

-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 

(K ) 

-11.6 

-9.3 

-8.1 

-12.1 
-11.8 
-11.4 

-10.7 

, .  

-12.1 
-11.7 
-11.4 

-9.9 

-12 

- 10 

-8 

-12 
'-12 
-11 

-,11 

-12 
-11 : 
-13 

. .  

-9 
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' po~08~po210 pozoe pozos~po;lo 
2 

Frequency in Po:'' Calculated Observed Calculated Observed 
Band (K) (K) (K ) (K) (K) i 

19 - 32 
0-33 ? 
4-33 ? 

8-33 
9-33 
10-33 
11 -33 
13-33 
15-33 ? 
19-33 

t 7-33 

3-34 ? 
9-34 
10-34 
11-34 
12 - 34 
13-34 
14'-34 
16-34 ? 
18-34 ? 

22,403 

'20.372 
20,799 
21,110 
21,212 
21,312 
21,413 
21,511 
21,706 
21,899 
22.270 

20,563 
21,181 
21,281 
21,380 
21,478 
21,575 
21,672 
21,860 
22,046 

20,750 
20,952 
21.050 
21,149 
21,249 
21,346 
21,445 
21,542 
21,730 
21,825 
21,916 

20,919 ' 

21,019 

21,216 
21,312' 
21,410 
21,505 
21,693 

20,279 

21,118 

20,489 

-12.0 -12 

-15 ~ 

-13 
-20.9 -20 
-18.9 -18 

. -17.5 -17 
-17.0 -17 
-16.6 . - 16 
-16.2 -17 
-15.7 -17 
-14.9 -14 
-14.1 - 15 
-12.6 

-15.7 
-14.2 

-12 2 
-13 

-12.5 
-12.2 

719.9 
-17.1 - 18 
-16.7 ~ -17 
-16.3 -17 
-15.8 -16 
-15.4 -16 
-15.0' I -16 
-14.2 -15 
-13.5 -14 

-12.5 
-12.2 
-11.9 

-13 
-lB 
-12 

F 

b 6-35 ? 
8-35 ? 
9-35 
10-35 
11-35 
12-35 ? 

, 13-35 
14-35 
16-35 ? 

I' 17-35 
18-35 ? 

-19.0 
-18.0 
-17.6 
-17.2 
-16.7 
-16.3 
-15.9 
-15.5 - 14.8 
-14.4 
- 14.1 

-17 
-18 
-17 , 

, -17 
-18 
-16 ' 

-12.9 
-12.5 

-11 
-13 ' 

-12.2 -12 

- 15 

-14 . -10.6 -10 

9-36 
10-36 
11 -36 
12-36 
13-36 ? 
14 36 
15-36 
17-36 

4-37 ? 
6-37 ? 

-18.1 
-17.7 
-17.2 
-16.8 
-16.4 
-16.0 
-15.6 
-14.8 

-18 , c; 

-17 -12.6 -13 ' A. 

-16 -12.3 -12 ~ 

-15 1 
5 

-17 
-17 -12.9 -13 

- 

- 
-16 

-20.9 , -20 
-20.0 -19 
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Appendix F -(Continued) 

p0;oe-po210 2 po208 poZOD-po~10 

Frequency in Pg'' Calculated Observed Calculated Observed 
Band (K) (K) (K) (K) (K) 3 '  

4 ,  

4, 

J 

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 
13-38 
15-38 
16 - 38 
18-38 1 

11 -39 
12-39 
13-39 
14-39 
15-39 ? 
16-39 

5-40 ? 
12-40 
13-40 
14-40 
17-40 7 

5-41 ? 
12-41 
13-41 
14-41 
15-41 
16-41 
18-41 
20-41 ? 

13-42 
14-42 
15-42 

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 
20,864 
20,958 
21,145 
21,329 

20,546 
20,643 
20,739 

-18.1 -19 
-17.7 -17 
-17.3 -17 
-16.9 -17 
-16.5 -17 
-16.1 -18 
--15.8 -16 
-15.4 
-15.0 -16 
-14.6 -15 

-22.4 
-20.1 - 20 
-19.6 
-18.2 - 14 
-17.8 - 18 
-17.4 -18 
-16.6 -17 
-16.2 - 16 
-15.4 -18 

-18;7 -16 
-18.3 - 18 
-17.9 -17 
-17.5 -18 
-17.1. -17 
-16.7 -17 

-21.9 
-18.7 -19 
-18.3 -18 
-17.9 - 718 
-16.8 . -18 

-22.3 
-19.2 -19 
-18.8 -18 
-18.4 -19 
-18.0. -18 
-17.6 -18 
-16.8 ' -17 
-16.0 -18 

-19.0 -18 
-18.6 -19 
-18.2 -19 

-13.0 

-12.4 

-11.0 

-13.4 
-13.1 
-12.5 

-;3.4 
.. -13.1 
--12.8 

-13.7 
.. . -13.4 

. -  

. -.13.8 
- 13.5 
-13.2. 

