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INTRODUCTION

l, The Fission Process

The splitting of a nucleus into roughly equal parts is
termed nuclear fission. Although ternary and quaternary
fission events have been reported (1), these would be
extremely rare, Usually fission implies binary fission and
this meaning will apply throughout this thesis,

The fission process was first discovered in 1939 by
Hahn and Strassmann (2) who studied the products formed when
natural uranium was bombarded with low-energy (thermal)
neutrons. Since then fission has been produced by irradiating
with protons (3), deuterons (4), alpha particles (5), carbon
ions (6), gemma rays (7), and even with n~ mesons (8,9).
Lighter elements such as mercury, gold, and platinum (10)
have been shown to undergo fission at higher bombarding
energies., In genergl, it is found that the fissionability of
a nucleus decreases with decreasing atomic number, and
increases with increasing energy of the incident particle.

Most important of the fission reactions is that produced
by neutrons. The species U232, U233, U235, Pu239, Am241, and
Am242 undergo fission with elther fast or thermal neutroms,
wheress the fission of Th232, Pa231, U238, and presumably
other hegvy nuclides require fast neutrons,

It 18 of interest to note that shortly after the

discovery of fission, spontaneous fission was detected



experimentally in uranium (11). Later 1t was found to occur
in other heavy nuclides (12). This phenomenon was shown not
to be due to cosmic radiation, or to any other known external
cause.

A general survey of the early work done on fission was
given in 1940 by Turner (13), énd then in 1951 by Whitehouse
(14), Coryell and Sugarman (15). More recently high-energy
fission was reviewed by Spence and Ford (16), and low-energy
fission by Glendenin and Steinberg (17). In this thesis we
shall be concerned only with the low-energy (thermal) neutron
fission of uranium 233,

Uranium 233 is a radioactive nuclide which decays by
alpha particle emission with a half-1ife of 1.62 x 10° years.
It does not occur in nature, but can be produced artificially
by neutron bombardment of thorium 232, followed by B~ decay
procegses (18). |

B~ g
™332 4 R 233 e U233

20 90 23.3 m, 2704 de 92

When U233 ls placed near a thermal-neutron source, some of
the nuclei absorb neutrons to form a highly excited compound
nucleus (U22%), This then de-excites (< 10™1* seconds) in
either of two ways. It may get rid of its excess energy

234. Thils

through gamma-ray emission, forming the nuclide U
nuclide decays by alpha emlssion with a half-1ife of 2.48 x

105 years,
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The other alternative for de-excitation of the compound

nucleus is by splitting apart into fragments*.

233 1 ___ 234y ___ Al A2 1
gl on > (ggU%2%) ===> X0 4 ;X7 +¥ nt +Q + Y,
Al

where ,4X, 1s a primary light fission fragment,
xA2

Z2 2
¥ is the total number of prompt neutrons

is a primary heavy fission fragment,

released in the fission process,

Q is the kinetic energy of the fragments and
the neutrons released, and

Y is the electromagnetic energy released in
the fission process.

The primary fission fragments X%l and X%2 are so formed
that the sum of the mass numbers plus the integral number of
neutrons emitted must, for a given pair, be equal to the
mass of the compound nucleus.,

| Vv + Al + A2 = 234
Also the sum of the nuclear charges of the complementary

fission fragments must be equal to the nuclear charge of

the fissioning nucleus,

* The probabllity of a nucleus capturing a neutron and
de-exciting by Y-ray emission is celled the neutron capture
cross section (o’), whereas the probabllity of de-exclting
by undergoing fission is the neutron fission cross section
(o}). With U 233 both modesg of de-excitation occur., The
sum of ¢ and c} equals the neutron absorption cross
section (o7y4,), which gives the total probability of
U 233 1nteract1ng with a neutron,



Z1l + 22 = 92

The most probable mode of thermal neutron flssion leads
to two fragments with unequal masses, i.e,, asymmetric
fission (15,19). Physical and chemical studies on the
products produced in fission have resulted in the identifi-
cation of elements ranging from Z = 30 (zinc) to Z = 65
(terbium), and covering the mass range 72 to 161.

The heavy uranium nucleus which undergoes fission
contalns a greater neutron-to-proton ratio than the stable
nuclides with masses corresponding to the nuclel into which
it splits, Therefore, the primary fission fragments have an
excess of neutrons., They attain nuclear stability by a series
of B~ decay processes during which the mass number remains

constant.

- B~
A
XP e ———
Z'l-:l.Y‘A

A
7 Z

Z+2

Thus, each primary fission fragment gives rise to a decay
chain which ends with a stable nuclide. A1l the products
formed in fission, including both those formed directly and
those formed from decay of primary fragments, are termed

fisslon products.

2, Fission Yields

Of prime interest in the study of the fission process
is the probabllity of a given nuclide being formed in
fission. This 1s known as fission yield. Since decay chains

are produced following fission, it 1s obvious that all



members of a particular chain, except the first, may be
formed in two ways; elther by decay of a parent nuclide, or
a8 & primary fragment., Therefore, two types of fission yilelds

can be defined, The total or cumulative fission yield 1is the

percentage of fisslion events which produce the nuclide in
question by direct formation and through decay of its pre-

cursors. The independent fission yleld is the percentage of

figssions which produce the nuclide in question by direct

formation as a fission fragment,

3« Charge Distribution in Thermal-Neutron Filssion

Independent fission yield measurements provide infor-
matlon on the primary nuclear charge division in the fission
process. Such measurements involve:

(a) A determination of which member of a decay'chain of

& glven mass number has the greatest probability of
being a'primary fission fragment.

(b) A quantitative measure of the variation of charge

among fission products of the same mass number,
Independent ylelds are difficult to measure, At the beginning
of a chain where the ylelds are large, the half-lives of the
nuclides are very short, Close to the end of a chain where
the half-llives are conveniently long, the yilelds are usually
very small,

There are three methods which may be used to measure

independent yields,



(1) Isolate a given fission activity as quickly as
posgible to minimize formation from B~ decay of a
parent. By correcting for what growtﬁ does occur
from a parent, an independent yleld can often be
determined.,

(2) Determine the cumulative yield of two successive
members of a chain and obtain the independent yield
of the latter member as the difference between the
two.

(3) There are formed in fission several nuclides of one
charge higher than a stable nuclide of the same mass
number, Independent yields of these "ghielded"
nuclides can be measured since they should only
occur in fission as primary fragments. Their for-
mation by B~ decay in the chain is blocked by the
preceding étable member,

The various possibilities for charge distribution in
low-energy fission were reviewed by Glendenin (21,22), By
assuming that the charge distribution curve is the same for
different masses, Glendenin was able to collect the known
independent yields for various masses and establish a nuclear
charge distribution, It appears as 1f a redistribution of
charge takes place during the fission process. The most

probable split results in an equal charge displacement for

the 1light and heavy fragments from the most stable charge

for their respective masses,



(ZA- ZP)light fragment = (ZA- ZP)heavy fragment
The charge (ZP) for which the yield of a given chain of mass

A is a maximum, can be obtalned from

ZP = ZA - O.5(ZA + Z(A'-V-A) -2') ,
where ZA is considered to be thé value of the most stable
charge for nuclides of mass A,
Y 1s the average number of neutrons emitted per
fission, and
A' and Z' are the mass number and charge of the
fissioning nucleus,

A modification to the Glendenin hypothesis was proposed
by Pappas (23). It had been shown that the prompt neutrons
emitted in fission were not emitted from the compound
nucleus, but from the fission fragments after the occurrence
of the fissioning act (24). Pappas pointed out that the
charge distribution must be decided at the moment of fission
and that the primary fragments must be considered Jjust after
their separation, rather than after the emission of prompt
neutrons, In addition, Pappas suggested that the ZA values
used should be those corrected for shell effects*. Conse~-
quently, the most probable primary charge (ZP) for a given

mass A would be obtained from

* Nuclear shell structure and its effects on fission are
discussged later,



Zp = Z, - 0.5(2, + Z(pt+1-4) -2')
where Zp, A', A and Z' are as before, but Z, and Z(Ag+1_A)
values are taken from the curves of maximum stablility as
given by Coryell et. al. (25,26). The results of Pappas are
similar to those of Glendenin except slightly different ZP
values are obtained at shell boundaries. A further modifi-
cation to the equal charge displacement hypothesis has been
given by Kennett and Thode (27). They propose that shell
effects should also be considered in the evaluation of ZP'
This was done by postulating a ZP which would yield the
meximum energy release in the fission process. They have
calculated (Z - ZP) for several modes of fission near closed
shell configurations and reported that ZP was shifted near
shell closures, The maximum energy release condition,
however, predicts shorter chain lengths in the light
fragments than in the heavy fragments. It has been suggested
(28) that the difference in chain lengths might result from
an asymmetric charge distribution near shell closures in
both the light and heavy mass region.

