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RADIOCHEMICAL SEPARATION OF CADMIUM AND THE
APPLICATION OF VACUUM DISTILLATION OF
METALS TO RADIQCHEMICAIL SEPARATIONS
James Rollo DeVoe

ABSTRACT

The purpose of this research was to evaluate and develop radio-
chemical separation procedures of the elements. Radioactive tracer
techniques were used to measure the degree of separation of the desired
element from a large number of elements, which have been selected on
the basis of their being representative of the groupings in the periodic
table.

An evaluation of the radiochemical separations of cadmium was
made by studying the separation by solvent extraction with dithizone in
basic media, by ion exchange in hydrochloric acid solutidh, and by two
precipitation methods, one with a complex inorganic precipitant, (Reinecke
salt) and the other witﬂ an organic precipitant [2-(o-hydroxyphenyl)
benzoxazole]. The separatién by dithizone and ion exchange resulted in
a yield of cadmium of 78% with decontamination factors of lO3 for twenty
elements. Although the organic precipitant appeared to be selective for
cadmium, & poor separation was obtained as a result of occlusion of the
contaminants on the gelatinous, flocculent precipitate. In contrast to
this, the precipitate of cadmium Reineckate was very crystalline, and a
separation of cadmium with a yield of 78% and decontamination factors of
107 for fifteen elements was obtained.

In order to determine the feasibility of radiochemical separa-
tions by vacuum distillation of the elemental state, an exploratory

evaluation of the method was made. A simple vacuum distillation apparatus
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was designed which consisted of a carbon rod furnace heated by induction.
The apparatus produced an equilibrium pressure of 6 x lO“'LL mm, of Hg
after five minutes of evacuation. The radiocactive distillate was col=-
lected on Teflon film which was wrapped around a liguid nitrogen cold
finger.

The bimetallic systems Cd-Zn, and Cd-Ag were studied in order
to measure the degree of separation of cadmium that could be obtained
by distillation from various atom ratios of cadmium to zinc or silver.
The separation that was observed with these metal systems was compared
with the theoretical degree of separation when it was assumed that an
ideal solution existed, and the discrepancy between theory and experi-
ment was discussed.

Separation procedures which were evaluated include the separa-
tion of trace amounts of mercury by chemical reduction onto a copper
foil with subsequent distillation of the mercury, and by electrolysis
of cadmium (1 mg.) onto copper foil (or into a mercury cathode with
volatilization of the macro mercury) followed by distillation of the
cadmium. For the separations of cadmium the radiochemical reduction
step resulted in limited separation; however, the distillation step im-
proved the overall separation so that it was possible to obtain a degree
of separation which was comparable to that which was obtained in the
separations by extraction and ion exchange. The radiochemical reduction
of mercury was selective in itself, and the distillation of the mercury

resulted in an overall separation of mercury with a yield of at least

72% and decontamination factors of lOu for twenty elements.
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A very useful application of the vacuum distillation technique
was found in the separation of a volatile carrier free daughter from a
macro amount of a less volatile parent metal, such as the separation of
indium 11%m from neutron irradiated tin. From this type of system,
vacuum distillation can provide a method for preparing very thin high

specific activity counting sources.
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CHAPTER T

INTRODUCTION

In this age of world-wide interest in the radioactive atom,
whether 1t be in the study of the radioaétive fallout from atomic bombs
or of the fission products of a nuclear reactor, considerable interest
has evolved about the separation of this total resultant activity into
its constituent parts. These separations are primarily for the purpose
of aiding in the study of the radiation from a pure radioactive nuclide,
and in the yield distribution of the products of a nuclear reaction.
Ideally each individual nuclide with a given mass and atomic number would
be separated from every other nuclide. Nuclides of a given atomic num-
ber (isotopes) can be physically separated by a mass spectrograph ér can
be electronically discriminated by observing radiation characteristic of
and exclusive to each nuclide (e.g., beta particle or gamma ray spectome-
try). Chemistry can, of course, also be used to separate isotopes in the
case of the low atomic number atoms due to the chénge in reaction rates
with a change in mass number (isotope effect).

Radiochemical separation, which is the separation of the nu-
clides of different elements by virtue of their different chemical prop-
erties is to be considered in this thesis.

There are many possible applications of radiochemical separa-
tions. Through fission of uranium or plutonium many radiocactive fragment
nuclides are formed. The separation and characterization of these fission
products constitutes a very large segment of nuclear research at the pres-
ent time. In addition, there are a large number of other nuclear reac-

tions which produce products that must be separated from the reactants
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in order to be studied. When analyzing for a trace constituent by acti-
vation analysis, other elements which also activate must frequently be
removed to facilitate quantitative measurement of the activities asso-
ciated with the amounts of each element.

The separation of a given radiocactive element in a highly pure
state enables one to use the element in various tracer experiments. As
a side application, the high degree of purity obtainable through a com-
bination of radiochemical procedures should be of interest to the tran-
sistor industry and others, where high purities are required.

This research continues a program of investigation of the radio-
chemical separations of the elements which was initiated in this labora-
tory. Since the radiochemical separations of cadmium are of general
interest in fission product analysis, a detailed evaluation of the radio-
chemical separations of cadmium was made.

While studying the radiochemistry of tin, interest was directed
toward the general method of separation by distillation. An investigation
of the literature revealed that little attention has been paid to the
application of distillation to radiochemical separations. In particular,
the vacuum distillation of metals seemed to be very promising. Therefore,
an exploratory investigation was conducted on the application of vacuum
distillation of metals to the radiochemical separation. It is intended
that this work will indicate new potentialities for the use of vacuum

distillation as a radiochemical separation of the metallic elements.



CHAPTER II

RADIOCHEMICAL SEPARATIONS

A. Definition of a Radiochemical Separation

A radiochemical separation is the separation of radioactive
atoms by virtue of their different chemical characteristics. Because
of the high sensitivity of the counting instruments used to detect
radioactivity, very small amounts of foreign activity can interfere in
the measurement of the desired activity. Therefore, high purity which
is greater than that which one routinely encounters in a quantitative
analytical procedure is required. Many of the radioactive atoms (nu-
clides) which one encounters are short lived (minutes or hours) and
the separation procedure must be rapid enough to assure a sufficient
yield of the desired activity. In order to gain high purity of the de-
sired activity in the shortest length of time, usually some of this
activity is lost during the separation, and consequently less than
quantitative separations are obtained. This creates no difficulty as
long as the yield and its reproducibility are known.

Usually a radiochemical separation procedure is derived from
either known facts about the analytical and physical chemistry of the
element in question, or from a standard analytical procedure which has
been used in the quantitative analysis of the inactive element. The
radiochemical procedures are then built up from this information to con-
form to the requirements of the radiochemical separation. This requires
a considerable amount of experimentation in the laboratory to find a set

of conditions which will result in an optimum radiochemical separation.
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B. Types of Radiochemical Separation

Two classes of separation are encountered which differ in the
form of the desired activity after separation. The activity may be in
the carrier free state (C.F.) which means that the specific activity disine-
tegrations per unit time per wunit weight of the total element pres-
ent) is at a maximum. The usual units for specific activity are millicuries
per milligram (BJT.X 107 disintegrations per second per milligram). Counters
which are ordinarily used (Geiger-Muller, proportional, or scintillation
well counter) do not count all of the disintegrations, but only a known
percentage of them (called counting efficiency). Often one uses the
unit of a quasi-specific activity which is counts per minute per milli-
gram. This nomenclature for specific activity has the disadvantage of
not being general from‘bne counter to the other.

The highest specific activity which can be obtained by a given
nuclide is the carrier free state in which all of the atoms of the parti-
cular element in question are radioactive. It is desirable to maintain
the highest possible specific activity in a radiochemical separation,
since it is difficult to increase it after it has once been lowered by
dilution with inactive atoms.

The activity may also be present in a large amount (mg) of the
same inactive element (lower specific activity than C.F.). This may be
the result of deliberately adding a given amount of inactive element
(called carrier) to effect a separation.

To separate the desired activity in either class (carrier or
carrier free) one has to transfer the desired radioactive atoms away

from the undesired ones. When carrier is added the problem is simple.



The element can be precipitated as an insoluble compound or reduced to
the elemental state and filtered to carry out the separation.

This cannot be done in the case of carrier free activity.
Some sort of "carrying medium" must be supplied to effect the transfer
of the activity. Many well known systems are used to do this, e.g.,
extraction into a water immiscible organic liquid, ion exchange onto a
solid exchanger, electrolysis, or a type of surface effect such as sur-
face adsorption, coprecipitation, or post precipitation of the activity
on a macro amount of precipitate (often called scavengers in radiochem-
istry). It is, of course, also possible to use the methods of separa-
tion which are outlined for the carrier free state with the carrier
state.

A carrier free separation which does not use a carrying medium
in effecting the separation is the vacuum distillation of metals which
will be presented in Chapter IV.

C. Evaluvation of a Radiochemical
Separation of an Element

Several of the more promising radiochemical separations or
quantitative inactive analytical procedures reported in the literature
were taken into the laboratory for experimental evaluation. The evalua~-
tion of the radiochemical separation was done in the following way:

The yield of the desired activity and the degree to which it
can be separated from those radioactive elements which would be expected
to contaminate (e.g., those which have similar chemical behavior) were
studied. This is done by the use of radioactive (tracer) atoms of each

element concerned. Only one element present in the mixture to be separated
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was made radioactive (tagged) in any given experiment. After conditions
have been adjusted to give an optimum separation, the radiochemical
separation was further evaluated to determine the degree of separation
of the desired constituent from a large number of other elements.

Selection of the basic contaminating elements was made to gain
a good representation of the elemental groups in the periodic table.
Particular emphasis was placed on other additional elements which would
be expected to contaminate by virtue of their chemical similarity.

Table I gives a complete 1list of all of the tracer solutions which have
been used in these evaluations of radiochemical separations. The list

of basic contaminating elements which are used in these evaluations are
denoted with an asterisk. The specific activity of the nuclide which

is shown in parenthesis (middle column) is that value for the radioisotope
as obtained from Oak Ridge National Laboratory before the nuclide has de-
cayed appreciably.