-14.0 
-13.7 r 

-13 

-13 

-12 

-13 
-14 , 

-13 

-13 
' -13 ~ 

-13 

-13 
-13 

- 15 
-13 
-13 

-15 
-15 



BP I , 
Appendix F -(Continued) . 

f I 
po208 p0209-p 210 0, , poz%po;'o - Frequency in Po:'' Calculated Observed Calculated Observed 

, Band (K) (K) (K) (K) (K) 
I 

16-42 , 20,%33 -17.8 
,17-42 I 20,926 -17.4 -17 -13.1 -13 
18-42 21,019 -17.0 -17 
19-42 21,110 -16.7 -17 

t 

I \  

5-43 ? i9,62l - 23.2 
10-43 ? 20,131 -21.0 - 20 -15.8 -14 
14-43 20,518 -19.3 
15-43 20,614 -18.9 -19 -14.2 -14 
16-43 20,708 -18.5 -18 -13.9 -14 
19-43 20,986 - 17.4 
14-44 ? 20,395 -19.7 -19 

, 15-44 ? 20,489 -19.3 -19 
16-44 . - 20,584 , -18.9 - 20 -14.2 -15 
17-44 ' 20,677 -18.5 -19 -13.9 -14 
18-44 20,769 -18.1 ' -19 -13.6 -15 
19-44 20,860 -17.8 -14 
20-44 20,952 -17.5 -17 

15-45 20,366 - 1'9.8 -20 
16-45 20,460 -19.4 ' ,-20 
17-45 20,553 -19.0 - 19 
19-45 ? ' 20,739 -18.2 -19 -13.7 -15 
20-45 ? 20,829 -17.9 -18 -13.4 -14 

12-46 ?I 19,957 -21.4 

17-46 20,430 -19.5 -19 -14.6 -14 

I 

16-46 20,337 -19.9 - 20 
18-46 7 20,524 -19.1 

I 19-46 20,614 -18.7 -19' -14.0 -14 , 

13-47 ? 19,-929 - 21.4 
17-47 20,309 - 19.8 - 21 
19-47 . 20,493 -19.0 -19 

17-48 20,187 -20.3 -19 
18-48 20,279, -19.9 -20 

18-49 20,159 -20.3 - 20 

20-47 20,584 -18.7 - 20 -14.0 - 15 
I 

19-48 ? 20,372 -19.5 - 20 -14.6 -15 

19-49 20,251 -20.0 - 20 -15.0 -15 
20 - 49 20,343 -19.6 - 21 -14.7 -17 

.- . . -  = 

E - 

A' "r 

19-50 20,131 -20.3 -20 -15.2 - 14 
20 - 50 20,223 -20.0 - 20 

I 
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21-51 

' 20-52 
21-52 

21 - 53 
5 22-53 

21-54 
22-54 

\ 23 - 54 
22 - 55 
23-55 

23 - 56 r 24-56 

25 - 58 
25 - 59 
26-60 

26 - 61 
27-61 

,? 

Appendix F-(Continued) 

p o ; 0 8 - p ~ l o  

Frequency in Po:" Calculated Observed Calculated Observed I 

(K) (K) (K) (K) 
(K) 

. I  

- 20 ~15.0 - 15 20,193 -20.0 I 
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 

- 20.7 
-20.4 - 21 -15.3 -16 

- 20.8 
-20.4 

-21.2 
-20.8 
-20.5 - 21 
-21.2 
-20.8 

- 22 -15.3 -1: 

-21.2 
-20.9 

-21.3 
,' 

-21.6 

-21.5 

-21.6 
-21.3 

. . ' ) ' . \  
. .  - . .  
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'A Alpha &articles, energy of, 12-13 . 
measurement of, 212-214, 216-222, 

neutron production by, 314-316, 317 

tolerances for, 336-337 

Absorption of alpha particles, in 290,. 333 

. .  
matter, 331-333 , 

for neutron production, 314-316 range of, 13, 331-333 ' '  ' 

61-69, 70' - Alpha phase- of polonium, crystal 
Absorption' spectra of polonium chloride, 

Accelerators for neutron production, 313 
Accommodation coefficient of bismuth, 

Activated carbon in waste-disposal ' electrical residivity of, 24-26 . 