It appears as if further independent yleld studies are
required before the charge distribution in fission can be
fully described. An overall picture of the charge distribution
in low-energy neutron fission is such that for a given chain,
the point of highest yield would represent the most probable
primary charge (ZP) for that mass number. The yield would

decrease in elther direction in some sort of a symmetrical



probability curve., The indication is that
50 %4 of the total chain yield occurs for Z = Zp,
25 % of the total chain yield occurs for Z = Zptl,

z5%2,

and much less for the others. Consequently, the independent

2 % of the total chain yield occurs for Z

figsion yield of the last one or two members of any chain
may be small compared with the gross yield of the chain., It
appears that for all fissile nuclides thus far investigated,
a single charge distribution curve 1is applicable for low-

energy fission.

4, Mags Distribution in Thermal-Neutron Fission

The dlstribution of mass in fission can be studied by
megsuring the gross yields of the various fission product
decgy chains. Although the mass yield is the sum of all the
independent yields along a chain, the distribution of charge
in figsion indicates that the yield of any given mass usually
may be found by measuring the abundance of a nuclide near the
end of the chain., Mass identification 1s made by separating
individual elements and determining the mass number either
by using a mass spectrometer or by comparing the nuclide's
decay characteristics with those of lsotopes of known mass
number, A semilogarithmic plot of cumulative yield of a
given mass number as a function of mass, gives the charac-
teristic double-humped mass distribution curve, Broad maxima

appear near mass 95 (light mass peak) and near mass 135
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(heavy mass peak). Between these maxima 1is a deep central
minimum (trough), which shows the low probability of
symmetric fission. The curve should be symmetric about the
central minimum at a mass

A+l -Y,
2

where A is the mass of the original nucleus, and Y is the
number of prompt neutrons emitted. The area under the curve
equals 200 %, since two fission fragments are formed per
’fisslon.

A review of the earlier yield-mass distribution
measurements was given by Coryell and Sugarman (30). More
recent data on mass distribution in fission has been
collected by Glendenin and Steinberg (31), and Katcoff (20).
Figure 1 shows the mass distribution curves as given by

Katcoff (March 1956) for the thermal-neutron fission of U233

and U235.

5. Delayed~Neutron Emission

Besldes finding neutrons which were emitted at the
instant of fission, there were also found a small number of
neutrons, referred to as delayed neutroms, which continued
to come from the uranium after the cessation of neutron
bombardment (32). The delayed-neutron emitters are actually
B~ emitters which decay to nuclides thét are unstable with
fespect to Instantaneous neutron emission. The precursors

of the two longest 1lived emitters have been identified on



Figure 1

Yield-~Mass Data for the Fission of
U233 and U235 by Thermal Neutrons.

(Katcoff's Tabulated Values, March 1956)

® Uranium 233

0 Uranium 235
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the basis of chemical separations and observed half-lives as
BrS7- 54.8 seconds and 1157~ 22,0 seconds (33)e A 5.36 gecond
emitter has chemically been shown to be an lsotope of
bromine, Studles on the fisslon fragment range indicated the
mass for this nuclide lay in the range 89 to 91 (60). Three
other unidentified delayed-neutron emitters have been
observed with half-lives of 1,81 seconds, 0,48 seconds, and
about 0.18 seconds. On the basis of yield measurements the
first has been suggested to be 1139 and the second Sb137 or
4s%5 (23),

6. Nuclear Shell Structure

Experimental and theoretical studiles have shown that
certain numbers of neutrons and protons inside a nucleus
constitute stable configurations called closed shells (34).
Nucleil with 2, 8, 20, 28, 50, 82 and 126 neutrons or protons

are sald to possess stable closed shells,

T. Fine Structure in Fission

Early investigators (35,36) supposed that the fission
yield curve was a smooth function of mass. In 1947 Thode and
Graham (37), and Stanley and Katcoff (38) found that certain
measured yields were either too high or too low to lie on
the smooth mass distribution curve, Since then other
anomalous ylelds have been reported. These perturbations in
the yield-mass curve are referred to as "fine structure",

Figure 2 is a magnified section of the yleld-mass curves
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Figure 2

Fine Structure in the Yield-Mass Data

(Katcoff's Tabulated Values, March 1956)

® Uranium 233

0 Uranium 235
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for U222 and U235, The yleld values, as tabulated by Katcoff
(20), suggest that fine structure occurs in the 1light and
heavy mass peaks for both U233 and U235. On the basis of the
gtability of closed nuclear shells, Glendenin (21) explained
the observed fine structure In terms of delayed-neutron
emission, He postulated that primary fission fragments con-
taining one neutron in excess of a closed shell (i.e.,
containg 51 or 83 neutrons) may emit this loosely bound
neutron rather than undergo P~ emission. This process of
extra neutron emigssion would‘result in a decrease in the
yield of the massg of the shell-plus-one fragment, and an
equal increase in yield at the mass of the closed shell

fragment.

A2 8~ A2
Y > Z
Z2 z3
™ 1
I n
| (o]
Al B~ 1Al B~ Al
X  ———— Y e Z
YAl z2 Z3

In general, nucleil with 51 or 83 neutrons might be
expected to form the majority of the delayed-neutron emitters,
Wiles (29) then postulated that fission fragments having
closed shells of 50 protons and 82 neutrons must be especilal-
ly favoured in the filssion act itself. Pappas (23) extended
post fission emission of neutrons to include nuclei with 83,

85, 87 and 89 neutrons,
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8. The Determination of Fission Yields

A. Physical Method

A thin foil of fissionable material i1s placed between
two parallel-plate ionization chambers. This is irradiated
with neutrons, and the ilonization produced by oppositely
directed fission fragment recolls 1s observed in each
chamber, Assuming that the lonization produced by a fission
fragment is proportional to its energy, it may be shown that
the masses of the recoil fragments are 1n the inverse ratio
of the ionization produced in each. Since the sum of the
masses is known, the indlividual masses of the fragments may
be calculated. After observing many fissions, the frequency
of occurrence of a given mass may be determined. The double
ionization chamber has been used in the study of the flssion
process by Jentschke (19), Flammersfeld et. al, (40), Deutsch
and Ramsey (41). The physical method provides only a quali-
tative description of the yleld-mass curve. The yield
measurements have rather large experimental errors, and mass
resolution 1s poor since 1t represents an average over
several mass units,
B. Chemical Method

A sample of fissionable material is irradigted for a
period of time and the total number of fissions is measured
in some manner, The sample 1is then analyzed to determine how
many atoms of a nuclide have been produced. The number of

atoms formed divided by the number of fissions which occurred,



16

glves a measure of the figssion yield. The chemical method
has been found to give the best information on fission yield
measurements both for charge and mass distribution., Yield
measurements may be accurately obtained and mass resolution
is certain.‘The determination of fisslon yields requires two
basic measurements; the number of flssions which have occurred,
and the amount of the various nuclides produced in fisgsion.

(a) Fission Rate

The fission rate can be measured either by counting the
number of fission events occurring, or by "monitoring" the
neutron flux to which the sample is subjected.