Table II has been prepared in order to indicate the procedure
used to form thése isotopes which were produced in the University of
Michigan Phoenix Reactor. The metal targets which are listed in Table
IT have been obtained from the following sources:

Gold Hardy and Harman, New York, N.Y., Spectroscopic Analyzed

99.99% pure
Cadmium -~ Johnson, Matthey & Co., Limited 73/85, Hatton Gorden, London,

E.C.I.

Copper Baker & Adamson, Reagent (1621), Allied Chemical and Dye Corp.,

New York, N.Y.

Indium Indium Corporation of American, Utica, N.Y., 99.9% pure



1%

3%

5%

T*

8%

10

11%
12%
13

Lh*

15

16

17

18

19%

20

21%
22%
a3

2l

Isotope

AgllOm

Au19a

Ballm

Lelk0

31210

Lk
luy
Cdllsm

gntid
Inll3n

pal62
TlEOh

2

720
M

Source

ORNL AgNOi in HNO3

Au metal irrad. in
Michigan reactor

ORNL BaCl, in HCL
Atomic Energg of
Canada, Ltd.

ORNL Ce(NO3)3 in
0y 303

ORNL CdCl, in HC1
ORNL CoClp in HCL
ORNL CsCl in HCL
ORNL CrCl; in HC1

Cu(N05)2 irrad, in
Michigen reactor

ORNL Hg(N03)p in HNO3
ORNL NaI in Na.HSO3
ORNL InClz in HCL
ORNL IxCl¢™” in HOL
Ni metel irred, in
Michigan reactor

Pd metal irrad,
Michigen reactor

ORNL RuCl; in HC1

ORNL HpSeO3 in HCL

ORNL 8bCl3 in HC1
ORNL SnCl, in HC1

ORNL KglagOyg in KOH
ORNL T1N03 in HNOs
ORNL ZnCL, in HCL

ORNL Complex in
oxelic acid

(a) No additionel carrier used.

TABLE I

CHEMICAL CHARACTERISTICS OF TRACER SOLUTIONS

Final Solution and

(specific activity me/gm)

3 M 05 (300)

0.5 M HC1, 1.5 M }mob(s)

1M HCL (C.F.)
0.1 4 O3 (C.F.)
3 M HNO3 (C.F.)

1M HCL (%00)
1M HCL (k00)
0.1 M HCL (C.F.)
0.2 M HCL (32,700)

Cu(N05)2 in Hx0 (1)

3.0 ¥ 105 (66)
Hz0 (C.F.)

0.5 M HCL (%0)

0.2 M HC1 (98,000)

0.1 M HNO5 (0.2)
0,05 M HCL (0.2)
2,0 M HCL (5000)

1.0 M HCL (250)

3.0 M HCL (2900)

3.0 MEL (7)

2,0 M koH (900)
1.0 ¥ m05 (160)

1.0 M HCL  (1000)

0.5 M oxalic acid (C.F.)

For Carrier
Tracer Exchange

thorough mixing

a

thorough mixing

thorough mixing

thorough mixing
thorough mixing
thorough mixing
thorough mixing

a

thorough mixing
thorough mixing
thorough mixing

Ir oxidized with Cl,
reduced with NHZOH « HC1

a

thorough mixing

thorough mixing

oxidize 862 o Sb*7 with Br,;
reduce to Sb*> again with hydrazine

oxidize in excess NaClo

HF with heat
reduce with NaHS03°
thorough mixing

thorough mixing

(b) 3120 45 o decay product of P20 which was cbtained as one millicurie per pound of Pb(NO;)E.

The Bialo wes separated by extraction of a water solution of PbalO(Noj)e at pH- 2,5 into 0.5 M

thenoyltriflouroacetone (TTA) in benzene, and then was back extracted into 0.1 M HNO

30

(c) Excess of reducing egent must be present in order to assure thet T remains in the +1 state.

Used as
Ag (I)
Au(III)
Ba(II)
Le(III)
Bi(III)
e
ca(I1)
Co(II)
Cs(1)
Cr(III)

Cu(II)

Hg(IT)
1(-1)

In(1I1)

Ir(1I1)
Ni(11)

P4A(III)

Ru(III)

se(IV)

Sb(III)

sn(Iv)

Ta(V)
T1(I)
Zn(II)

Zr(IV)
Mo (V)



-8-

°Lep aad
uoTqeaado sanoy ), gnoge Jo potaad ® ostadwoo yoTym shep Surqeassado oge PoqsTIT sdep oyf, (o)
.mozm P23BIJUSOUOD JO' qQUNOWR TTBUS B OqUT
Te3swW pageqTdrosad SATOSSTQ °JI99TLF PUB USBM «SSﬁQQﬁwm.OHHHmpwﬁ 9qeqTdroaad o3 Js9BM
O3UT UOTANTOS Usaxl ayy anog °Nogly psgesqusouoo 30U UT Te3SW WNTUSTSS 3Yg SATOSST( (a)

Amwvwxqﬂmz Pue UuBWMISPUNG 995 ‘uorzeoTITINd JOT Pesn sanpsooxd uoTqgeIRdsS TBOTWSYDIOTPEI v nmv

oIFH UT 9ATOSSTD T°0 syquow ¢ Teqaw cTT%S
pmo%m UT 2ATOSSID ¢ sfep Oz Tejow s
~ ®BIZax enbe
90U UT SATOSSTIP Z sfep H TeqowW mmﬂabmﬁpm
eT3oa enbe
90U UT 9ATOSSTP 2°0 sInoy g Teqouw corPd
ConH 7f ¢ ur SATOSSTP 2°0 sanoy G°T TRIoW coT
oXdH UT SATOSSTD ¢ skep 09 TB9auW EJHHQH
S ONTI W T UT SATOSSTp T sanoy g TRaoW o0
SoNH W T uT oATOSSTD ¢ o sfep 03T Teqou e ®0
eTIox Bnbe
90U UT SATOSSID @ sanoy ¢°z TBqou wmaﬁ<
UOTINTOS JI90BI]T, ‘w3 /°ouw Umm\NSo\ﬁﬂmg =0T 198J8], JO UWLIO] adoqosT
wIog OfF A9TAT90Y oTIToadg 18 DOYBTPBIIT STy,

JOLOVEY XTINHOHd NVOIHOIW J0 XIISHIATNA FHIL NT TEONAoYd SHAOLOST

1T FIdvT



-0~

Nickel International Nickel Co., Inc., Bayonne, N.d., 99.997% pure
Palladium and Platinum American Platinum Works, Newark, N.d., 99.9% pure
Selenium Johnson, Matthey & Co. Limited, Spectrographic Standard

Tin Baker and Adamson, Reagent (2390), Allied Chemical and Dye

Corp., New York, N.Y.

All of the isotopes which have been used in the tracer experiments have
been checked for radiochemical purity on a gamma scintillation spectrome-
ter (see Chapter IV, Section C).

All of the radioisotopes which are listed in Table I and IT
were counted in a scintillation well counter with the exception of leoho
The absolute counting efficiency (defined as a factor which is multiplied
by the disintegrations, per minute to give the counts per minute in the
counter) varies with the energy of the incident gamma ray for a given
geometrical position relative to the scintillator. However, in these
tracer experiments the same radioisotope is counted before and after the
separation. Since the ratio of the activity before separation to the
activity after separation is measured, the counting efficiency cancels.
(See definition of decontamination factor, Chapter V). Therefore, the
counting efficiency of a scintillation well counter is only important
when it is so small that the sensitivity of the tracer experiment is
lowered. The counting efficiency of a scintillation counter for a pure

beta particle emitter (such as TlEOh)

is very low and it is good practice
to count it with a Geiger-Muller counter.
The advantages of a scintillation well counter over a G-M or

proportional counter are found in the practical consideration involved

in the experimental procedure. The sample is placed in the bottom of a
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glass test tube. Care is taken not to contact the sides of the counting
tube with the activity. This tube is then inserted into a lusteroid
protective tube which is inserted into the well in the scintillator.

This well type of scintillator which is used for this work(76’77) is
commercially available. This system affords an easily reproduced geometry
(< 0.5%) with respect to the scintillator. The same reproducibility can
be obtained with the Gelger-Muller or proportional counter if special
equipment is used and if the sample is in solution. It is usually quite
difficult to obtain reproducible mounting of solid samples.

Some of the radioisotopes which are used have a radioactive
daughter. Use of these radioisotopes requires in some cases a special
procedure to gain decontamination information from them. In the case of
Celhu (tl/2 = 280d) which decays to Prllm (tl/E = l?m) much information
can be gained by counting the tracer in equilibrium before separation,
and then following the decay after separation. If the activity decays
with the half life of PrlmL then the contamination is due to Prluu. It
it stays constant (2 hrs.) both CellLLL and Prlhu contaminate. If the
decay curve indicates that both are present, it is usually possible to
estimate the contamination due to each.

Unlike the above case, in Balho - Lalho the chemical charac-
teristics of barium and lanthanum are significantly different, and

140

usually separation of the Balho from the La is necessary before the

tracer experiment is done. The same applies to the system 7x9 Nb95
because MbJ° has a half life of 90 hours, and thereby, the decay study

106 _ pyl06

becomes too time consuming. In the case of Ru it is not

possible to determine the contamination of the Rth6 because it has too
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short a half life. (50 seconds) The decontamination data are then re-

, 106 113 _ 1 113m

ported as due only to Rulo6 with that of R unknown. The Sn

is allowed to reach equilibrium after separation (MOO min.) before it is

113

counted so that only the activity resulting from Sn contamination is

measured.



CHAPTER III

RADIOCHEMICAL SEPARATIONS OF CADMIUM

A. Review of Literature on the Radiochemistry
and the Radiochemical Separations of Cadmium

Separations of cadmium are gaining increased use as a result
of interest in the fast fission reaction. While cadmium is of rather
low yield in the thermal fission process, the yield increases signifi-
cantly in the fast fission reaction.