Activation cross  section, neutron. for  

Activity coefficient of polonium, 192- 

Adsorption, agents for waste disposal, , pre+ration of, 332-333 

structure, .20-21 
density of, 21-22. 

197. , . .  description of, 19 - .  

thermal coefficient of ,electrical process, 301, ,304-305, . .  
resistivity, 26 

Alpha sources, 313,' 331-333 
coverings for, 331-332 

- ,  measurement of, 333 ' 

301,304-305 ' :* t ranspor teon  of; 333 .' ' ' ' 

. ;  
BiZw, 1 4 i  

. .  

199 . 

k a l s ,  .excretion of polonium-by; 104- 
. . .  . .  

',. . . 
by polonium SUSpehSiOdS,'l27-129 
scavenging agents, 129-130 107,109 
by/ titanium dioxide, 131-132 ' . LD,for, 98 . .  ' . 

. .  Anisotropy, polonium chloride crystds, filtration of, 338-339 , 

Aqua Nuchar id wakte-disposal process, 
monitoring of, 342 
samples, 341, *6-34?" 

Arsenii: 'is' reducing agent, i 29.. 
permissible levels of,' 336-@7 ' , Assay 'In polonih process;:alpha, 

. *  Air,  change rates of, 338-339 ' polonium effectson, 97-100'- . 

. ' .  . .  _ .  , 8 .  % . .  
. 41 .' 

. .  
. -  301 

. - 
Airborne polonium, dquipment, for  ' 

' 'measuring, 342-345 .. ' . .  
particle, 121-122, 182-184; 194; Allotropy of polonium, 19-20 '_ .. . .. . 

Alph%.monitor, Sopkometer descript'ion. 216-222 ' 

213-214 ' .. . . k'ta particle, .i 21 -1 22:' :. - . i  

' calorime~iC,~272, 290-291 

gamma, 154-156, 183-184 
of insoluble residues. 122 
of lead d i d d e .  ii8-119 
by multiple-input couhters, 235 

Alpha padicles, 11-13;.1 
. absorption, 332 ! .-. 

&say of, 118-119, 121- 
184, 194, 216-222 

caioam,etric measuremmf of, '290.. 
count iq  of, 216-222, 324-325; 341-350 

bismuth slug,~153-156, 214-215 '.: 

. che$cal, 153 ' 

. . .  . 
. .  

diffusim of, 332-333 
e .  

. .  

303 

. 
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Assay in polonium process, quality, 
184-187 

, quantity, 182-184 
by radioelectric ce11,-222-230 
radiometric, instrumentation for, 

Autoradiographs (see Radioautographs) 
212-217 

B 

Bacteria in waste-disposal process, 

Beryllium, in neutron sources, effi- 

neutron source, 313-314;317-318 
neutron-source containers, 322 
polonide, 93 
powder ,surface area, 322 

I salts in neutron sources, 321 
Beryllium polonide. properties of, 93 
Beta particles, assay of, 121-122, 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, 24i26 
thermal coefficient of electrical 

Biological research with polonium, 97 
Bismuth, assay of, in polonium process. 

304,305 

ciency of, 332 

resistivity, 26 

153-156, 214-215 > 

canning, 151 
cross  section, 147-148 
decanning, 156-163 
dissolution, 163-164 , 
equations for  polonium growth in ir- 

radiated, 141-1+4, 156 
heat of vaporization, 198 
i&adiated, distillation process, 192 

handling and storage, 151-153 
isomer, 140, 147 
particle size, 128 
polonium precipitation, 126,135-136 
polonium ratio, 165-166 
preparation for irryliation, 150-151 
process for concentrating polonium, 

purity. for  neutron irradiation, 149- 
' 150 
recovery of, 187-188 
separation of polonium from, 139 
solutions, denitration of, 164-165 