(1) Fission Counting

A figsion-counter chamber is used in which a thin film
and a thick sample of the fissile material are irradiated
simultaneously. The fissions occurring in the film during
the irradiation are counted in a pulse lionization chamber.
The fission products, whose ylelds are to be determined, are
chemically isolated after the end of the irradiation from
the thick target. Flssion counting has been used by Freedman
and Steinberg (42), as well as Engelkemeir, Novey and
Schrover (43). The only disadvantages of flission counting
are fhat it 1is not possible to count for more than a few
hours, nor is it possible to place a fission chamber in the
high-flux positions of a nuclear reactor,

(11) Pission Monitors

The first systematic absolute fission yield measurements
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by a chemical method were carried out by Anderson, Fermi,
and Grosse (llt). They 1rradisted manganese under identical
conditions to the uranium sample. Radioactive manganese was
produced by the reaction Mnss(nY)Mnsé. A measurement of the
manganese activity and a knowledge of the cross sections for
thé various reactions involved, enabled the fission rate to
be calculated.

vaffe et. al. (IL5) have determined the fission rate by
using the B1O (nee ) Li7 reaction as a flux monitor. Boron
trifluoride was irradiated simultaneously in the same neutron

10 content was

lO/Bll

flux as the uranium sample. The change in the B
determined with a mass spectrometer by measuring the B
ratio before and after the irradiation. Recently, workers (135)
(136) have determined the number of fissions which occurred
by measuring the depletion of uranium in a heavily irradiated
sample. The indirect determination of fission rates by the
use of flux monitors, although simple and accurate, has
seldom been used.
(b) Isotopic Abundance Measurements of Fission Products
The chemical method for the study of fission ylelds has
been subdivided on the basis of the analytical vrocedure used
to determine the number of atoms of a fission product formed.,
(1) Mass-Svectrometric Analysis
The mags-spectrographic method has been applied to
relative isotoplc abundance measurements of the fission
products. Fairly accurate relative chain yields were

determined by measuring stable and very long-lived products
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after the decay of essentially all radiocactive members of
the mass chain, The relative abundances could then be
evaluated with the aid of radiochemically determined yields.
The earlier mass-spectrometer ylelds were therefore no more
accurate than the yields to which they were normalized. By
uging an isotope«dilution technique (46), mass spectrometry
has been adapted to the determination of absolute ylelds.
Under satisfactory conditions, fission yields determined by
the isotope-~dilution method are believed reliable to five
percent (31). Unfortunately, many of the fission product
mass chains cannot be determined by mass-spectrometric
methods., This is true of chalins which decay to stable or
long=lived members which are mono-isotopic, or are abundant
in nature and lead to contamination problems. In additionm,
the bulk of the fission products are radioactive and are not
conveniently studied by mass-spectrometric methods. New
techniques in mass spectrometry are now being developed

which may permit analysis of such nuclides as 50 d- Sr89,

(11) Radiochemical Analysis

40 d- Ru and 32 d- ¢C
The different nuclear specles of each element present
in the sample may be identified by observation of the decay
periods of the sample gnd by analysis of its radlation. The
nuclides found have been previously characterized, thus
enabling definite mass assignments to be made. The number of

atoms of each nuclide formed is calculated from its
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disintegration rate and its half-life. Compared to the mass-
gspectrometric method, fission yilelds determined radiochemi-
cally have been considered more susceptible to errors. The
errors are associasted with the determination of disinte-
gration rates, and lnaccuraclies in half-lives, decay schemes,
analysis of complex decay curves and chemical stoichiometry.
Another possible source of erfor would be the direct for-
mation of the stable members of the chain which could not be
determined radiochemically, By far the most serlious error
was introduced in the calculation of a disintegration rate
from the observed counting rate. Most of the published
radiochemical yields have been obtained by the use of end-
window Gelger counters. To obtain disintegration rates of
the fission product nuclides, it was necessary to apply
many absorption and scattering corrections. Such corrections
at their best accounted for most of the 10 to 20 % errors
quoted for the fission yilelds. It was theretore realized
that accurate fission yilelds could be obtained radiochemi-
cally only by the development of & more precise means for
determining disintegration rates.

(c) Relative Fission Yields

Most investigators avoided the direct determination of
the fisslion rate by measuring ylelds relative to that of
another nuclide of known yield., If two nuclides, A and B,
are separated from a sample of fissionable material, the

yields, Y, and Y_, will be related to one another by

A B’
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Jy o€ Jg %é ’
B

Where N, and Ng are the measured amounts of A and B produced.
If yg is known from an absolute determination, the yield y,
can be calculated. Yaffe et. al. (45) have measured the
absolute fission yleld of Bal4o for the thermal-neutron
fission of U->°, Their value of 6.32 4 has an accuracy of
. about four percent. Most of the U235 radiochemical yields
were determined relative to Ba14o. With the exception of a
few absolute measurements, mass-spectrometric yields have
been normalized to a radiochemical value determined relative
to BalAO. The same is true for the yields of U233 with the
exception that no accurate yield has been meagsured to which

other yields could be normalized.

9. Disintegration-Rate Determination by 4m-Counting

Recent developments in 4mn-counting techniques now make
possible the accurate determination of disintegration rates.
Pate and Yaffe (48-52) have performed a systematic study of
4m-gbsolute B counting of solid sources and have reported
that for modérate or high-energy emitters, an accuracy of
* 0.5 % may be obtained (53)., The improved accuracy in the
disintegration-rate determination was made possible by
placing the radloactive material inside a gas-ion counter
rather than external to it, as was the case with an end-

window Geiger counter., The 4m-counting chamber commonly used
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18 divided symmetrically into two halves, each of which is a
self-contained counter unit. The two halves are separated
from one another by a film of conducting material. The
gsource 1ls mounted at the center of the film, the central
portion of which 1s thin in order to reduce absorption of
the radiation emitted. Thus the radlation enters one half-
counter directly without any intervening material, and the
other half-counter through a thin layer of source-mounting
material, Such a counter 1s sensitive to radlation emitted
o%er an angle of 4n steradians and is said to have a "4n-
geometry", The counter is used as a "flow type" in which the
counting gas 1is constantly replaced. The resolving time of
the counter, i.e,, the minimum time in which two consgecutive
ionizing events will be counted, can be made small (~ 5
microgeconds). This can be accomplished by operating the
counter at a reduced voltage where the amount of ionization
collected by the countef is directly proportional to the
number of ilons formed by the emission of the original ion-
izing event. The small resolving time makes possible the
determination of high counting rates, yet still ensures that
any event, subsequent to charged particle emisslion which
occurs within the resolving time of the counter, will not be
registered separately. Scattering of radiation either by
gource material, source-mount, gag or counter wall has no
effect on the observed counting rate. Secondary radiation

such as Y-ray emission or annihilation radiation following
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positron emission is not counted provided the secondary
radiation occurs within the counter resolving time. The
stability and sensitivity of 4m-counting leads to more
accurate determinations of half-lives and decay character-
istics for active materials. In addition, smaller samples

may be measured with better statistical accuracy than with
the conventional low-geometry counters. The only sources of
error still to be considered in the calculation of a disinﬁe-
gration rate from 4w-counting data are due to:

1, Failure of the counter to regpond once to every ion-
izing particle arising from a nuclear disintegration
which reaches the counter gas.

2, Absorption of radiation by the material on which the
gource is deposited (source-mount absorption).,.

3+ Absorption of radiation by the source material
itself (self-absorption).

4, Statistical fluctuations in the disintegration rate
of the source and in the background counting rate of
the counter,

A1l the above factors have been studied in this laboratory
and the corrections when applicable can accurately be applied

for the determination of disintegration rates.

10, Present Work

Fisgion data provide important information for many

cognate studies, Yield measurements have provided the basgis
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for much of the theoretical work in nuclear physics. Infor-
mation on the actual fission process can readily be obtalned
by a study of the resulting fission products, Data describing
fine structure in fisslion provide information directly
related to nuclear structure and stability. In addition to
many theoretical problems, the ylelds of fission products

are of practical importance in problems relating to the
design and operation of nuclear reactorg and processing
plants, Studles on fine structure make possible an identifi-
cation of the delayed-neutron emitters. The abundance of
these neutron emitters is of great importance in reactor
cperation. Also the abundance of nuclides having high neutron
cross sections 1s important since they act as reactor
"poisons". Such problems as artificial nuclide production,
shielding requirements, decontamination and waste disposal,
require a knowledge of the distribution of radioactivity in
fission.,

The thermal neutron fission ylelds for U235 have been
investigated extensively. Although the data present an
overall picture of the resulting mass distribution in
flssion, 1t is probably not accurate enough to permit a
detalled examination of the complete yleld-mass curve, The
large uncertainties in yleld measurements make it difficult
to determine whether the abnormal yields at certain mass
numbers are significant or not. In comparison, data relating

to the thermal-neutron fission yields for U233 are few and
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inconsistent . Fine structure has been reported, but in view
of unconfirmed investigations, the uncertainties are probably
greater than with the U235 studies., One notable example of
this is that although an enhanced yield at mass 134 has been
reported for U235 fission, there is apparently no observed
fine structure in this region for U233 fission (54,55) . This
disappearance of fine structure would not have been predicted
by any of the hypotheses postulated to explain fine structure
in U235 fission., It has been assumed that the mass-yield
curveg for U233 and U235 are similar in gross structure, but
that the most probable yield of the light-mass fragment for
U233 15 displaced, while there is 1ittle change in the yields
of the heavy fragments (31). Recent investigations indicate