There are several good reviews in the literature on the in-

(28,46,71,30)

organic and analytical chemistry of cadmium. In addition

there are two general reviews of radiochemical separation methods which

list the applications of these methods to cadmium.(59’21>
In attempting to modify quantitative analytical procedures so

as to be useful in radiochemical separations it is helpful to consider

the general chemistry which may be applied to the radiochemistry of

cadmium. A thorough search of the literature has been made in order to

determine the previous radiochemical separations, and the inactive quanti-

tative separations which have been used for cadmium. This review is com-

(13)

piled by this author in a National Research Council Bulletin.

B. Selection and Discussion of Radiochemical
Methods to be Studied

A 1ist of the nuclides of cadmium is given in Table III. A
maximum time of separation for any given separation step was placed at
thirty minutes since this time is sufficiently less than the half life

of most of the cadmium nuclides which are of interest.

=12~
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TABLE III

ISOTOPES OF CADMIUM

Isotope Half Life Type of Decayl Method of Preparation2
calO¥ 50m EC
cal0? 55m ¢, gty pa0%(q,n)cal05  (33)
0108 6 x 10%% - 1.20%
107
cd 6.7n EC 99%
st 0.3% 0a290(n, 7)cat07
108
ca™? - - 0.88%
cat99 470d e 0at08(n, 5)0a109
110
Cd - - 12.4%
111
ca 48.6m 1T,y daughter of In t1(0.01%)
. Cdl O(n’ 7) Cdlllm
ogtt? ) - 24, 07%
ogttn 5.1y IT,87,7 catt(n, 7)catt®
fission product
11
oatt? - - 12,26%
catlh - - 28.86%
catt 43a B”,7 daughter of Agtl5(9%)
calIH (v, y)callom
fission product
catt? 551 B,y dayghter of A§115(91%)
catl*(n,y >
fission product
1
catll > 10y - 7.58%
gt 3 T, daughter of AgtlT
fission product
catt’ 50m B,y dau%gter of A§117
catL6(n, y)catlt
Cdll8 50m B~ fission product
call9 10m B --

L For detailed decay and reference to the data in this table see reference Tk,
2 Only a few of the common sources are listed here, This column also lists
percent abundance of the stable isotopes.
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Cadmium is not easily separated radiochemically pure, and most

(5,4l ,86)

procedures involve time consuming sulfide precipitations. Because
of this, standard analytical methods were studied with a view towards
modifying them for use as a radiochemical separation step.

From the information taken from the literature which is given
above, four analytical quantitative separation procedures were modified
so as to be useful in a radiochemical separation method and were then
evaluated. These are two precipitation methods, an ion exchange and an
extraction method of separation.

Many organic reagents have been used in the gravimetric deter-
mination of cadmium. Most of these suffer from & lack of specificity and
selectivity. A reagent which is rather selective is 2-(9—hydroxyphenyl)

49,84)

benzoxazole.( A study was made of this reagent to determine its
effectiveness in a radiochemical separation. Another selective precipi-
tant for cadmium is Reinecke salt (ammonium Reineckate), NHu[Cr(NH5)2(CNS)4].
This reagent has been known for many years but only recently has it been

61)

used( with thiourea as a precipitant for cadmium. In view of its
ability to separate cadmium from zinc this precipitant was also evaluated.
Very few radiochemical separations of cadmium have used solvent
extraction techniques. In the literature there are, however, a large num-
ber of quantitative analytical methods which separate cadmium by solvent
extraction with subsequent determination by colorimetric means for trace
quantities or gravimetric analysis for semi-micro quantities. Saltzmann
reports(63) that dithizone (diphenylthiocarbazone) extraction gives suffi-

(64,65)

cient purity of cadmium for spectroscopic use while Sandell has
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discussed in detail the use of dithizone in the analysis of rocks. The
application of this extractant to high specific activity tracer solutions
was studied in detail.

Kraus and Nelson(56) have indicated that cadmium can be sepa-
rated from many elements by anion exchange. This procedure was also

evaluated using high specific activity tracers.

C. Apparatus, Reagents, and Procedures

Apparatus. The apparatus used in these series of experiments

is identical vith that described previously by Sundermsn and Meinke(T0s7T)

with the addition of a glow transfer scaler, Model 162 A, made by the

Atomic Instrument Company, Cambridge, Mass. Use of this instrument with

the scintillation well counter made it possible to count up to one million

counts per minute with less than 0.5% "coincidence" error.
Reagents.

Ammonium Reineckate, NHM[Cr(NHB)E(SCN)h].HQO, Eastman Kodak reagent
No. 3806, Solution, 4 gms/100 ml. water.

Anion exchange resin AG2-X8, 200-400 mesh, Bio-Rad Laboratories, Berkeley,
Calif. Stored in 6 M hydrochloric acid until used.

Chloroform, commercial grade unpurified.

Dithizone (diphenylthiocarbazone), Eastman Kodak reagent No. 3092. Stock
solution, 750.0 mg./lOO ml. chloroform; working solution; dilute with
chloroform to 0.75 mg./ml.

Hydrion pH paper (12-13.5).

2-(g-hydroxyphenyl)benzoxazole, ClBHgogN, (HPBZ), Fastman Kodak reagent
No. 6754. 0.1 gm. in 135 ml. of 95% commercial grade ethyl alcohol.

Thiourea, CSNoH), Merck USP. Solution 5 gms./lOO ml. water.
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All other nonradiocactive chemicals were of analyzed reagent
grade. The preparation of most of the carrier solutions has been de-
scribed previously [Table 1, Reference (76)]. All additional carriers
used here (cadmium, zinc, mercury, thallium, indium) were made by dis-
solving their nitrate salts in water to give 10 mg. of the element per

+2 +2 1

ml. of solution as Cd" <, Zn"°, Hg+2

P Tt , and In+5 respectively.
The tracers which were used in these experiments are listed in
Table I (Chapter II)

Procedures.

Dithizone Extraction Procedure. Add 1 ml. sodium tartrate solution (20%)

to the extraction vessel. Add tracer of cadmium (for yield measurements),
or add tracer of the contaminating element (without carrier) to measure
decontamination, and dilute with distilled water. Adjust the pH to
13-13.5 with dilute sodium hydroxide using Hydrion pH paper. Total vol-
ume should be 10 ml. Add 10 ml. of dithizone solution and stir for two
minutes. Draw off the chloroform layer into exactly 10 ml. of 0.1 M
hydrochloric acid. Stir for two minutes, count aliquot of acid layer in
well counter. Total time of separation is 10 minutes.

Anion Exchange Procedure. Equilibrate anion exchange column with 3 M

hydrochloric acid. Pass tracers of the cadmium for yield measurements

or tracers of the contaminating ion (without carrier) for decontamination
measurements in 10 ml. of 3 M hydrochloric acid through the column. Wash
with 10 ml. of 3 M hydrochloric acid. Elute with 0.1 M ammonium hydroxide.
Discard the first one half ml. and collect the next 3 ml. of elute. Total

time of separation is 15 minutes.
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Reinecke Salt Precipitation. Add 10 mg. of carrier and tracer of the

contaminating ion to a 15 ml. centrifuge cone and take the necessary
steps to secure exchange. Add 10 mg. of cadmium carrier (as well as
cadmium tracer when determining yield) and 2 ml. of thiourea solution
(see discussion). Add 5 ml. of 2 M hydrochloric acid and dilute to

10 ml. Stir and add 2.5 ml. of Reinecke salt solution (see discussion).
Stir for five minutes, centrifuge for five minutes, and remove super-
nate by a suction tube.(77) Wash the precipitate by adding 10 ml. of
1% thiourea solution in 1 N hydrochloric acid and stir for five minutes.
Centrifuge and remove the supernate as before. Slurry the precipitate
into a tube for counting in the well counter. Total time of separation
is 30 minutes.

2-(o-hydroxyphenyl)benzoxazole (HPBZ) Precipitation. Add 10 mg. of

carrier and tracer of the contaminating ion to a 40 ml. centrifuge cone
and take the necessary steps to secure exchange. Add 10 mg. cadmium
carrier (plus tracer when determining cadmium yield). Add 3 gms. of
solid ammonium tartrate, heat to 60°C. Dilute with 20 ml. of distilled
water, and adjust pH to 13 + 0.5 with Hydrion paper, using sodium hydroxe
ide. Heat again to 60°C and recheck pH. Slowly add 5.5 ml. of HPBZ,

and stir for five minutes at 60°C. Centrifuge for five minutes and re-
move the supernate by suction. Dissolve the precipitate in hydrochloric
acid, aliquot into a counting tube and count in well counter. Total time

of separation is 28 minutes.

D. Discussion and Results

Yields of cadmium for the four procedures and decontamination

factors (see definition in Chapter V) for a large number of tracer
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impurities are listed in Table IV. No carriers were added for the
solvent extraction and anion exchange procedures, whereas 10 mg. amounts
of cadmium and contaminants were present for the precipitation steps.
In the ion exchange procedure where carrier was not added the decontami-
nation factor obtained will vary with the amount of contaminant present
(see Chapter V). Therefore, the weight of the elements used in the de-
contamination tests have been recorded in Table IV.

The 43 day calldm yas used in these experiments. Although
this isotope decays by only 2% gamma emission, the bremsstrahlung from
the high energy beta particles constituting the remainder of the decay
is sufficient for this isotope to be measured with sufficient sensitivity
in the scintillation well counter.
Extraction. Dithizone is known to react with a great many of the heavy
metals, but cadmium is almost unique in being able to form a stable
dithizonate in strongly basic solution. Charlot and Bezier(7) have in-
cluded a graph of percent extraction vs. pH for most of the heavy metals
which form dithizonates. The separation procedure outlined above has
evolved from this information and experiments in the laboratory.

Of the twenty-three elements listed in Table IV only silver,
copper, thallium and zinc contaminate the separation. Presence of i M
ammonium hydroxide in the original solution satisfactorily complexes the
silver preventing contamination, but contamination by the other three
elements is not affected. When the basicity is increased to 0.5 M sodium
hydroxide, the copper decontamination factor is increased to about 102,
The increased basic strength often reduces the strength of the dithizonate

bond. This is probably caused by increased solubility of the dithizone
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cay1EID (%)

AgllOm

Au198

5alk0

Bi210

CelthrluL

Co60

CrSl

Cslﬁk

cubt

Hg205
Il}l

Inllu
192
1ko

65

Ir
Le

Ni

Pdlo9

Ru106
gt
se?