I 

166-1 73 

Bismuth, in waste-disposal operations, 

B l F ,  disorders due to  polonium,'iiO- 
311 

112 
polonilun distribution in, 108-109 

Bone marrow, polonium effects, 112 
Boron in neutron sources, 313-314, 

Breeding cycle in polonium-injected 

Bridge thermometer-for calorimetry, 

Buffered solutions, 'dialysis of polonium 

318-321, 322 

rats, 112-113 

295 

in. 55 

C 

Calcium chloride in waste-disposal 

Calcium polonide, characteristics of, 93 
Calorimeters, accuracy, range, and 

precision of, 289 $ 

process, 301 

applications, 272, 291-292 
assembly, 291-295 
auxiliary equipment for, 262-265 
bath stirring, 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 
er ror  limitations in, 275, 283-289 
guard rings in, 279 
heater factor in, definition of, 281 
ice  type, 290-291 
measurements with, 289 
Newton's law of cooling in, 274 
Mound Laboratory type,' 273 
operation of, 275-276 

Calorimetric assay, of electrodeposited 
polonium, 183 

of irradiated bismuth, 156 ' 
Calorimetry, assay of polonium by, 290- 

calculation of curie va?ue, 283-286 . 
definition of terms in, 274-275 
differential. method in, t272, 276, 283- 

electrical analogues in, 276-279 
half life in polonium by, 291 
limitations of, 290 , 
in neutron-source measurements, 8 

291 . 

2,89 ', ' 

325-326, 
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Calorimetry, survey of, 272 

Cancer in animals due to poloniqp, 100 
Canning of bismuth slugs, 151 
Cataphoresis of polonium, 60-6il 
Chemical properties of pol:nium, 33 
Circuit diagrams (see Schematic 

Clarifier in waste disposal, 302-304 

' theory of, 274-289 

diagrams) 
- 
- Cl&iflocculators, maintenance of, 310 

in waste-disposal process, 302-304 
Clothing, cleaning of; when contami- 

worn in contaminated areas, 340 
Coagulation, with glue in polonium 

of radioactive waste, 302-304 
tellurium, in polonium processing, 178 

157 

- nated, 345-346 

processing, 123 

Cobalt as impurity in bismuth jacket. 

Coefficients, accommodation, of bismuth, 
197 

198 
activity. in distilling polonium, 197- 

expansion, of polonium, 24 
resistiyjty, 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 I 

Concentration of polonium, bismuth 

from bismuth solutions, 166-173 
in blood, 108 
factors, from irradiated bismuth, 

in humans, 335-336 
from irradiated bismuth, 148-149. 

, in irradiated bismuth, as function of 

process, 166-173 ? 

199-200 ' I  

193-199, 207 
=: 

time, 149 
in laboratory vicinity, 346-347 
maximum permissible, in humans, 100 

in rats, 103 . I  

inurine. 114 I 

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 

. .  

Contamination, radioactive, levels, 
airborne,- 342-345 

area classification, 339-340 

environmental, 346-349 
surface surveys of, 346 

222 

Clothing, 345-346 

of low-geometry alpha counter, 221- 

prevention of spread of, 335 
procedures in event of, 340-341 
removal of, 341 

plating, polonium solution, 252-259 
proportional bath, in calorimeters, 

thyratron heater, in calorimeters, 

Conversion factor, Bizoa to  BiZ1', 139 

Correction factor, in calorimetric 

Controllers, calorimeter, 292 

262-264 

262-264 

curies of polonium per watt, 279-283 

assay, 272 
for neutron-counting standards. 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, 

particle, comparison with calorime- 
325-326 

ters, 290 
limits of usefulness, 290, 

93 f 

Crystal structure, of beryllium polonide, 

of calcium polonide. 93 . I 

of lead polonide, 91 . * 

of nickel polonide, 91 
of platinum polonide. 91 

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 polonium, 20-21 8 .  

- . .  - 

, .  

. .  

- .  