233 fission are displaced one unit

that the yields for U
lower in mass for both the Light and heavy tragments (56).
It was apparent then that much more accurate fission yield
meagurements were required,

The purpose of this thesis 1s to establish, radiochemi-
cally, accurate fission ylelds for various nuclides along
the yield-masgs curve. It was felt that by using 4w B-counting
techniques and determining absolute rather than relétive
yields, the errors associated with radlochemical determi-
nations could be greatly reduced, In addition to indicating
fine gtructure in fission, the absolute yiletds would enable

all previously measured relative yields to be compared on

the same baslis. Fission studies on U233 were chosen since so
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few measurements have been made on its fission products. It

was also of interest to see AT the fine structure for U233

fission differed from that reported for U222 figsion.
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EXPERIMENTAL

1. at: a
a) Fissile Material

The uranium 233 was obtained on loan from Atomie
Energy of Canada Limited in the form of a sulphate solu-

tion. An isotopic analysis of the sample was glven as

U233 .., 97.746 %
v238 .. 2.254 %

A spectrographic analysis of impurities was given together
with the limits of detection for elements iooked for but
not found. Results of the analyslis are described later for
each of the elements separated.

It was desirable to convertthe uranium to the oxide,
free from sulphur, to avoild the formatlion of long-lived
actlivities prbduced by neutron capture. The uranium solu-
tion was first evaporated to dryness in & quartz crucible
under an infra-red lamp. The crucible and its contents were
placed in an oven and heated for several hours at 110° C.,
then at 350° C., and finally at 1000° C. until a constant wel ght
was obtained. The final weight of the black oxide (U308)
corresponded exactly to the amount of fissionable material

loaned.
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Accurately weighed ¥ amounts (2.30 to 6.18 mgm.) of the
uranium oxide were sealed 1nto thin quartz capsuleg for
irradiation purposes.
(b) Flux Monitor
Since absolute fisslion ylelds were to be measured,
the number of flssions which occurred in the uranium during
an irradiation had to be known. It was decided that this
could best be done radiochemically by simultaneously irra-
diating the fissile uranium together with a material which
would monitor the neutron flux. In choosing a flux monitor
the following characteristics were desired.
(1) A mono-isotopic element which could be obtained
in pure form.
(11) The element should have a significant accurately
known thermal-neutron capture cross sectlon.
(111) Uron capturing a neutron the element should form
a radioactive nucllde whose decay characteristics
are such that an accurate disintegration rate
could be determined.
Two elements which adequately met these requirements were

1
Cc>59 and Au 97 (see Table 1). The use of cobalt as a fission

*A11 welghings in this work were performed on a six decimal
place Sartorius MPR5 microbalance.
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monitor would requlre only a very small correction for
radio-active decay 1f counted soon after the irradlation.
On the other hand, the cross section for gold 1is probably
more accurately known, since the cobalt cross section was
determined relative to that of gold. In the present work
cobalt was chosen as the flux monitor. It was felt that
the cobalt cross section was sufficlently accurate. If a
a better value for the cross section were determined later,
it could easily be applied to the results obtained.

TABLE 1

Characteristics of Thermal-Neutron Flux Monitors

Element Cobalt Gold

Isotonic Mass 59 197

Isotoplc Abundance 100 % 100 %
Thermal-Neutron * *

Cross Sectlion 36.3 barns 98.7 barns
Neutron Reaction 0059(n§)6060 2?7 () 2298
Half-Life 0060=5.2u-years Au198 = 2.68-days
P End-Point Energy 306 Kev. 963 Kev.

The monitor material was Johnson and Matthey "“spec.
pure®, 0.005 in. cobalt wire. From 1.0 to 1.5 mgm. amounts

of the cobalt wire were accurately welghed and sealed into

*<"‘C059 was taken as 36.3 barfs (57) after correcting for
the more recent value of ¢-Aul”?7 = 98.7 barns (58).
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thin quartz tubes.
(¢) Irradiations with Neutrons

For each irradiation two quartz capsules containing
the flux monitors and one containing the fissionable ura-
nium were wrapped individually in a layer of aluminum foil.
The three were placed together in an aluminum irradiation
container which was then sealed. Irradiations were carried
out in a number three, self-serve position of the NEX reactor
at Chalk River, Ontario. After an irradiation period of
24 nours, the material was allowed to "cool" for about 36
hours before being treated.

Since the purpose of these experiments was to thain
thermal-neutron fission yields, it was necessary to deter-
mine what fraction of fissions may have been caused by'the
presence of high-energy neutrons. To do this, two separate
experiments were performed. The first involved a irradiation
in which the quartz vial containing the fissile uranium was
completely encased in about 1/2 mm. thickness of cadmium foil.
Cadmium strongly absorbs low-energy neutrons. Its thermal-
neutron capture cross section is 2.4 x 103 barns, Conse-
gquently, thermal neutrons were prevented from reaching the
uranium sample when it was surrounded with cadmium. Any
fissions which occurred in the shielded sample must have been
caused by the presence of fast neutrons. A correction factor,

1f applicable, is called the fast fission factor. In a second
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experiment two capsules were lrradlated, each of which
contailned 2 known amount of the cobalt wire. One capsule
was surrounded by cz2dmium foil. The effect of this irra-
dlation was to activate one monitor with thermal and fast
neutrons, and the other shielded monitor with fast neutrons

only.

2. Chemical Procedures

(a) Dissolution of Irradiated Samples

(1) Fissile Material

Great care was taken in discolving the irradiated ura-
nium. To reduce the loss of volatile halogens, the quartz
capsule was placed in a small beaker and covered with a warm
nitric acid solution. Before the vial was crushed, one
milligram each of appropriate inactive lons was added. The
lons used were combinations of Cs+, Ba++, La+++ and I which
served to reduce the adsorptlion loss of actlvities on the
surfaces of glassware. Adsorption logsses were further reduced
by applying a water fepellent coating of Desicote*® to all
glass which was to come into contact with the concentrated
figsion produce solution. After ‘the sample had dissolved, it
was decanted into a volumetric flask. To recover recoil

fission products which may have been embedded in the quartz,

the finely crushed remains of the vial were washed several

¥ Desicote 1s an organo-gilicon compound produced by Beckman
Instruments, Inc., Fullerton, California.
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times with small portions of nitric 2cild. The washings
were added to the dlssolved sample which was then made up
to a known volume. Measured aliquots of thls solution ware
removed for the chemical separation of the flssion products.

(11) Flux Monitor

The vial containing the flux monitor was opened and the
cobalt wire was transferred to a volumetric flask. A few
drops of hot concentrated nitric acid werse added and the wire
dissolved. Enough water was then added to make a known
volume of golution. Measured aligquots of the solution were
used to determine the disintegration rate of the Co60 formed.
(b) Chemical Separations Involving Carrier Techniques

The weight of a product formed in fisslon is much too

small to allow chemical separations by ordinary analytical
methods. Usually an inert "carrier" element 1s added to carry
along the activitles threough the various chemical procedures.
In this work a measured amount (from 10 to 20 mgm.) of the
element, whose yleld was sought, was added to an aliguot of
the irradlilated sample. Chemlcal serarations were of the semi-
micro type which involved énalytical methods adapted to the
needs of radiochemistry. The use of organic or orgeno-metallic
precipltants and solvent extraction techniquss made 1t possible
to pick out rapidly only the particular element of interest.
Complete chemical exchange is essential between the inactive
carrier and the active element. This prssents no problem
when the element to be separated has only one valsnce state.