Snll5

TalBZ

leou

Zn65

7097

(v)
(e)

(No fﬁi:ﬁﬁiﬁdea)b
77 £ 1.7 (Tue)
50 (0.2mg)

250 (0.5mg)

103 (c.F.)
10t (c.F.)

5 x 107 (5.6ug)

3 x 107 (3.7u8)

10° (0.7ue)

1.2 x 107 (0.3ug)
7.6 (kng)

107 (26ug)

1.7 x 107 (C.F.)
200 (0.1lng)

107 (0.003u8)
102 (C.F.)

1.1 x 107 (17ng)
107 (2u8)
10° (15mg)

3 x 107 (2ug)

5 x 102 (0.6yg)

10%(5.508)

300- (0.2mg)

170 (5us)

1.1 (0.12mg)
1.6 (36ug)

107 (2u8)
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TABLE IV
DECONTAMINATION FACTORS FOR CADMIUM SEPARATIONS®

Ion Exchange
(No carrier added)P (Carrier added)

Reinecke Salt

80 * 1.6 (7ue) 78+ 1.5
1.1 (0.2mg) 1

3 x 107 (C.F.) 1.7 x 107
10* (3ue) 3 x 107
1.k x 10%(3.7,8) 2 x 10°

5 x 107(0.3ug) 5 x 102
1.h x 101*(0.5;1@) 120

2.8 (26ug) 2,2

10° (C.F.) 140

300 (16pg) 103

6.7 x 107 (0.003ug) 1.2 x 107
3 x 107 (C.F.) 1.7 x 103
3 x 109 (2u8) 2.5

3.4 x 100 (1ug) 360

22 (0.6ug) 33
ml‘(l.Eu&) 1.08

300 (0.2mg) 120

2 x 10% (5u) 1.7 x 107
1.h x 10* (0.k4mg) 1

1.3 (90ue) 170

3 x 10° (2ug) 2.5 x 107

Weight of inactive element prior to separation indicated in perentheses.

10 mg. Cd, 10 mg. contaminant cerrier added.

Precipitation

Average of duplicate runs except for cadmium which is an average of quadruplicate runs.,
Errors are standard deviations,

2-(o-hydroxyphenyl)
benzoxazole

80 + 1.8

25

1.3
25

9.1'

10

1.1

1.3

9.1
17
20
10
25

12.5
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in the basic aqueous layer, thereby displacing the equilibrium toward
dissociation of the dithizonate. Unfortunately the yield of cadmium
is also reduced to about 50% by this step.

The contamination of thallium can be convenlently removed by
utilizing a displacement reaction.(65> An equal volume of a solution
made up with 0.1 gm. of cobalt nitrate, 5.0 gm. sodium acid tartrate,
and 4.0 gms. sodium acid carbonate in one liter of water is agltated
with a chloroform solution of the cadmium and thallous dithizonate. The
cobalt displaces the thallium to form the dithizonate, but the cobalt
will not displace cadmium. This procedure, therefore, results in a re-
moval of the contamination by inactive cobalt. Subsequent removal of
the cadmium in O.1 M HC1l results in removal of cadmium but very little
inactive cobalt. The decontamination factor obtained from thallium by
this method is 120 with a yield of Cd of 65%. Unfortunately, this dis-
placement did not occur with zinc.

In many cases the radiochemist is interested only in pure ac-
tivity. The presence of even large amounts of inactive foreign ions is
unimportant. Therefore, this method of selective displacement of a per-
sistently contaminating ion should be of use in many radiochemical separa-
tions by solvent extraction.

Ton Exchange. Since cadmium forms very slightly dissociated chloride com-
plexes the anion exchange separation was of interest. Kraus and Nelson(56)
have reviewed this method, while Hicks and coworkers(29) specifically
tried Dowex II resin with a wide variety of elements in a hydrochloric

acld media. The cadmium chloride complex will be held very strongly while
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many metals which do not form complexes can be washed through the column
with dilute hydrochloric acid.

Experimental decontaminations from eighteen tracers are listed
in Table IV. As would be expected all of those cations which form even
moderately undissociated complexes with chloride ion remain on the column
at high chloride ion concentration. The high acid concentration was used
to prevent hydrolysis of cations which would then adsorb on the column
and elute over a wide volume of eluant, causing contamination. Special
care must be taken in the case of thallium to insure that it is all pres-
ent in the +1 state. This is accomplished by heating the solution with
0.1 M sodium bisulfite.

Ton exchange can be used to separate zinc, mercury and silver
from cadmium by replacing the ammonium hydroxide eluant with distilled
water. In this case the water acts as a true chromatographic eluant.

The impurities elute in the first 6 free volumes, while the cadmium does
not elute until 9 free volumes have been collected. In this modified
procedure the yield of cadmium was found to be about 55%, with a decon=-
tamination factor of 100, 200, and 330 for zinc, mercury and silver re-
spectively.

Reinecke Salt Precipitation. The structure of the Reineckate anion is

shown below:(78)

S=C=N | N=C=

S=C=N N=C=S
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Most commonly the cadmium ion is complexed with thiourea (increasing the
size of the cation) before precipitating the Reineckate. Cadmium as well
as mercury and copper have been successfully precipitated without the
thiourea, but a distinct advantage is derived by the complexation. A

(k2)

suitable colorimetric method has been used by Mahr for these three
elements using Reinecke salt. The manner in which the cadmium dithiourea
complex cation is chemically bound to the Reineckate anion is believed

to be closely related to the ionic type of bond.(6l)

The effects of variation of the concentration of the thiourea,
pH, amount of Reinecke salt added, and number of washes of the precipitate
for the separation of cadmium from zinc is shown in Table V. The addi-
tion of too much thioures (6.9%) evidently results in the formation of a
compleX'with zinc and it contaminates the separation by forming a precipi-
tate with the Reineckate anion. The decontamination data for 19 elements
are listed in Table IV. Silver and thallium undoubtedly precipitate as
the chloride. The use of nitric acid for these elements does not, however,
improve the separation because they, along with mercury, also form insolu-
ble Reineckates. Selenium is found to be reduced by the thiourea to the
metallic state. Removal of thiourea will lower the contamination of se-
lenium, but at the same time the overall decontamination factor may de-
crease because of the loss of crystallinity in the precipitate.

With thiourea the cadmium precipitate is rose in color and is
very granular and crystalline, a fact which substantiates the postulated
ionic structure. Ammonium Reineckate when dissolved in distilled water,
slowly decomposes on standing to give the greenish blue chromium ammonium

complex. Thus a solution of the ammonium Reineckate (5 ml. of L gm/lOO ml.)
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TABLE V

YIEID DATA FOR PRECIPITATION SEPARATIONS OF CADMIUM

(Ammonium Reineckate = R); (2-(o-hydroxyphenyl)benzoxazole = HFBZ)

Precipitating
Solution

1.75 ml, of 4% solution of R;

1% thiourea

4% solution of R at pH 3;
1% thiourea

2.5 ml, of 4% solution of R; pH 3;

2.5 ml, of 4% solution of R; ph3;

1% thiourea

5.5 ml. of 1% HPBZ;

10% (NH,,)5C 0y

5.5 ml. of 1% HPBZ;

pH 13

1% HPBZ; pH 13; 15%

(NH),) 50,

5.5 ml. of 1% HPBZ;

PH 135 15% (NH)),C0)

Condition
Varied

pH 4 (HCL)
pH 3 (HC1)
pH 2 (HCL)
pHO (HC1)
1.75 ml. R
2,5 ml. R
6.9% thiourea
2.7% thiourea
1.0% thiourea

0.8% thiourea

0 wash (1% thiourea)
1 wash (1% thiourea)
2 wash (1% thiourea)
PH 9
pH 10
pH 12
pH 13
5 gms. (NHy)CyH,0),/100 ml.
10 gus. (NHh)EChHuOh/lOO ml.
15 gus. (NH,),C)K,0),/100 ml.
5.5 ml, HPBZ
4,0 ml, HPBZ
2,5 ml, HPBZ
0 wash (ammoniacal ethyl alcohol)
1 wash (ammoniacal ethyl alcohol)

5 wash (ammoniacal ethyl alcchol)

Decontamination Factor
of Zinc

10°

110
125
170
110
125
L8
55
71
59

67
500
2,5 x 103
1.2
1.7
12.5
12.5
5.3
9.1
12,5
12.5
25
50
12.5
25
25

Cd Yield
Est. (%)

50
50
50
50
50
8
70
70
70
70

70

8 8

8

8 8 8 &§ & 8 8
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was unable to precipitate 10 mg. of cadmium in 5 ml. of water 72 hours
after preparation. The precipitation was quantitative, however, if the
reagent was used during the first 24k hours after preparation and if a
lO% excess of reagent was used.

HPBZ Precipitation, Cadmium presumsbly forms a complex similar to the

structure below: 0

0
Cadmium lO.mg/ml will not be'prec1p1tated.by HPBZ at a pH less than two
nor in a concentration of base of greater than 1.0 M NaOH. In order to
use this precipitant the easily hydrolyzable metale were complexed with
ammonium tartrate. The separation of cadmium from zinc was used to
measure the systematic variation of the pH, amount of "HPBZ", concentra-
tion of ammonium tartrate, temperature of the precipitation, and time of
stirring on the efficiency of separation (Table V). The large increase
in the decontamination factor above a pH of 10 is probably due to the
increasing amount of tartrate anion formed with increasing pH.

As seen from Table IV the decontamination factor is small for
all elements. With the exception of cobalt and ruthenium the small de-
contamination factor is probably due to occlusion and surface adsorption.
This is indicated by the fact that washing the precipitate with ammonical
50% ethyl alcohol increased the decontamination factor for zinc from 12.5

to 25, but continued washing of the same precipitate did not further
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increase this value. Heating the precipitate at 60°C for five minutes
reduces the gelatinous nature of the precipitate, and facilitates
centrifugation.