. .  

of zinc polonide. 89. 91 , 
Cyclotron, polonium production by, 140 

D 

Decanning of irradiated bismuth slugs, 
156-163 

by acid, 160-163 ' 

, -  
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J 
Decanning of irradiated bismuth slugs, 

by caustic, 159 
by external heat, 157-159 

Decomposition potentials in acid so- 

Decontamination, agents for, 341 
lutions, 72-78 

ease of, in laboratory design, 339 
of neutron sources, 322 

Denitration, of dissolved bismuth-slug 
' solutions, 164-165 ' 

by evaporation, 164 
by formaldehyde, 136, 165 
by formic acid, 165 
by urea, 165 
of reductionheposition end product, 

Deposition of polonium, from acid so- 
, lutions, 179-182 

agitation method, 166-167 
on arsenic, 129 
bed method, 167 
from bismuth solutions, 166-173, 

169 

178-179 
, column method, 167 

by electrolysis, 138, 179-182 
flotation method, 167 
for lead dioxide assay, 121-122 
for  neutron-source production, 317- 

polarograph for, 249-252 
silver process, 173-175 

Deuterons, for producing neutrons, 313 
for producing polonium, ,140 

Diqysis of polonium, 52-60 
 in^ buffered solutions, 55 
in unbuffered solutions, 56-57 

polonium, 265-269 

molecule, 30-31 

318 

'Discharge tube, equipment for ionizing 

Dissociation potential of polonium 

Distillation of polonium, apparatus for, 

, corrosion of apparatus, 204, 207-210 
equilibrium mixtures of polonium- 

bismuth, 192-199, 
from irradiated bismuth; 192 
from metal foils, 4-5 
rates of, 192-199. 201-204 
vacuum, 192-199 

199-200, 204 

Dosage of polonium, in animals, sin 
and multiple-dose comparisons, 
1 09 

dangerous, in man, 104 

, 

Dos-of polonium,, hematological and 
histopathological effects of, 110-112 

lethal, in animals, 98, 
Dosimeter, pocket, for persome1 - 

monitoring, 342 
radioelectric-cell type, 226-228 4 

E .- - .  - -  
Electrodeposition of polonium, from 

alkaline solutions, 182 
electrodes,for, 187-188 
inorganic acids, 181 
nitric acid, 179-180 
organic acids, 182 
purity of deposit, 179, 184-186 

nium, 13-14 

gamma assay, 156, 238-239 

c. - 

Electromagnetic radiation from polo- 

Electrometer, underwater type, for 

Electroscope, Lauritsen, for radio- 
' metric assay, 212 
Energy levels of polonium I, 355 
Environmental surveys for personnel 

Erythrocytes, polonium effects on, 112 

F 

Film badges for personnei monitoring, 

Fission spectrum from neutron sources, 

Flocculator in waste-disposal process, 

Fluorine, in neutron pr,$uction, 314 
salts of, in neutron sources, 321 

Foil' holder (see Microfoil holder) 
Formaldehyde, as denitrating agent, 136 

in denitrating dissolved bismuth slugs, 

protection, 346-347 

342 

32 1 

302-304 

- 
165 ~ 

Formic acid in denitrating dissolved 
.,2 - 

bismuth slugs, 165 

G - 
ation, assay of, in calo- =z 

rimeters, 289 
in concentrated polonium solutions, 

n 

'r 
detectors, four-input mixer, 235 

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 

in tissue, distribution of polonium, 

Gestation in polonium-injected rats, 113 

Gavage, in animals, 9 8 .  

104-108 

H 

Half life, decay-constant relation. 147 
effects in calorimeters, 290 
factor in assay of polonium, 182 
factors, radium and polonium, in 

of polonium, 8-11, 147 
neutron production, 317 

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 influenc'es, 337 
personnel monitoring, 186-187, 341- 

personnel protection, 335 
procedures in radioactive spills. 

traffic in areas containing radio- 

Hematocrit, effect of polonium on, 112 
Hematological effects of polonium in 

Hemoglobin, polonium concentration in, 

342 

340-341 

activity, 339 

animals, 98, 110-112 

108-1 09 
pdonium effects on, i l l - 1 1 2  

98. 110-112 

187,387 

Histopathological effects in animals, 

Hoods for  personnel protection. 186- 

Hydrazine, for separating tellurium and 

as tellurium process reduchg ,agent, 
polonium, 134. 137 

178 
Hydrolysis, of polonium bromide. 44 
of polonium chloride, 39 
in waste-disposal process, 311 

381 

Impurities, in bismuth for irradiation, 
149-150 

in bismuth jackets for irradiation, 

in irradiated bismuth slugs, assay 

in polonium foils, producing neutrons, 

in polonium-silica residues, 132 
silver, in polonium separation, 135 

Indium foils for neutron counting, 328 
Induction heater. low power, for gen- 

151, 156-157 

effects, 153-154 

186 

eral  use, 259 
for neutron-source preparation, 324 

Insoluble residues, assay methods for, 

recovery of polonium from, 132-133 
Instrumentation, 212 
Intravenous injection, histopathological 