For elements such as 1iodlne or tellurium which have several

oxidaticn states, a series of oxidatlon-reduction cycles are
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performed to get all of the activity and carrier into one
valence state. After complete exchange has occurred, the
carrier isg separated. High chemical fecovery s desirable
only so that esnough carrier plus activity 1s obtained to
make possible accurate counting of activities and determi-
nation of the amount of the carrler recovered.. The percent
recovery of the carrler represents the percent reccvery of
the actlve species. In the separation of fission products,
decontamination from other elements must be good. Repeated
cycles of precipiltations or extractions make possible radio-
chemically pure separations. The addition of soluble carriers,
isotoplc with the impurlties, reduces the amount of undesired
activities carried down by co-precipitation or adsorption.
These "holdback" carrlers merely act as inactive diluents.
Further purification can be obtailned by the‘use of scaven-
gers. These are non-specific carriers which show a great
- tendency te coprecipltate or adsorb. The lower the concentra-
tion of impurity, the greater 1s the scavenging effect. In
practice, the scavenger and carrier for the element to be
separated are added. Precipltation of the scavenger then
removes most of the trace impurltiés leaving the carrier and
activities of interest 1n solution.

(¢) Chemical Yields

The use of carriers ln the chemlcal ssparation of
fisslion products 1ls generally advisable. It ensures a cor-
rection will be made for the loss of any activity which

occurs during the separation procedures. There are several

factors which control the amount of carrier used in separations.
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Accurate disintegration-rate determinations require the
counting of séurces with high specific activity, i.e.,
sources with high counting rates but with low solid content.
Since the radiation emitted might be absorbed in the source
material itself, it is desirable to use "weightless" sources.
Therefore, the maximum amount of carrier used in separations
is limited by self-absorption considerations. The minimum
amount of carrier used 1s also limited. The least amount of
carrier which would permit easy gravimetric determinations

1s usually 10 to 20 mgm. Smaller amounts of carrier could be
used if other methods of separation were employed, such as
ion exchange, ochromatography, or solvent extraction. The
limiting factor then becomes the abllity to determine
accurately chemical yields at the reduced concentrations.
Although special instrumental methods have been developed
for the accurate micro determination of some elements, no
such methods are Known for many of the fission products,
Usually the accuracy obtainable by gravimetric analysis in
the semimicro region is at least as good as that possible

in the micro region. After consldering the various factors
involved, it was decided that gravimetric chemical yields
would be determined. Although the amount of carrier requlred
in the separatlons would not produce "weightless" sources,
self-absorption corrections, when applicable, could be accu-

rately applied. 1In the procedure used a fission-product
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element was separated, dissolved and made up to a known
volume, Small sliquots of this solution were removed
periodically to be counted. Larger aliquots were also re-
moved and the carrier precipitated. The chemical yleld of
the carrier was determined by collecting, dryling and welghing
the precipitate on porcelain micro filtering crucibles., The
weight of carrier recovered was compared to the welght of a
measured aliquot of the original carrier solution which had
been preciplitated, dried and welghed under identical condi-
tions. The chemical yield for each separatlion was determined
in triplicate. All carrier stock solutions were standardized
periodically.

3. rce t

One of the errors in the determination of disintegration
rates by WX- counting may be due to absorption of radiation
in the material used to support the active source. The amount
of absorptlion may be reduced by the use of films of very low
superficial density. Pate and Yaffe (48) have described a
material and technique suiltable for the fabrication of thin
films with good chemlcal and mechanical stability. Their
procedure was adopted for the preparation of thin source
mounts. Films were made from VYNS resin (polyvinyl-chloride-
acetate copolymer) and mounted on aluminum rings 1 mm. thick.
The diameter of the mounted films was either 2.5 em. or 5.0 cm.
Each film was made conducting by the gold coating of one side

by distillation from a tungsten filament heated to about
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1200° C. and at a pressure less than one micron of mercury.
Superficial densities of films and gold deposlits were deter-
mined by optical transmission measurements at 600 m.u
with a2 Beckman Model DU Spectrophotometer. The method
and calibration curves used to relate optical transmission
to film and gold thicknesses were those of Pate and Yaffe
(48). Superficial densities of films used ranged from 5
to lb‘pgm./cm.2 Each film had a gold coating of about
5 )ng./cm.2

Active sources were mounted on films by evaporating a
measured aliquot of a fission product solution under an infra-
red lamp. A more evenly spread deposit was obtalned by
rendering the film surface hydrophilic by treatment with a
dilute insulin solution. Under these conditions deposits
were distributed uniformly over an area of about 1 cm.2 in
the center of the film. The use of 26, 50 or 100 A calibra-
ted micro pipettes together with the above technique permitted
source mounting which was reproducible to within the statisti-
cal counting errors (usually( 0.5 %).

Gold-plated films, when observed by reflected light framm
the reverse side to that coated, have a red-purple coloration.
Occasionally it was noticed that upon evaporation of a source
material, a transparent circle resulted where the source had
been deposited. These sources gave erratlc counting rates.

By applying an additional 3,ugm./cm.2 of gold to these sources,
normal counting rates were obtained. It was found advisable to

mount and dry such sources on the film before adding the gold

layer.
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k. Counting of Active Samples

For an identification and determination of fission
rroduct activities a complete knowledge of nuclear decay
gchemes 1s required. As dlscussed earller, low-energy
neutron fission leads to the formatlon of nuclides with an
excess of neutrons. The actlve nuclides decay mainly by
the emigsion ofp}xuticles. Beta-decay processes usually
leave nuclel in excited states. The nuclel give up theilr
excltation energy and return to the ground state by the
emission of Y radiation. Frequently the transition does not
proceed directly from an upper state to the ground state, but
may go in several steps involving intermedlate exclted states.
This effect gives rise to the emission of more than one Y-ray.
Usually the exclited states have a very short 1life time
(0-10-14 seconds) and the Y-ray emission is said to be in
coincidence with the‘ﬂ- emlssion. States which have detect-
able half-lives are called nuclear isomers. The Y transitions
from these states are isomerlc transitions. DNuclear lsomers
have the same atomic number as well as wass number but differ
in their radiocactive propertlies. Isomeric states other than
the ground state are designated by a superscrint m (for
metastable). In addition tolﬁ-and Y-ray emission, one other
decay process 1s possible with the fission products. Gamma-
ray emisslion may be accompanied or sven replaced by the

emission of internal-conversion electrons (e—). Internal

conversion 1s an alternative process for the de-excitation of
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a nucleus. It can be thought of as the emlssion by an
active atom of one of 1ts extranuclear elsctrons rether
than a ¥Y-ray. The kinetic energy of the ejected electron
is equal to the difference between the Y erergy and the
binding energy of the slectron. The ratlo .of the rate of
thé internal conversion orocess to the rate of Y—ray

emission is known as the internal conversion coefficient (X ).

It was therefore reallzed that any couwbination ofls', e”,

and Y radiations would occur amoung the products to be
studied. To count the B~ and e radiation a 4T - propor-
tional counter was used. The Y radiation was measured by
means of a Y-ray scintillation spectrometer.
A. H4W-Counting
(a) Equipment

The U4-counting equipment used in this work was
egsentially that described by Pate and Yaffe (49). Figure 3
shows the counting chamber which consisted of twe hemisphe-
rical brass cathodes of 7 cm. dlameter ard two ring shaped
anodes of 0.001 in. dlameter tungsten wire, Both anodes were
insulated from the cathodes by large teflon insulators. A
Nichols high veoltage supply (AEP 1007B) wes used to apply a
large prositive potentlsal to the anodes, while the cathodes were
kept at ground potential. The anodes of the chanber were
connected in parallel to an Atomic Instrument pre-amplifier
(205-B). The output from this was fed into an Atomlc Energy

of Canada Ltd. amplifiler-discriminator (AEP 1448). The



Figure 3
kM- Counting Chamber
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overall gain of the amplifying system was 30,000

and a blas veltage up to 50 volts could bhe apprlied to
the output signal by the discriminator. Counting rates
were recorded on a Marconi scaling unit (AEP 908). Other
auxlliary equirment 1lncluded a Sola constant voltage trans-
former and a Lambda regulated power supply (model 28).
Figure 4 shows a block diagram of the assembled equipment.
The counting chamber was operated in the proportlonal region,
the counting gas used being C. P. methane at atmospheric
rressure. After insertion of a sample, the counter was
flushed for several minutes at a2 rapld flow rate and then
at a rate of ahout 0.5 ml. of methane per second as measured
by a simple flowmeter.
(b) Counter Characteristics

High voltage characteristlic curves were obtained for
all fission product activitlies studled in this work. Figure
5 shows curves for g serieé of sources with increasing
maximum ﬁ- energy, taken at a constant discriminator blas.
Standard deviations on the measured quantities lie within
the areas of the points (this applies to all graphs which
follow unless otherwlse stated). The pnlateaus obtalned were
at least 400 volts long and had a slope less than o.l1 % per
100 volts. For disintegration-rate measurements a polari-
zation potential of 2600 volts was chosen. Typlcal dlscri-
minator blas characteristic curves are shown in Figure 6 for
nuclides of different maximum ﬂ_ energies. These results

were taken at a peclarization potential of 2600 volts.