Combination of these separation steps can provide a procedure
to suit many types of samples. Table VI shows the overall decontamina-
tion which could be obtained if the extraction, ion exchange and Reinecke
salt precipitation separations were conducted in that order. The least
separation is that from silver. Extraction is the only one of the three
procedures which gains any separation from silver, so that a single repe-
tion of this separation step could give a decontamination factor of lOM.
The same applied to the Reinecke salt separation from zinc.

14)

This work has been published in a more concise form.<
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TABLE VI

TYPICAL RADIOCHEMICAL DETERMINATION OF CADMIUM

cd, Ag, Ba, Ce, Co, Cr, Cs, Hg, I, In, Ir, Ru, Sb, Se, Sn, Ta, T1, Zn, Zr

Add 1 ml. tartrate solution Decontamination factors:
Adjust pH to 13 with NaOH. Total 1-10 Zn, T1
volume 10 ml. 10-10° Ag
Add equal volume dithizone in CHCls; 102-103 Cr, Hg, In, Ir, Sn, Ta, Zr, Ba, Sb
stir for 2 minutes L
Re-extract with equal volume 0.1M 103-10* Ce, Co, Cs, I, Ru, Se

HC1l; stir for 2 minutes

Dithizone extraction of cadmium Yield 77%
Add conecd. HC1l until solution 3M HC1l 1-10 Zn
10-10° Ag
Pour through Dowex II column; wash 103-10 Hg, Sb
with 10 ml. 3M HC1 10%-10% In, Sn, T1
Elute with 0.1M NH)OH; discard first 106-107 Cr, I, Ir, Ru, Ta, Zr, Ba
0.5 ml. Collect next 3 ml. 107-108 e, Cs, Co, Ce
Anion exchange separation of cadmium Yield 62%
Add 10 mg. of carriers of Cd and con- ) 102 Ag
taminating ions 10°-103 Zn
Add 0.1 g. of thiourea in solution. 103-%Ou Hg
Also add HCL and dilute to make 10 10%-10° T1, Sb
ml. of 1M HC1 106-107 Sn
Add Reinecke salt solution. Stir for 107-10 Se, In
5 minutes 10°-109 Ru, I
Centrifuge for 5 minutes; remove 1010_1011 Ta, Zr, Ir, Cs, Cr, Co, Ce, Ba

supernate
Wash ppt. with 10 ml. 1% thiourea in
1M HC1l. Stir for 5 minutes
Centrifuge and remove supernate

Reineckate precipitation of cadmium Yield 48%

Mount precipitate for counting with Geiger tube or dissolve in hot 3M HC1l and count
in scintillation well counter



CHAPTER IV

APPLICATION OF VACUUM DISTILLATION
OF METALS TO RADIOCHEMICAL SEPARATTIONS

A. Introduction and Review of the Literature

The principle of separation of inactive substances by distilla-
tion is a very useful one. In spite of the fact that industrial non-
radiochemical methods have been employed successfully in countless examples
for many years (e.g., fractionation of organic compounds ), very limited
work has been done on the radiochemical separation by distillation. The
vacuum distillation of metals was found to be desirable for this explora-
tory experimentation for reasons which will be discussed below.

A limited amount of interesting work has been done in the radio-
chemical separations by vacuum distillation. Sherwin(69> has reported
that it is possible to separate Sr9o from its daughter y90 (as the carrier
free chloride) by vacuum distillation using a unique apparatus which has
a counter within the distillation apparatus. Decontamination factors for
Y90 of th were Tound. There are a large number of examples of separation
of the non-metallic elements and the chloride compounds of the elements
by distillation. The separation of polonium has been done by vacuum dis-
tillation.(l9) Other carrier free separations involved the distillation
of cadmium isotopes from a bombarded Ag target.<l)52) In this case the
cadmium is evaporated and collected on a suitable surface. For compounds
a good compilation of these methods with an extensive bibliography is
given in Wehl and Bonmer, Table 6-D.(83)

Kidson and Elsdon<35) have devised a procedure in which an

irradiated platinum target is purified from gold isotopes by volatilizing

-27-
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the lower boiling gold. Radioactive lithium(h) can be volatized from a
number of other elements (Al, Ba, Cu, Mg, and Si). Weinstein, SE.E&'(85)
discuss the selective evaporation of K, Tl1, Ni, Ba, Zn, Cd, and Bi.

There are other investigations which use radioisotopes as a
means of tracing the effect of a distillation phenomenon. Frauenfelder(QB)
has used isotopes to determine surface processes occurring on the vapor
condensing surface. In this paper one of the first suggestions was made
pertaining to the application of vacuum distillation of metals for the
radiochemical separation of the shortlived nuclides.

The investigation of the degree of concentration of volatile
impurities from a non-volatile matrix of solid material has been done with
the use of radioactive impurities.(6’20). By heating the base material
to 0.55 to 0.60 of its melting temperature (°C), almost quantitative vola=-
tilization of the more volatile impurities have been observed. In some
cases it has been found convenient to transform the matrix to the oxide
to decrease its volatility.

Radioactive tracers have also been used to measure the vapor
pressure of metals and other substances of low volatility which require
a sensitive technique.(u8)

In addition, Merines<47) has found that vacuum distillation is
very suitable for the preparation of homogeneous even layers of radio-
active substances which can be used as standard counting samples.

There are a large number of references dealing with the de-
velopment of commercially feasible vacuum distillation processes.

Kroll(57’58’39) has presented a very complete review of the application

of vacuum distillation to the separation of metal alloys on a commercial
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scale. Other good references reviewing vacuum distillation of metals are
References (67) and (81). One of the most common industrial procedures
which uses vacuum distillation is the evaporation of alloys containing
zinc.(lo’55)5’79) In addition, some work has been done on the separation
of Pb and sn. (52,67)

Preuss(55) has measured, by the use of radiocactive tracers, the
degree of separation that can be obtained from the commercially adaptable
vacuum distillation of some alloys.

Another recent application of the vacuum distillation involves
the distillation of trace amounts of metals from large amounts of the base
metal.(ul’Su’BO) This is analagous to the method of concentration of
trace impurities for subsequent spectrographic analysis.<25’5u’87) From
this work pertaining to industrial processes and the limited amount of
work which has been done using radioactive metals, an exploratory evalua-
tion of the application of vacuum distillation of metals to radiochemical
separations has been made.

B. General Discussion of the
Vacuum Distillation of Metals

The vapor pressure of a metal follows the Clausius-Clapeyron

expression:
log p = H ¢
2.3 RT
where
AH = heat of vaporization,
R = ideal gas constant,
T = temperature, °K,
C = constant.
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A 1list of the temperatures for various partial pressures of the elements
is given in Table 3.8 of Reference (57). Some of these data appear in
Figure 1 in which the logarithm of the vapor pressure (P) is plotted
against the reciprocal of the absolute temperature (°K). If AH is not
a function of the temperature but remains constant, the plot should give
a straight line. Within the sensitivity of the plot a straight line was
obtained. The temperature range is above 200 °K where the heat capacity
for most of the metals does not change appreciably with further increase
in temperature. It can be seen from Figure 1 that the best separations
for a given metal takes place at the low temperatures. This is one rea-
son why it is advisable to conduct the distillation in a vacuum. The
vacuum enables a significant amount of the metal to evaporate at a lower
temperature in a shorter period of time. There are a number of factors
which tend to lower the degree of separation. These will be discussed
later.

There are many factors which must be considered when designing
a sultable vacuum evaporation system. One has to consider the species
of metal vapor. It is possible to work with ions, atoms, and clusters of
atoms. If ions are produced the vapor stream can be very conveniently
controlled almost in any desired direction by a magnetic field. Also, an
oppositely charged surface acts as a very efficient collector. The prob-
lem of forming these ions is a rather difficult one. Many attempts have
been made to do this by intersecting, in perpendicular paths, an atomic
beam with a high speed electron beam. In most cases, however, only a few

percent of the atomic beam becomes ionized.
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Using the uncharged atom results in a difficult but at least
feasible method of handling the distillate. The problem of the trajectory
of the atoms after vaporization is an important one. Ramsey in his book
on molecular beams(Sa) has a good discussion of this problem. There exists
a certain amount of angular distribution of the atoms from the evaporated
sample., The intensity of the atoms varies directly with the cosine of
the angle (©) between the perpendicular and the plane of the orifice which
have slit jaws of negligible thickness. Therefore, one must design the
equipment to collect at least 80-90% of this total beam integrated over
the angle 6. An important assumption in this angular dependency is that
the slit width be very much less than the mean free path of the atoms.
This removes the possibility of secondary collisions, and therefore pre-
sents added necessity for operating the evaporation in a vacuum.

There are many methods of heating the metal charge to the de-
sired temperature. The most direct method is to wrap a tungsten wire into
the form of a helix which makes a basket onto which berylium oxide or
alundum is baked.(Sl) The basket, which accommodates the charge, is then
heated by electrical resistance. This procedure has also been used suc-
cessfully with a tantalum boat.(62) Another useful type of material is
carbon.(l7’6o) It has a low vapor pressure at the experimental tempera-
tures. (< 1100 °C)

Another useful method of heating is to use an induction coil
external to the evacuated apparatus. The induced current in the furnace
heats by electrical resistance. A large number of designs for induction

heaters are presented in the literature.(26’45’7o)
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Another important consideration in obtaining a relatively con-
stant vacuum in a short time is the degree of outgassing which the furnace
undergoes at the operating temperature. It is desirable to have the
furhace made of a material which will not outgas when the charge is being
evaporated.

Once the atoms in the solid have been converted to the vapor
state another series of problems involving the collection of the vapor
become important. There are a number of collection methods that can be
used. If the atomic or molecular vapor is allowed to impinge upon a
tungsten wire heated to at least 2500 °C, the atom or molecule becomes a
positive ion. It can then be collected on a negative plate.