and hematological effects of, 110- 
112 

1 22 

multiple doses, 98 
of polonium into animals, 97 
single doses, 98 

Ionization chamber, for bismuth-slug 
assay, 214-215 

measurements, 215-216 

assay, 213-214 

for depletion of electrolysis solution 

hemispherical type, for alpha-particle 

Isotopes of polonium, artificially pro- 
duced, 7-8 

naturally occurring. 7 

K . \  
5 X rays from polonium, 14-15 
Kidney, polonium effects upon, 100, 

Kiln process for polonium purification, 
106, 107. 110-111 

4-5 ' 

L 

L X rays from polonium, 14-15 
Laundry, facilities for Health Physics 

functions, 339 
monitoring of clothing, 345-346 

b u r i t s e n  electroscope, in assay of ir- 
radiated bismuth, 154 

in beta assay of lead dioxide, 121 
msO, 20 day, for animals. 98, 101 



Lead carbonatg as precipitant in polo- 

Lead chloride conversion to lead ni- 

Lead dioxide, analysis of, 118 

1 
nium process, 123 

trate, 124-126 

dissolution of, 122-124' 
from pitchblende (diagram), 117 

. polonium solutions, filtration of, 
123-124 

as polonium source, 116 
radioactive assayrof, 118-119 

Lead nitrate, by conversion of lead 
chloride, in polonium process, 
124-126 

from lead dioxide, 122-123 1 

polonium removal from solutions of, 

poionium 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, 

Lymphocytes, effects of polonium on, 

126-127 

107, 110-111 

112 

M 

M X rays from polonium. 14-15 
Magnesium in neutron sources, 321 
Manganese in neutron counting, 326 
Manganin-platinum bridge thermome- 

Metabolism of polonium, in animals, 
t e r  in calorimetry, 295 

io1 
in humans, 114 I 

Microbalance, quartz-fiber type (see 
, Quartz-fiber microbalance) 
Microfoil holder for purity assay, 259- 

262 
Moderator, in neutron counting, 230 

in neutron shielding; 3291331 
in neutron thermaFation,'140 

Molecular spectrum of polonium,, 30. 
356-364, 367-381 

N '  

+ Neutron, activation cross section of 
Biz'', 147-148 

bombardment of bismuth for  produc- 

counters; 230, 235, 324-326 . 
. ing poloniuk, 140, 142 

Neutron, counting, 186, 326-328 
cross section by pile-oscillation 

emission, from neutron sources, 324 

emissivity, of polonium tetrabro- 

of polonium tetrachloride, 45 

A ,  1 ,  method, 148 

from plated foils, 181, 186 

mide, 45 

flux for  polonium production, 148-449 
production of, 31'3-316 

, properties and reactions summarized, 
I 313 

protons in produ?tion of, 313 
shielding, 329-330 
yield as a function of alpha energy, 

314-315 

313 
Neutron sources, and alpha sources, 

comparison of types, 326-328 
containers for, 322 ' 
efficiency of, 322' 
equipment for preparation of, 324-326 
fission spectrum from, 321 
internal pressures in, 322 
preparation of, 317-322 
quantity of polonium in, 331 
radiation from,I328-329 
from radium and polonium, 317 
sealing of containers for, 322-324 
temperature of, 328 
transportation of, 330-331 
uses of, 331 

sources, 322 
Nickel carbonyl for sealing neutron 

Nickel polonide, properties of, 91 
Nuclear properties of polonium; 7 

0 

Oestrus cycle in polonium injected 

Optical spec tym of polonium, 27-29, 
rats, 112-113 

351-354 , 

P 

Personnel, Hea,lth Physics monitoring, 

protection from radiation, 186-187, 

Physical properties of polonium, 18-19 
Platinum polonide, properties-of, 9f . 
Pocket dosimeter (see Dosimeter) 

341-342 

335, 336, 337, 339-340, 345-346 

i 
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% Polarography,’electrodeposition of 1 

s 

c. 

polonium by, 249-252 
of polonium in acid solutions; 78-88 

Polonium, adsorption*on suspended 
matter, 128-129 . 