Figure 4

Block Diagram of U4T-Counting Assembly
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Figure 5
High Voltage Characteristics of

the 4N-Counter for p' Radiation

of Increasing Maximum Energy.
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Figure 6

Discriminator Bias Characteristics for
B~ Radiation of Increasing Maximum Energy
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The constant counting rate up to a blas of 50 volts
cshows the absence of low amplitude spurious pulses (53).
Discriminator bias settings of 20 and 30 volts were
chosen for general counting of the flsslon produce acti-
vities. The stabllity of the counter was checked dailly by
following the decay of =2 long-lived Ra D + E standard source.

The countling chamber was enclosed in a lead castle
with walls 1 1/4 in. thick. The background counting rate
varied between 42 and 60 counts per minute.
(¢c) Counting Corrections

(1) Resolution Losses

Although the reduced resolving time of proportional
counters permits hlgher counting rates to be measured, it 1is
necessary to know at what counting rates resolution losses
occur and what is the magnitude of such losses. Due to the
variety of processes which may cause resclution losses in
proportional counters, Pate and Yaffe have suggested that this
loss if best determined empirically ( 49,53). A wodification
of the multiple source technique can be used to determine
resolution losses. A series of P32 sources was prepared on
thin films and counted. The counting rates were low enough
so that resolution losses could be ignored. The p32 sources
were then laminated and the counting rates were agaln mea-
sured. The laminates were still so thin that absorption

losses were negligible. The differences between the counting



L

rates of single and laminated sources represent a reso-
lution loss at that counting rate. A "log-log" plot of
the resolution loss as a function of the observed counting
rate is given in Figure 7. The loss at 105 counts per
minute was found to be only 1.8 %.

(1i1) Source-Mount Absorption

The use of very thin films as source mounts usually
requires no correction for the absorption of source radia-
tion. However, with weaker Q emitters the absorption loss
may be ilmportant and an accurate correction factor must be
known. Pate and Yaffe have proposed an "absorption curve®
type method for determining accurate source-mount absorption
(50). The source material is mounted on the thinnest film
availabie, and the countling rate 1is measured as a function
of increasing mount thickness. The disintegratlion rate can
be obtained by extrapolating to zero mount thickness. 1In
the present work the superfiocial density of film plus gold
renged from 10 to 19/ugm./cm2. Pate and Yaffe have pre-
sented a set of curves which give source-mount absorption as
a funection of Q energy and film thickness. A replotting of
their values in the region O to 50‘pgm./cm.2 enabled source-
mount absorption corrections to be made in this work. AQ'
emitter with a maximum end-point energy of 176 Kev shows

only a 0.9 % absorption loss in a film 20 ugm./cm.? thick.



Figure 7

Resolution Correction for the

4LT-Counter.
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(11i) Self-Absorption
By far the largest error introduced into disinte-

gration rate determinations of solid samples by YTT-counting
i1s the absorption of radiation in the source material
itself. As expected, self-absorption effects become more
important as source thickness increases and as the energy
of the emitted radiation decreases. Self-absorption
losses would be small for sources of moderate or high-
energy @ radiation with high specific activity. A prell-
minary study on self-absopption corrections for A4h-counting
was made by Pate and Yaffe (52,53). They realized that
accurate self-absorption corrections could be accurately
applied only to thin uniform source deposits. Consequently,
they used a technique whereby active nuclides were formed
into organic compounds which were then distilled, under
vacuum, on to thin VYNS films. Counting rates were obtained
as a function of deposit thickness. The observed specific
activity for each deposlit was plotted agaihst source super-
~ficial density. Extrapolation of the curve to zero source
thickness enabled the absorption correction to be determined.
Fishman and Yaffe (59) have extended the studies on self-
absorption in 4X-counting and have prepared corrections for
several nuclides of different meximum@ ~ energies. The

self-absorption data of Pate and Yaffe and Fishman and Yaffe
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have been combined and are shown in Figures 8 and 9.
All self-absorption corrections used were obtained from
these curves. The accuracy involved in using such
absorption corrections devends on many factors. Swmall
errors in the determinations of source thickness appear to
produce very large errors ln the chosen absorption factor
for the weaker emitters. Although no limit has yet been set
on the analytical errors Involved in source thickness measu-
rements, it was felt that error effects would be small for
thin sources of moderate or high-energy emitters.

The process of@r emission produces a continuous dis-
tribution of particle energies. Often nuclides decay by the
emission of more than one g_ energy so that several p spectra
are produced. Absorptlion corrections were taken for each
maximum p- energy and welghed according to 1ts abundance 1in
emission. Figures 8 and 9 seem to indicate that self-
absorption effects are similar for different nuclides with
the same maximum p- energies.

(iv) Statistical Counting Errors

Nuclear disintegration is a random phenomenon subject
to methods of statlstical analysis. The statistical dependa-
bility of a measured counting rate can be glven in terms of a
standard deviation. If the counting time is short compared
with the half-life of the activity being measured, the standard
deviatlion for a reasonably large numbher of counts can be shown

to aprproximate the square root of the number of counts recorded.



Figure 8

Self-Absorption Correction for a
MI-Proportional Counter .
Source Thickness as a Function of
B End-Point Energy-.

Pate and Yaffe (52)

Fishman and Yaffe (59)
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Figure 9

Self-Absorption Correction for a
4W-Proportional Counter.
Source Thickness as a Function of
B End-Point Energy.
Pate and Yaffe (52)

Fishman and Yarfe (59)
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Thus 1f 10,000 counts are recorded in one minute, the
expected standard deviation 1s AIEBTBBB = 100. The
counting rate can then be written as 10,000 ¥ 100 counts
per minute.
B. Scintillation Counting
(a) Equipment

The X scintillatlion spectrometer used is shown in block
diagram in Figure 10, The detector consisted of a sodium
lodide-~thallium activated crystal which was viewed by a
Du Mont Type 6292 photomultiplier tube. A cathode follower
coupled the output signal into a modified Atomic Energy of
Canada Ltd, amplifier-discriminator (AEP 1448). The amplified
pulses were fed into a single-channel differential pulse height
analyzer.* The analyzer operated by accepting only those
pulses with a narrow range of amplitudes called the channel
width. The acceptance channel was made to scan the entire
region of pulse amplitudes by rotating an analyzer bias poten-
tiometer. The output from the pulse analyzer operated a
Measurement Engineering Ltd. counting-rate meter (AEP 1902-A).
The output from the counting-rate meter was plotted against
the analyzer blas voltage by a Speedomax Chart-recording
potentiometer. This was done indirectly and was made possible
since both the analyzer bias voltage and the chart drives moved

with respect to time.

* Atomic Energy of Canada Ltd. Automatic Scanning Kicksorter

(AEP 2209).



Figure 10

Block Diagram of Y-Ray
Scintillation Spectrometer
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The peaked responses in the pulse height scan are known as
photoelectric peaks and each peak occurs at a pulse height
proportional to the incident 3’energy. In general, the
maximum photopeaks are measured and qualitative ldentification
of the ¥ emitters is made possible by comparing the voltage
of the photopeaks with a calibrated curve for the instrument.
Quantitative estimates of the various ¥ -emitting nuclides
can be obtained by measuring the areas under the respective
photopeaks and comparing them with areas under the photo-
peaks obtained from standards of known disintegration rates.
Since the shape of photopeaks approximates a Gaussian distri-
bution, the area under each photopeak is proportional to its
peak height. In this work peak positions were measured to
determine ¥ energies. Peak heights were measured and
plotted against time to obtain Whalf-lives. The purpose
of scintillation counting was to aid in the identification
of fission product nuclides and establish radiochemical
purity of separations.
(b) Spectrometer Characteristics

The scintillation spectrometer was operated at a channel
width two per cent of full scale. The change in photopeak
position with voltage applied to the photomultiplier tube
was determined using sources of known ¥ energies. In
Figure 11 Yenergy is plotted against photopeak position

(% scan) for different applied voltages. At lower voltages
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_Figure 11

High Voltage Chargcteristic Curves

for the Scintillation Spectrometer
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the photopeaks are very close together. Increasing the
voltage causes the photopeak to spread out. In addition,
higher voltages result in a nonlinear relationshin
between ¥ energy and observed photopeak position. The
abllity of the crystal and the pulse analyzer to resolve
photopeaks 1s termed resolution. Thils factor can be
determined experimentally from the following relationship.