This method is restricted to only a few elements such as the
alkali metals and a few others such as indium and gallium.(58) A similar
application as mentioned above utilizes a high speed electron beam with
a cathode collector. This gives the same increased application of the
method to elements such as silver and gold.

A much more simple system uses the principle of condensation
of the neutral atoms on a cooled uncharged surface. As early as 1924,
it was recognized that there exists a critical temperature above which
no visible deposit forms, and a critical intensity of the atom beam be-

(15,22,24) 00 irort(9) found that the eriti-

low which there is no deposit.
cal temperature while dependent upon the type of atom or molecule condens=-
'ing, was independent of the kind of condensing surface. He attributed
this to the adsorption of a gas on the surface. Considerable understand-
ing of this process was brought about by Appleyard(2>, Levinstein<ho>,

and Stahl<72> who studied the properties of thin films of condensed metals.
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The atoms in most of these films show a tendency to migrate and agglom-
erate when of the order of a few atoms in thickness. Out of this work
was developed an explanation of the critical temperature and intensity.
An atom impinging on a surface transfers some of its kinetic energy to
the surface, but it retains a sufficient amount to allow 1t to migrate
over the surface. If it has sufficient energy it may desorb from the
surface in a very short time. If there is, however, another atom
approaching the surface, it could in effect strike it back onto the sur-
face. This means then that the greater the flux the more likely the
atoms will adhere to the surface.(50> This implies that theje may be a
critical intensity above which deposition of the metal is allowed.

By reducing the temperature of the surface the energy transfer
on the collision of an atom 1s greater and the probability of desorption
is less. This indicates the presence of a critical temperature.

Frauenfelder(23> and Devienne(Ll’12>

have used radiocactive tracers to
study this surface process and have shown that the terminology "critical",
referred to the formation of a visible condensate. They have redefined
the terminology because by counting the radiocactivity in the condensate
they had been able to detect less than visible amounts of condensate on
a surface. They refer to what is now known as the accomodation coeffi-
cient which 1s the fractlon of energy given off by an atom, and the co-
efficient of adherance which is the probability that an atom remains on
the surface for a length of time greater than a specified amount.

The above indicates, therefore, that even carrier free amounts
of activity can be collected. It is still necessary howevep, to have a

sufficiently low temperature and high flux to cause a significant percent-

age of the vapor to condense (e.g., a yield of 50—70%), and in this sense
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the meaning of critical temperature and intensity is still useful. It
has been found that by degassing the condensing surface, it is possible
to gain condensation at a higher temperature than when a gas is adsorbed
on the surface.<25) This substantiates Cockroft’s findings.

It is also seen that the amount of metal charge in the furnace
as well as other factors which will be discussed below, affect the effi-
ciency of condensation.

C. Apparatus, Operating Procedures,
and Calibrations

Apparatus. An all glass apparatus was chosen because of the
ease of fabrication, the absence of surface defects in the glass, and
the fact that the condensation of the vapor could be observed visually.
A diagram of the apparatus is given in Figure 2. It consists of a cylin-
drical container which has a top which seals by a dessicator type of
ground glass fitting. This allows an easily accessible opening to the
furnace. The furnace consists of a carbon cylindrical rod 6 mm. in diame-
ter and 5 cm. in lengbh. A 4 mm. diameter hole is drilled concentric
with the long axis of the rod to a depth of 3 cm. The charge which is
to be distilled is placed at the bottom of this hole in the carbon rod.
This carbon rod furnace is held in the cylindrical bottom section (120 mm.
length) by a Vycor holder (Figure 3), which sits on a ledge made by a
pyrex glass tube of 45 mm. diameter as shown in Figure 3. The carbon rod
is then heated by placing induction coils externally around the outside
of the evacuated chamber opposite to the length of the carbon rod furnace.
The vapor is collected on a cold finger which extends down from

the top of the apparatus as shown in Figures 2 and 3. The top is fitted
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with two openings to accommodate an ionization type vacuum gage, and a
stopcock for vacuum release. Connected into this vacuum chamber through
a cold trap is a Welch Duo-Seal vacuum pump. The complete arrangement
of the apparatus can be seen in Figures 4 and 5.

In order to obtain sufficient collection of microgram and
carrier free quantities of vapor, it was necessary to insert a deflector
between the carbon rod and the surface of the cold finger. This deflector
which is made of Vycor sits directly on the top of the carbon rod. The
deflector is wrapped with a piece of (0.001") tantalum foil which becomes
heated by induction, and the foil then heats the deflector. This prevents
adsorption of metal vapor on the surface of the deflector. The top of
the deflector is then aligned with the cold finger at the time of sealing
the vacuum. This is done by allowing the cold finger to contact the top
of the deflector (Figure 3).

In order to remove conveniently the condensed metal vapor a
thin (0.001") teflon film is wrapped around the cold finger and is held
in place by a ring of copper wire. The teflon can be easily handled if
the static charge is removed by wiping the film with Anstac M. The vapor
condenses on this film which can then be easily removed.

The holder for the carbon furnace is made so that when placed
in the distillation apparatus the carbon rod and its deflector line up
with the cold finger (Figure 3).

The following is a list of specialized equipment used in the
distillation experiments:

1. Induction heater, 300 watts designed and built by Ronald
W. Shideler, University of Michigan. For schematic see Figure 6. For

layout see Figure 7, and for parts list see Table VII.
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TARLE VII

PARTS LIST FOR 300 WATT INDUCTION HEATER

Part Quant . Specifications

R1 1 25 ohm, 2 watt carbon resistor with 6
turns of # 16 wire wound around the resistor

R2 1 2K 10 watts wire wound

c1,2 2 0.004 mfd. 6 KV capacitor Sprague #MX-60

¢3 6 0.0l mfd. 2500 V working mica cap.

C5 2 0.02 mfd. 2500 V test mica CD #9-21020

Ch 1 3 pfd 2500 V oil filled cond.

Sl 1 D.P.S.T. toggle switch 12 a., 125 v. Arrow
H&H

It1,2 2 Dial lamp assembly for 6 watt 110v bulb
Drake 10c jewels #408 pilot Lite Bracket

Pgl 1 A.C. plug and cord

T1 1 Filament transformer 6.3v, 6a Thordarson T19F98

T2 1 Filament transformer 2.5v, C. T., 5a Thordarson
T21F00

T3 1 Variable transformer 115v, 5a General Radio
200c

Th 1 Plate transformer, 3000v C. T. 300 ma. U.T.C.
No. Sh7

T5 1 R.F. Transformer, primary has 85 turns of

No. 20 enam. wire on 2" coil form, secondary
has 30 turns of polyethylene insulated wire.

Heating Coil See Drawing

V1,2 2 866 mercury vapor half wave rectifier
V3,4 2 811 H.F. Transmitting triode

Fl 1 10a fuse 3AG size, Buss

Time -delay relay Cramer
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2. Welch Duo-Seal Vacuum Pump, Model 1405H, W. M. Welch
Scientific Company, Chicago, Illinois.

3. Ionization Vacuum Gauge, Type DPA-38, Ionization gauge tube
VG-1A, Consolidated Electrodynamics Corp., Rochester, New York.

L, Teflon, "Flouro-Film" cast, 2 inch width, 0.00025" thick,
Dielectrix Corp., Farmingdale, Long Island, New York.

5. Anstac "M", Chemical Development Corp., Danvers, Mass.

6. Carbon Spectroscopic Graphite Electrode, United Carbon
Products Company, Inc., Bay City, Michigan.

7. Optical Pyrometer, Serial No. 1183667, Cat. No. 8622,

Leeds Northrup Co., Philadelphia, Pa.

8. Dual Memory 100 Channel Analyzer (used with gamma ray
scintillation detector).- Complete description of the analyzer is given
by W. W. Meinke.(AS)

The rest of the equipment consists of readily available commer-
cial apparatus. A detailed specification of this apparatus including all
of the counting equipment which was used is listed in References (75),
(76), (77), and in Chapter III.

Operating Procedures and Calibrations. The carbon rod which

holds the charge to be distilled is placed in the holder. The deflector
is placed on the carbon furnace and this whole assembly is then placed
in the distillation chamber on the ledge created by the glass cylinder.
The cold finger in the top is covered with a Teflon film. After coating
the ground glass surface with a thin film of Apiezon (class M), the top
1s inserted in place so that the contact with the furnace assembly is

made as indicated in Figure 3. The vacuum pump is turned on while liquid
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nitrogen is placed in the cold trap and in the cold finger in the top of
the apparatus. The system is tested for leaks around the ground glass
seal with a Tesla coil. Five minutes are allowed for the pressure to
come to equilibrium (see pressure change with time below). Then the in-
duction heater is turned on and the distillation is carried out. Operat-
ing instructions for the induction heater are as follows:

1. Check power level control for OFF position.

2. Turn master switch ON.

3. If unit is to be used for extended periods of time
(5 minutes), the field coil must be water cooled.

L, Place material in the field region.

5. Wait one minute (for time delay switch, red indicator
lamp ON) after turning unit on. Power may now be applied by turning up
power level control. Power should be advanced slowly to prevent over-
heating the material.

After the distillation is completed the Teflon film is removed.
The area upon which the metal has condensed is cut out and placed in a
counting tube for counting in the well scintillation counter.

A temperature calibration curve for the induction heater is
shown in Figure 8. The temperature can be adjusted with an error of
+ 20 °C (three standard deviations). FExperiment has shown that equilib-
rium temperature is reached after 2 minutes. A new calibration curve
was made every month. A check on the calibration at the higher tempera-
tures was made with the use of an optical pyrometer. The calibration at
lower temperatures was done by checking the melting points of pure metals.
The values obtained in this way were within the error mentioned above.

The temperature limit of this apparatus is about 1100 °C.
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The pressure of the system was measured with an lon gauge.
The change of pressure in the system with time after turning on the
vacuum pump is shown in Figure 9. At the times indicated in Figure 9,
the temperature of the carbon rod was increased from room temperature
to 720 °C. The carbon rod which had been previously outgassed at 1000 °C,
caused little increase in pressure when heated to T20 °C even though it
had been exposed to the atmospheric pressure for 15 minutes; The carbon
rod which had not been outgassed caused a 100 fold increase in pressure
when heated to 720 °C. Therefore, an added requirement is that the car-
bon rod. furnace be outgassed for five minutes at 1000 °C before the dis-
tillation is to be carried out. When this is done the time rate of pres-
sure change becomes small after five minutes and the equilibrium pressure

it L

is found to be between 5 x 107" and 7 x 107" mm. Hg.