132 :. 
adsorption on titanium dioxide, 131- 

airborne, measurement of, 342-345 
alpha phase of, 19-20 
appeaiance of, 18 
assay by calorimetry, 290-291 
behavi6r of, 19 
beryllium neutron sources, 317-318 
beta phase of, 19-20 
bismuth mixtures, volatility of, 193- 

bismuth process, 166-176 
bismuth ratio;improvement in, 165- 

boiling point of, 24 . 
boron neutron sources, 318-321 , 
bromide, preparation and properties 

calories per curie of, 328 
chemical separation of, from ir- 

radiated bismuth, 139 
chlorides, preparation and reactions 

colloidal effects of, 59 
complex ions of, 60-6) 
decay, heat released b\y, 279 
decomposition &entia1 of, 72-79 
density of, 21, 33 
diffusion in metals, 27 
dioxide, preparation and properties ‘ 

discovery of, 1-2 
distillation from bismuth, 192 
electrochemical properties of,-70-90 
equations for growth of, in irradiated 

fluoride, preparation pnd properties 

growth, after irradiafion ceases, 

in neutron irradiated bismuth, 

1 

199 

166 

of, 42-45 

Of, 35-42 , 

of, 32-35 

bismuth, 141’-144, 156 

of, 45-46 

144-146 

141-144 ’ I 

saturation in, 143 
’ maximum rate in, 144 

inRaD, 121-122 
heat of vaporization, 24 
iodide, preparation of, 45 
ionic, pH ranges, 59 
ionization of, 265-269 

389 

1 

. 

Polonium, ionization potential of, 27 
from lead residues, 116 
melting point of. 22-23, 33 
metal compounds, 89-93 
mock-fission neutron sources, 321 
for neutron production, 317 
neutron sources, miscellaneous ’ 

oxides, preparation and properties 

permissible personnel exposure to, 

plating controller, 252-259 
polonides, 89-93 

beryllium, 93 
calcium, 93 
lead, 91 
nickel, 91 
platinum, 91 
silver, 91-93 
sodium, 93 

types, 321 

of, 33-35 

335-336 

zinc, 89-91 
precipitation, by ammonium hydrox- 

by bismuth-1ead.nitrate. 124, 126- 

with bismuth, practicability of, 127 

by hydrogen sulfide, 46, 134 
with tellurium, 135, 175-178 

ide, 172-173 

I27 

’ with hydrazine, 137 

predicted properties of, 33 
process, neutron counters for, 230 . 
process monitoring in preparation of, 

produced by deuterons, 140 
production, 141 
production control factors, 146 
production, neutron flux effects, 148- 

purity of plated foils, 179, 184 , I 

quality assay of, 184-186 . 

range of alpha particles from, 331-332 
rate of growth in irradiated,bismuth, 

recovery from hydrochloric acid, 

redox potential of, 88-91, 166 
reduction, 128-129, 134 
reduction and deposition, 166, 173- 

removal, from contaminated matter, 

345 

149 

. quantity assay of, 182-184 ( 1  . 1 

144 

133-134 

i 

I 

i 75 

341 
from waste solutions, 297 
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Polonium, resistivity 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, 

thickness of layer in neutron sources, 

toxicity, in animals, 101-104, 110-112 

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 irradiated bismuth, 141- 

Protons in neutron production, 313-314 
Purification of polonium, bismuth 

24 

322 

in vital organs of rats. 104-108 

144 

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, 1 82 
Quartz-fiber drawing apparatus, 248- 

Quartz-fiber microbalance, construction 

fiber drawing apparatus for, 248-250 
purity determination by, 185-186 

’ weighing polonium with, 239-250 

250 

of, 242-249 

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- 

from neutron sources, 328-329 
from polonium, 11-14, 15 
permissible exposure to, 335-336 

14 

Radiation, personnel protection from, 

tolerances, from neutron sources, 

types measured by radioelectric 

Radioactive waste (see Waste, radio- 

Radioelectric cell, applications of, 

335 

329 

cells, 222-223 

active) 

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 

31 7 

preparation, 317 

Radium in neutron-source preparation, 

Radium bromide in neutron-source 

Reduction and deposition, agitation 
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:i29 
recovery of polonium by, 1301131 
using stannous chloride, 135 

Reproductive system disorders in polo- 
nium injected rats, 112-113 

Resistance-bridge calorimeter, 273 
assembly of, 293-295 , - 
theory of, 279 ’ 