Resolution (%) = width of peak at 1/2 of. peak height x 100
distance of peak from origin of scan

The per cent resolution is usually quoted for the cst37 661
Kev eray. In Figure 11 the resolution varied from 17.0 %

at 800 volts to 7.0 % at 960 volts. In choosing an operating
voltage three conditlions were decsired.
(1) Good resolution.

(11) A linear X energy - % scan relationship.

(1i1) Scan range extending to 1.5 Mev.

On the basis of these factors an opsrating voltage of 880

volts was chosen as a compromise. Figure 12 shows a complete
energy calibration curve for the Y-ray scintillation

spectrometer at 880 volts. From a measured peak position and

this curve an unknown Y energy could be determined.
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Figure 12

Y-Ray Scintillation Spectrometer

Energy Calibration Curve
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(¢c) Counting of Active Y Sources

The standard Y sources ag well as the fiesion product
activlitlies were counted a8 2 ml. aliquots of solution. The
small screw-top glass vials which were used to hold the acti-
vities were placed at measured posgltlions above the crystal
detector. Since all counting rates were measured relative
to Y’standards, the only correction factor requlred was for
varlatlions in geometrical efflcilency. By altering the source
geometry, counting rates were kept below 20,000 counts per
minute where resolution losses were found to be small.
Scans of the flssion product activities were interspersed
" with those of the Y standards.

5. Equations used

The following 1s an abbreviated derivation of the
equations used in this work for the determination of abso-
lute fisslion ylelds.

(a) Fission Yield
Under neutron irradiatlion the rate of depletion of

uranium is given by

_d_._g = -U I o~ . ' . ( 1)
at abs
Thus U = U, exp (-I ozps T) , « o« o« (2)

where U 1s the number of atoms of uranlum present at
any time T during an irradlation,
Ug 1s the number of atoms of uranium initially
present,

I 1is the thermal-neutron flux, and
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o~ is the thermal-neutron absorpticn cross section.
abs

The rate 2t which fission occurs 1is

Quy = -U I 6 , A
dt)f £

where 0 1is the thermal-neutron fission cross sectlon
f

for uranium.

In terms of the uranium present inlitially

13U - . T C e ()

(gg) = -U, I o oxp(-I o
f

The net rate of formatlon of a fission product durlng an

irradiation 1is

g_%=-(%%zn¥f-w, e« o« (5)

vwhere Y. 1s the flssion yleld of the nuclide 1in question,
N 1s the number of atoms of the nuclide in question
present 2t any time T, and
A is the disintegration constant of the nuclide.
In terms of the uranium initlally present equation (5)
becomes

dN = Y§ Uy I S exp(-I o T) -AN c .. (6)

abs
dt
Integrating and multiplying through by AN cives the dis-

integration rate for the flssion product activity.

NA= ¥, U T oy [exp(-I o

f
A-1I o
abs

bs T) - exp(-AT)] e (D)

Since (I o;b ) is very small (<3 x 10" 1n this work)
bs
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exp(-I o; S) = 1. and equation ( 7) simplifies %o

b

NA=Y U I c}tl— exp(-AT)]. e e ov . (8)

If we represent the fisslon rate by R,

then R = U 1 5% e oo« (9)
and NA = B Y [1- exp(-AT)]. e oo (10)

Equaticns (8) or (10) are the baslc equations used in the
calculation of absolute fission ylelds. As the irradiation
time becomes long compzared to the half-life of the fission
product activity, NA approaches a maximum limiting value
B‘Yf. Then

NA =R Y = (NN [1-exp(-aT)]. c ... ()
The limiting value (NN) nax 1S known as saturation
activity. Under such conditions activities present during
an irradiation can be compared one with another, since the
number of atoms of an activity being formed per unit time
equals the number of such atoms disintsgrating per unit

time, irrespective of its half-life.

For the decay chaln

the yileld of A will be gilven by equation (10). If A were
the first member of the chain, this yleld would represent
the independent as well as the total yleld for nuclide A,
The yield of B will be given by

YB = YA + (Yi)B « o e @ (12)
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where YA is the cumulative yield of A which includes the
sum of the independent yields of any precursors of A plus

the independent yield of A, and (Y is the independent

1)B
yield of nuclide B. The disintegration rate of B formed
independently during an irradiation of time T is

(NNE = B (x,) [1-exp(-rr] . R ¢ X))

However, B also grows from A during the irradiation. The
disintegration rate of B formed from the decay of A

during the irradiation is given by

(NA)% -ny, [1 +ABexp(-§§T) -‘erxp(—ABTi] L am
Aa=ATB

At a time t after the irradiation these amounts have decayed
exponentially, so that
(¥ ))

(NA)% at t exp (-Agt) . . . . (15)

o~

and (Nx)g at t = (N)) A exp (-Agt) . ... . (16)
B

From the end of the irradiation until the time t, B con-

tinues to grow from A,

Al
(NA) " at t = R YA}B [l—exp(-AATi][exp(-Aép)-exp(_ARfﬂ
As =M C e e . A7)
Therefore, the total disintegration rate of B after an

irradiation time T and a decay time t 1is

(W0 = (0L exp(-Ajt) + (NAF exp(-jpt) + (NN (18
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=R (Y,)y [l-exp(-ABT?] exp(-jpt)

+ry |1+ ABZP(=AaT)"Aa exp('ABT)] exp(-A,t)

A Aa=\B
+ R YE Ap [1-eXp(-,\AT)] Exp(-AAt)—exp(-ABt)J . . (19)
AB~As

When rearranged, equation (19) becomes

(N,\)B = R YA{AAE.-exp(-,\BTﬂ exp(-ABt)-XBfl—exp(-AATﬂ exp(-,\At)}
AATAB

+ B {(1,)5[i-exp(-AgD) ] exp(-Apt)] .. (20)
The first part of equation (20) is the disintegration rate
of the amount of B formed from A during and after an irra-
diation, and need only be considered when the independent
yield of B is small.

In the present work the time between the end of the
irradiation and the chemical separation was often very long
compared to the half-lives of the precursors of B. Under

these conditions A had decayed and equation (20) simplified

to _
(Np=ft, + (¥,)] [1-exp(-A 1] exp (-At) .. (21)
or (N))B= R XB[i—exp(-)BTl] exp(-Apt) .« o (22)

Similarly the disintegration rate of nuclide D would be
given by

(NA)p = B ¥ [i-exp(-2;m] exp(-p,t) . . (23)
By dividing equation (22) by equation (23) and rearranging,
the yield of B is obtained in terms of the two disintegration

rates and the yield of A.



59
_ Y, (WA)g [l-exp(-AAT)] exp(-A T)

Y, = - —
B (N)\)A [l-exp(-ABT)] exp(-ABT) e o o (24)

When a value for the fisslon yield of A has been obtalned
from an absolute measurement, the yields of other products
may be determined relagtive to it. Such relative fission
yleld measurements do not require a knowledge of flssion
rates.
(b) General Growth and Decay Equations

The following is a summary of the general equations
used for calculating radioactlive growth and decay for
varlious members of a decay chain. A complete derivation of
these equations can be found in reference (61).

Let us consider decay chain

P o @ ===~ R =
A

A X 3
where P, Q and R represent the number of atoms of each
member present at any time t, and Al, kz, and AB are the
decay constants for P, Q and R respectively.

Then 4P = _A. P
at A e o+ o (25)

and (PM) = (Pohy) exp(-Ait) e o . (26)

where Po 1s the number of atoms of P originally present.