D. Experimental
Since this work was largely an exploratory investigation of
the use of vacuum distillation of metals, a number of different types of
experiments were made. In this way a complete survey of the application
of this method to the radiochemical separation can be attained.
The method of developing the radiochemical separation procedure

was identical with that done in Chapter III. The conditions of the separa-

tion were adjusted to give the best separation with the particular type of

system which was used.

1. Two Metal Component Systems

In order to find out how different atom ratios of a two metal
system behave, cadmium-zinc and cadmium-silver systems were investigated.

The cadmium was distilled and condensed leaving most of the zinc or
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silver behind in the carbon furnace. It is convenient to work with small
amounts of tracer (less than 1 mg.) so it was decided that a convenient
way of obtaining these mixtures would be to electrolyze them simultaneously
from solution into mercury. By transferring the entire electrode into
the furnace 1 mg. amounts of the mixture could be easily handled. The
mercury cathode was used in order to avold possible preferential inter-
action between the metal components and the metal cathode. The mercury
containing the deposited metal mixture was then evaporated off leaving
the residual metal mixture virtually free from mercury. The experimental
procedure is as follows: |

1. Make a simple mercury electrolysis cell by sealing a
platinum wire into the bottom of a 5 ml. pyrex test tube.

2. Put one half gram of mercury metal in the bottom so that
the end of the platinum wire is not exposed.

3. Add the necessary amount of carrier solution of each
metal component. Conduct two experiments in which each metal component
is labeled with radicactive tracer, while the other is inactive.

4. Add sufficient HpSO4 to give a final solution of 2 ml.
0.1 M HoS0l, and electrolyze at 6 volts for 45 minutes. (According to
previous experiment this procedure removes the highest concentrations,
quantitatively.)

5. With the current still on, remove the electrolyte in the
cell and wash three times in acetone to dry.

6. Transfer the mercury drop to a pyrex tube which is connected
through a cold trap to a vacuum of one micron. Heat to 140 + 20 °C for
15 to 30 minutes until the macro amount of mercury appears to have evapo-

rated. Allow to cool under vacuum to room temperature.
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7. Transfer the charge to the carbon furhace and distill at
180 °C for five minutes.
The results of these experiments are recorded in Tables VIII
and IX. Note that in Table VIII the decontamination factor was normalized
to the specific activity in the experiment using 0.04 mg. of Zn. The
atom ratio in the vapor is also recorded in addition to the decontamina-

tion factor.

2, Autoreduction of Trace Amounts of Mercury by Copper

It has been known for a long time that copper metal will plate
mercury from solution on the copper metal surface in accordance with the
equation: Cu® + Hg*® = Hg® + Cu™. If it is possible to evaporate the
mercury from the surface of the copper metal, then it would make a good
radiochemical separation. Trace amounts (pgm) of mercury can be separated
by this means by using the following procedure:

1, To a 50 ml. round bottom centrifuge cone, add carrier free
HgEO5 tracer solution, or to measure decontaminations, use an equivalent
amount of inactive mercury plus tracer of the contaminant.

2. Add sufficient acid to bring total volume to 2 ml. of
0.15 N HNOsz.

3. Prepare an 8 mg. Cu foil, 0.5 em® (10 mils thick), by wash-
ing in b4 N HNOz to clean the surface; rinse with distilled water, and
add to the‘centrifuge cone.

L. Stir slowly for about 20 minutes, and wash six times with
distilled water and once with acetone.

5. Transfer to a carbon rod furnace, and heat to 100 °C for

three minutes.
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6. Collect the mercury on Teflon film. Cut out the area where
collection occurs, and count in a scintillation well counter.
The yields of mercury which were obtained using about 16 ugms .

in 0.15 N HNO3 were as follows:

Chemical Separation, av. of 5 runs 78%
Distillation Separation, av. of 5 runs 93%
Overall yield 2%

The decontamination factors for a number of elements are listed
in Table X. In order to show that the presence of a foreign metal with
the mercury did not appreciably affect the yield of the mercury which was
distilled, tracer mercury was separated with the equivalent amounts of
inactive contaminant that was used above. The results are shown in Table
XI. In addition the effects of various electrolytes on the mercury yield

were measured. These results are also tabulated in Table XI.

3. Electrolysis of Cadmium Onto Copper

In order to test more adequately the separation by distillation
it was decided to electrolyze a metal onto copper foil. Since copper has
a moderately high hydrogen overvoltage a number of elements should plate
out. It was decided to separate cadmium metal in order to compare the
separation by vacuum distillation to the wet chemical methods done in
Chapter III.

The following procedure was found to give a good radiochemical
separation:

1. To a solution which is 0.1 to 0.2 N in either HC1l or HNO3
with the radioactive contaminant present, add 1 mg. of Cd to give a total

volume of 2 ml.
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TABLE X

DECONTAMINATION FACTORS FOR THE SEPARATION OF MERCURY ONTO COPPER
AND THE DISTILLATION OF MERCURY

Factors

Distillation

2.% th

3.5 x 10°
4 x 107
2.3
3.4 *3
5
6
2.3
1.k x 10
10°
1.4
10
1.8 x 107
350
2.8 x 107
L7

10

2.5

L7

Decontamination
Contaminant Amount (ug) Chemical Redn,
g0 200 1.2
5140 C.F. 3 x 10° (2.3%10°)
w98 220 Lo
ol _py ¥ C.F. 1.2 x 107
cattom 190 1.6 x 10°
o 7.k 10”
et 5 2.5 x 10°
Csl54 2.5 3 x lO5
cud 65 1.2 x 10°
Tnll4 4.6 109 (2 x 107)**
1r192 0.2 2 x 10"
e 8 3 x 107
pa 0 50 1.4
Ry 08 2 32
sel® 3.5 6.5
Sbl24 0.6 2.8 x 10°
sntt3 500 1.3 x 10°
TalBE L )
7 204 400 b x 100
Zn65 180 bh,3 x 107
7077 8 2.7 x 10°
1. -HF ;nte;fer;s w;th ;he éerc;ry ;iel&. )
2. Mercury comes off at 350°C,
3. Mercury comes off at 220°C,
L, Start with 5 x 10° and (b x 108)(0 M resp.
5. Start with 1.9 x 10° and (1.9 x 10”7) C/M resp.

Total

2 X lO4

105 (8 x 1003

1.6 x 107 *2
3.8 x
5.4 x

5 x

1.0 x

2.5 x
l.lx
1.8 x
1.5 x
1.3 x

- *1

10

3.6 x

>
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TABLE XI

MEASUREMENT OF THE INTERFERENCE ON THE MERCURY YIELD

Substance Amount with Mercury Overall Yield of Mercury(%)
Ag 0.2 mg. Th
Au 0.22 mg. 76
cd 0.19 mg. 70
Pd 50 ug. 68
Ru-Rh 2 UE . 55
Se k4 ug. T2
Sb 0.6 pug. 65
Sn 0.5 mng. T3
Zn 0.18 mg. 75
0, 0.15 W 72
HNO3 0.3 N 63
HNO5 1.0 N 51
HNOz 5 ml vol. 0.15 34
HC1 0.3 N 71
HC1 0.5 N 72
HC1 2.0 N 7k
NaCl 0.2 N T
NaCl 0.5 N Th
NaCl 1.0 N Th
NaCl 5.0 N 1
NaCl—HNO5 0.2 -0.,15 N 71
HClOM-HNO5 0.15 - 0.15 N 66
Hp80),-HNOz 0.15 - 0.15 N 65
NHANOB-HN% 0.2 -0.15 N 71
HNO3-HC1 0.15 - 0.15 N 62

HF 0.5 N 0



-56-

2. Insert & platinum wire anode and a copper foil (1/2 cm. wide by
10 mils thickness) cathode into the solution fo a depth of about 1 cm.

3, Electrolyze at 6 volts (negligible current) for 1 hour.
Stir the solution with bubbling air.

L. Remove the copper foil. Cut off the area of the foil
which appears plated, and place in the furnace of the distillation
apparatus.

5. Heat the furnace to 180 °C for five minutes after equi-
librium vacuum pressure is obtained (five minutes).

6. Cut out the area of the Teflon film upon which the metal
has condensed and place in a tube for counting in the scintillation well
counter.

The overall cadmium yield for this procedure is 74% + 5%
(standard deviation). The decontamination data are listed in Table XII.

A few interference measurements were made. It was found that
chloride ion seemed to cause a considerable decrease in the yield of the
cadmium. It has been found that greater than 0.1 M NaCl reduced the
yield by a factor of 2. In some cases it was found necessary to convert
the contaminating ion to the sulfate in order to maintain a sufficient

yield of cadmium.

L. Electrolysis of Cadmium into Mercury Electrode

Another technique is to electrolyze 1 mg. of cadmium into a
mercury cathode. The macro mercury is removed and the cadmium is distilled

and collected.
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TABLE XII

DECONTAMINATION FACTORS FOR ELECTROLYSIS OF CADMIUM ONTO COPPER
AND THE DISTILLATION OF CADMIUM

Amount Decontamination Factor

Contaminant (e Electrolysis Distillation Overall
AgHO 32 2.5 1.5 x 102 380
Ce-prith C.F. 3 10t 5 x 10%
ol 10 107 %0 3 x 10
000 7 3,8 103 3.8 x 107
1 6 3 3.5 x 107 10%
i1’ 30 10 3 x 107 3 x 10*
s’ 14 2 x 107 2 x 107
Ry 100 8 * 5 2 x 107 10
11204 360 1.5 40 60
70 360 4.6 75 370
Zx 30 80 104 8 x 10°

¥ Solution of chloride converted to sulfate so that final concentra=-

tion is 0.1 N HoSOy
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The following procedure which closely follows that procedure
in Section D.1 above was used:

1. Place 1/2 gm of mercury metal into the mercury cathode
cell which was described above (Section D.1).

2. Place 1 mg. of cadmium as a carrier solution in the cell
with trace amounts of the radioactive contaminating element (or with
radioactive cadmium tracer added if yields are to be determined).