Resistivity, electrical, of polonium, 

thermal coefficient of, 26 
24-26 

Retention of polonium, in humans, 114 

River surveys for  environmental con- 
in ra t  tissue, 104-109 

tamination checks, 347 

S 

Sand filters, maintenance of, 310 
in radioactive waste disposal, 305- 
307 

Scavenging of polonium, agents in 
waste disposa, 301-302 

c 
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Scavenging of polonium, by arsenic 

by bismuth compounds. 127-129 
by miscellaneous materials, 129-131 

Schematic diagrams, of alpha monitor, 

compounds, 129 

213 
bridge thermometer, 267 
calorimeter bath control, 264 
coupling unit, polonium ionization 

four-input gamma mixer, 232 
ionization chambers, bismuth slug 

apparatus, 269 

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, 

' 

132-1 33 

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 

gamma radiation from neutron 
sources, 328-329 

Spectrum, fission, from neutron 
sources, 321 

of polonium, 351-365 
molecular, 30-31 
optical, 27-29 

Spectrometer, crystal, for measuring 

Spontaneous deposition of polonium, 1, 

Stannous chloride, process, for polo- 

in reduction of tellurium and polo- 

3, 71, 121-122, 129, 176, 179 

nium preparation, 172 

nium, 135. 137 

T 

Tellurium, process, for polonium con- 

separation of, from polonium, 178 
centration, 134-138. 175-178 . 

Titanium dioxide, as  polonium process- 
recovery.of polonium from, 132-134 . ing agent, 13?-132 

procedures for, 135-138 

radiation, 149-150, 154 

agent, 129 

Silver, as impurity in bismuth for  ir- 

as polonium-lead nitrate reducing 

process, polonium concentration, 
173-175 

reduction-deposition of polonium,. 

separation of polonium, 175 
,separation of polonium from, 135 
separation of polonium and, in 

Silver polonide, properties of, 91 
Sodium, compounds, in neutron sources, 

173-175 

tellurium process, 178 

321 
polonide, properties of, 93 
sulfide in waste-disposal process, 

301 

Toxicity of polonium, acute, in animals, 
101-1 04 

chronic. in rats, 103-104 
histopathological and hematological 

effects of, 110-112 
in rats and mice, 101 
in vital organs of rats, 104 

of polonium, 140-141 

. 

Transmutation, of bismuth, 140 . 

Tumors, incidence of, in rats. 103-104 .' 

- .  U 

Unbuffered solutions, dialysis o f  polo- 

Uranium-polonium equilibrium ratio, 

Urea for denitration of dissolved bis- 

nium in; 56-57 

2-3 

muth slugs, 165 

, 
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Urine, allowable levels of radioactivity 

, personnel monitoring by sampling of, 
in, 336 

341-342 

V 

Valence of polonium, 76-78 
Vapor pressure, of bismuth, 193-199 

of polonium, 23. 193-199 
Volatility, of polonium, 33 ' 

removal from electrodes, 4-5 
separation of polonium and bis- 

muth, 193-199 
of polonium fluoride, 45 
relative, of polonium-bismuth mix- 

tures, 193-199 
temperature effects, 194, 204 

Waste, ,radioactive, chemical composi- 
tion of, 298-300 

coaghlation and sedimentation of, 

collection of, 300-301 
concentration of, 299-300 
cost of operation in dispbsal of, 311- 

disposal of, 297 
effect of bacteria on, 304 
effluent of process, 298, 307 
final treatment of, 304-305 
gas formation in, 304, 308 
isotopes ,in, 299-300 

302-304 

312 

\ 

- , .  . .  .._ .. . .  

j 
1 

Waste. radioactive, laboratory, treatment 
of, 297-298,,300-301 
lines, types of, 300-301 
liquid, process for disposal of, 300- 
307 I 

particle size in, 300 -I 

plant maintenance, for disposal of, 
310-311 

preliminary treatment of, 301-302 1 
reagents for disposal of, 301 
reduction in volume of, 307-310 
sedimentation of, 302-304 
sludge, 302-304 - - 
solid, process  for disposal of, 307- 

unit, flulctions of, 297-298 
310 

Wetting agents in polonium processing, 
h 126, 131 

X 

X radiation from polonium, 14-15 
X-ray diffraction, coefficient of thermal 

expansion measurements, 24 
crystal structure of polonium by, 
20-21 . , 

phase transition temperature by. 19- 
20 ' / .  

X-ray procedures for determination of 
polonium density, 21-22 ' 

I 

z \  
Zinc, as impurity in bismuth jacket, 157 

polonide, properties of, 89-91 
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