3. Add sufficient 1 N HpoSO)j to bring the total volume to
approximately 1 ml.

L. FElectrolyze the solution for 30 minutes at 6 volts.

5. Remove the electrolyte by means of a suction tube, and
discard. Wash the mercury drop five times in distilled water and three
times in acetone, and transfer to a pyrex tube. Evaporate the mercury
off as described above (Section D.l). Transfer the residue to a carbon
rod furnace and distill the cadmium off between 160 °C and 180 °C at
about one micron of pressure until no visible deposit forms when a fresh
collecting surface is used after successive five minute distillations.

6. The area on the Teflon film which contains the deposit is
placed in a counting tube and counted in a scintillation well counter.

A preliminary experiment in order to evaluate the general pro-
cedure was done by attempting the separation of cadmium from the fission
products of uranium. Uranyl acetate (0.100 gm.) was irradiated in the
Phoenix reactor for 10 minutes at lO12 neutrons per cm2 per sec. Three
hours after irradiation the solution was dissolved in 1 N HpS0)y  contain-
ing 1 mg. of cadmium carrier, and was electrolyzed for 30 minutes. This

procedure removed 97% of the fission product activity from solution.
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After separating off the macro mercury and distilling off the cadmium
at 180 °C in the vacuum distillation apparatus, detectable amounts of
Cdll5 and Cdll?m were found. (1000 c/m using a 3" x 3" potassium iodide
scintillator gamma - ray spectrometer).\ Estimation of its purity indicated
that the decontamination factor for the total activity in the fission
products was 10°. Data from a detailed investigation of the separation

is given in Table XIII. The cadmium yield for this separation is 93.5% +

2.5% (standard deviation).

5. Distillation of Carrier Free Indium 11%m from Tin Metal

This experiment and those to follow involve the irradiation of
a target material to produce a carrier free product of a nuclear reaction.
The target materials usgd in these experiments are metal foils.

In this particular experiment granular tin metal (Baker and
Adamson, A.R., see Chapter II) was irradiated‘in the. reactor for 150 days
at a neutron flux of 5 x 1012 neutrons/cmg/sec, An operating day for
the reactor is about six hours. Since there are only five operating days
per week there is considerable cool off time interspersed between the
irradiation time. When this metal is removed from the reactor and allowed
to decay for a few hours the following nuclides with their most character-

istic radioactive emission are found:

Nuclide Half life Characteristic radiation

snll3 120d EC. 0.025 Mev Sn X-Ray

Spllfm 14 0.16 Mev (high convers.) Sn X-Ray
snt1om 250d 0.065 Mev

Intlim 104m 0.%92 Mev (0.024 Mev In X-Ray)



-60-

TABLE XITI

DECONTAMINATION FACTORS FOR ELECTROLYSIS OF CADMIUM INTO
MERCURY CATHODE AND THE DISTILLATION OF CADMIUM

Amount Decontamination Factor
Contaminant _(uey Electrolysis Distillation Overall
210 8 2 10 20
Ce-prtH C.F. 1.5 x 107 20 2.2 x 10"
000 7 1.1 1.1 x 107 1.1 x 103
o5t 3 1.1 x 10° 20 2.2 x 10"
120> 840 3 194 590
1192 0.05 bk 250 107
Rut00 3.6 7 107 7 x 10°
Sblm 5 1.5 1 20.8 31
sel? 400 26 1.7 45
snt? 1,540 1.9 208 400
TlgolL 580 1.7 b1 7.1
7009 50 1.6 20 32

7397 0.8 3 o7 81
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It was possible to resolve all of the above peaks including
the 0.024 Mev X-Ray on the gamma ray scintillation spectrometer.

This irradiated tin metal was then placed in the carbon furnace
and the pure IntoM yas volatilized and collected. The temperature was
increased until tin contamination could be significantly detected. Table
XIV indicates the temperatures at which the various characteristic
photoelectric peaks are observed. Since 270 °C is the maximum temperature
to which the tin may be heated to give good purity, another experiment
was made to see if the yield could be increased. The granular tin was
heated for varying lengths of time. The results of this experiment is
shown in Figure 10. A maximum of 4.5% of the total InMl3™ present in the
target can be volatilized and collected in twenty minutes. In addition
to this a 0.001" thick tin foil was heated for varying lengths of time.
This curve is shown ~n the eams oranh  Tn +thig case the yields are much

higher.

6. Separation of Carrier Free Go1dl?9 from Platinum Metal

The same procedure which was used above was able to satisfac-
torily separate pure Aut99 from platinum foil (see Chapter II) with its
associated Pt199, then platinum metal is irradiated with neutrons for
five hours Ptl99 is formed along with negligible amounts of pt192M ang
Ptl9,  The Pt199 decays with a %1 minute half life to Autd? which has
a 3.1k d half life.

The following isotopes were found in the platinum five hours
after irradiation in the reactor for five operating days at 5 x 1012

neutrons/cm?/sec.
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Nuclide Half life Characteristic gamma radiation
pt99 3,144 0.208, 0.158 Mev (0.067 Mev X-Ray)
198 2.7d 0.411 Mev
pyt?? 31m 0.07%, 0.197, 0.246, others, Mev
1192 Tha 0.32, 0.63 Mev
1,168 41.5n 0.47 Mev

The platinum foil (0.002") was heated in the distillation
apparatus up to 840 °C without any evidence of activity on the collector.
In the range of 840 °C to 1100 °C, 2P was detected. I any impurity
was present it was below the limit of sensitivity 50 c/m of the gamma ray
spectrometer. The yield at 1100 °C is less than 1% for a five minute

heating. The impurity in this distillate was less than 0.1%.

7. Separation of Carrier Free SilvertOdn from Palladium Metal

By irradiation of palladium (0.005") in thickness, (see Chapter
II) with neutrons of the same flux as indicated above, for four hours one
finds very little gamma activity. The main gamma ray comes from Aglo9m
(39s) which is the beta decay product of Pal0% (13.5n). Negligible amounts

111

of Pa103 (174) and the Ag (7.64) daughter of Palll (22m) were found.

This foil was placed in the furnace and heated for one minute after a

AglO9m

two minute period to allow for temperature equilibrium. which was
in equilibrium with Pdlo9 distilled off and was collected. The collected
Ag109m was counted by quickly removing the collector and mounting the
sample (30 sec.) which was placed in the well counter. The count rate

was then corrected for decay to the time of separation. By allowing the

sample to decay out after one hour any Pdlo9 contamination present would



-65-

be indicated by its daughter Aglo9m gamma activity. There remained a
measureable amount of activity which corresponded to the total decon-

tamination factors which are listed at the several temperatures as

follows:
Temperature  Yield % Contamination of Decontamination
°c % Pal09 in Aglo9m Factor
780 0.07 11 1.h x 10
880 0.1k 3 2.3 x 10"
980 1 0.18 5.2 x 107

E. Conclusion and Discussion of Results

1. The Degree of Separation

Theoretical expression. Metals are known to form metallic
solutions which obey the general characteristics that are observed for

(82)

other types of solutions. It is of interest to gain some idesg of
the separation which will be obtained in the distillation of an ideal
solution of two metals (A and B). Suppose that B is to be distilled

from A. The decontamination factor, as defined in Chapter V is

D.F. =

=

where

=
i

A activity of contaminant A initially present

with B

=
=
1

activity of contaminant A present with B in
distillate

For the separation by distillation this decontamination factor for a
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given specific activity of A takes the form:

- las

My

D.F.

where

il

moles of component A in the solid

=
1

moles of component A in the vapor

By assuming that the vapors are behaving like an ildeal gas,

K
D.F. = lg,g
Pa
where
Py = pressure of A above solid solution
and
RT
K =—
-
R = ideal gas constant
T = temperature, °K
V = volume.

Using Raoult's law Py = Pﬁ NA(27’56), where Np = mole fraction of A in
the solid, and PX = vapor pressure of pure A at the temperature of the

experiment, one obtains:

D.7. = Mas K _ (mgs + mpg)K

PR N Pp

myg = moles of B in the solid.
This decontamination factor can be calculated only if the volume of the
system is accurately known. Since this volume is difficult to measure,
it may be more convenient to express variables which are measured more

easily by experiment.
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Tet us define an enrichment ratio (E.R.) as:

Al A Al A
E.R. = _*é _A = (..‘%.) (_B_)
Ag T Ag Ap Ay
where
A?
B

activity of B (the desired component), initially

A

il

B activity of B in the vapor after distillation

Since the specific activities of A and B will again cancel, the enrich-
ment ratio for A can be expressed as (using the same nomenclature as
above):

E.R. = (38) (2V)

Mhs Mgy

Again substituting the ideal gas expression gives:

P
E.R. = (28) (2)
. Mhg Pa

From Raoult's law:
m
B.R. = (2 () (=

The enrichment ratio for A is not dependent on the initial concentrations
of the components and is equal to the ratio of the vapor pressures of
the desired component to that of the contaminant.

It is useful to look at the values of the enrichment ratio which
are obtained from the theoretical expression for the Cd-Zn and Cd-Ag sepa-
rations. Substituting for the vapor pressure of the pure components which

are obtained in Figure 1 the following values are calculated:

(@] O
Fea Pea _ |15
E.R. = 5~ =250 E.R. = el 10

PZn Ag
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These values are to be compared with the experimental values of E.R.
which are calculated by means of the above definition, using the data

in Tables VIII and IX. These values are given below:

Experimental Enrichment Ratio

Experiment Cd-Zn Ca-Ag
2 1.3 18
3 13 63k
4 29 "3 x 10°
5 33 3k0
6 27 600
7 3 x 10

The difference between éxperimental and theoretical values is enormous,
especially in the case of the Cd-Ag system.

Comp