AlSOd - -
8 =MF - A2 C e . (27

and (M) = (Pohy) )\————23*1 [exp(-Mt)-exp(-Ae)] . . (28)
The dlsintegration rate of the third member is given by

(RA3) (P M) ]2 exp(-A) + b exp(-A,8) + c exp(-)\Bt):{ |
A €
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(¢c) Neutron Attenuation
The neutron flux intensity at the surface of a sample
being irradiated will differ from the flux intengity at any
pogltion inside the sample. It 1is therefore necessary to
correct the flux value for any attenuation which occurs in
the sample. The flux intenslty at the surface I, wlll be
related to the intensity I inside the sample at a thickness
d by
I= Ioexp(-%evd) .« . (30)
where N is Avagadro's number,
@ is the density of the sample,
¢ 1s the total neutron cross section, and
A 1s the atomic welght of neutron absorbing material.
The neutron attenuation %o is usually calculated for half of
the sample thickness in the case of a2 non-directional flux.
(d) Neutron Flux
At the end of an irradlation the disintegration rate of
an active nuclide precduced by & neutron capture reaction 1is
given by
NA= Ny T o [1-exp(-atm)) e . (31)
where Ny 1s the number of atoms of a nucllde present
initially,
T 1is the duration of the irradiation,

I 1is the thermal-neutron flux, and

¢b ie the thermal-neutron capture cross section of

the nuclide being 1lrradiated.
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As in equation (11), saturation activity is given by

(NA) = N)\ = N I o . . ° [ (32)
max  Jexp(-AT) © ©

Thus a measured disintegration rate, corrected for decay
and saturation bombardment, enables the neutron flux to
e determined. It should be noted that the use of equa-
tions (31) and (11) to evaluate absolute fission yields

depends on the ratio of two cross sections 6f / 0.
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ACTIVITIES ISOLATED AND RESULTS

1. Flux Determinations

After an irradlation, the cobalt monitor was dis-
solved, made up to a known volume, and counted directly.
The maximum concentration of cobalt used was 1.63 mgm.
per 10 ml. of solution. A source consisting of 20\ of
this solution spread evenly over 1.0 cm.2 area corres-

ponds to a source superficial density of ~10 pgm./cm.2

The B~ -energy for 0060 is glven és 308 Kev (62). There-
fore, the self-absorption correction to be aprllied to the
counting rate is 0.994 and the source-mount absorption
correction is 0.999. To determine the amount of Co60
activity lost by reqoil on to the quertz vial, a¥-count-
ing rate of an irradiated monitor and 1ts quartz capsule
were measured on the scintillation spectrometer. The
cobalt wire was removed and the Y-counting rate of the vial
alone was measured (see Figure 13). The amount of Co60
lost by recoil was found to be 0.31 %. A scan of the irra-
diated vial alone further indicated that no measurable

activities were produced in the guartz material 1tself.

The amount of neutron attenuatlon in the cobalt wire
had been determined experimentally * and the value agreed
with that calculated by means of equation {(30) on page 60.
% = exp (:iﬂ%fz)

O

¥ We are grateful to Dr. R.E. Jervis, Chemistry Branch, Atomic
Energy of Canada Ltd., Chalk River, Ontario, for making avail-
lable to us the results of this determination.



Figure 13

0060 Y Spectrum of an Irradiated

Vial before and after the Removal

of the Cobalt Flux Monitor,
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The attenuation factor was 0.979 for a wire of 0.0064 cm.
radius. The cobalt capture cross section used was 36.3
barns (57,58).
For each irradlation the value of the thermal-neutron

flux, as gilven in Table 2, was calculated from equation 31

on page 60.
dn=- I o N[l-exp(—NI‘)] exp(-M) x 1
dt attenuation .

60

The half-1life of Co~~ was taken at 5.24 years (63).

TABLE 2

THERMAL-NEUTRON FLUX VATLUES

(In units of 1012 neutrons per cm.2 per second)

Irradiation
Number A B C D E B! F
Flux 6.25 6.41 5.05 3.97 4.28 3.62 3.81

In irradiation E' one of the monltors was surrounded by
cadmium foll and activated only by epi-cadmium neutrons.

A disintegration rate per mgm. of cobalt for the unshielded
monitor was 1.31 x 107 dis. per second, and for the shilelded
monitor was 2.31 x 107 dais. per second. Therefore, 1.76 %
of the total Co60 produced was caused by epi-cadmium
neutrons. The fast neutron flux was not calculateéd since

a cobalt capture cross sectlon was not known for the range

of neutron energiles present.
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2. Fisslon-Rate Determinations

The rate at which the uranlium sample underwent
fission was calculated by means of equation (9) on page56.
R = (Us I o) x attenuation
The value of the filssion cross section used was 524 barns
(64). 1In calculating the neutron attenuation in the ura-
nium it was necessary to consider the limite in which the
uranium powder was spre2d out uniformly along the quartz
tube or was heaped together at one end. For the heaviest

sample used the attenvation factor ranged from between
0.975 and 0.989. The lightest sample used had an attenu-~
ation of from 0.986 to 0.997. The fission rate for each
lrradiation is given in Table 3.

TABLE 3

THERMAL ~-NEUTRON FISSION RATES OF U233

(In units of 1019 figsions per second)

Irradiation
Number A B c Dy Dy F
Rate 1.599 2.270 2.885 1.46L 0.722 2.587

3. Flsslon Product Activities

(a) Bromine

The method of Glendenin et. al. (65) was used to
separate bromine., An alliquot of the fissiorn vroduct stock
solution was added to bromate and lodate carriers. BReduction
with H,S was used to ensure complete exchange between radio-
bromine and the carrier. Several cycles of water-carbon

tetrachlorids extractions were performed to isolate the
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bromine. The use of NH,0H.HC1 to reduce Bryto Br~ without
reducing 12 permitted removal of iodine activities. After
purification, the bromine was reduced to bromide with a
water solution of 802, and made up to a volume of 10 ml.
Three 2.0 ml. aliquots of the bromide solution were removed,
made slightly acldic and warmed to remove the SO,. About
0.5 ml. of 0.1 M, AgNO3 was added drop-wise to precipltate
the bromide in each aliquot. The precipitates were allowed
to digest before being filtered. A small quantity of warm
water and alcohol was used to wash the precipitates. Before
being weighed, each precipitate was dried for 20 minutes at
110° C. and desiccated for one hour. The chemical yield was
calculated from the weight of AgBr obtained.

Exactly 100 A aliquots of the bromide solution were
mounted on prepared VYNS films., A drop of very dilute AgN03
solution was added to reduce oxidation and thus prevent the
loss of halogen activity by volatilization. The decay of the
bromine activity, as followed in a 47 -proportional counter,
is shown in Figure 14. The observed half-life of the decay
was 34.5 hours. Because of the low activity present no ¥
spectrum was obtained.

The two longest lived isotopes of bromlne formed in
fission are 36Qhour Br82 and 2.3=hour Br83 (66). Since the
bromine separation was carried out 40.6 hours after the end

of the irradiation, there could be no 2,3-hour activity present.



Figure 14
/6- Decay Curve of Br

82
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A1l oprecursorgs of Br83 are known to be short lived.
The observed sctivity of 34.5 hours was therefore BroZ2,
Since Br82 i1s a shlelded nuclide produced only by direct
formation, its fission yleld constitutes an independent
yield measurement. The possibllity of obtaining Br82 by

the (nY) reaction of Br81

present as an lmpurity does not
exist. The uranium sample had originally been heated to
1000°C. which would have removed most of any bromine impu-
rity originally present. None was detected in the spectro-
graphic determination.

Reported studles on the decay scheme for Br82

show
that the nuclide decays by the emission of 460 Kev B~
radiation with ¥ radiation in coincidence (67,68). It was
only necessary to apply source-mount and self-absorption
corrections to obtain a disintegration rate. All factors
involved in the calculation of the Br82 fission yield are
given in Table 4.

(p) Strontium

A slight wodification to the method of Glendenin (69)
was used for the separation of strontium activities. The
procedure involved adding carrliers of strontium and barium
and precipitating both of these as nitrates with fuming
nitric acid. Ferrlc hydroxlde scavenging was used for addi-
"tional purificatlion. Barium was removed by a chromate preci-

pitation in a buffersd solutlion. Strontium was separated as

the oxalate, dissolved in nitric acid and reprecipitated with
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fuming nitric acid. The nitrate precipltate was washed

with ethanol before being dlssolved in water and made up

to 10 ml. of solution.

FISSION YIRLD DATE FOR 36-HOUR Br

TABLE 4

82

Irradiation B 1

Observed activity
Self-ahsorption factor

Source~-mount
Absorption factor

Aliquot factor
Chemical yleld

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Filgsion rate

Filssion yield

553 counts per minute

0.924

0.995

1250

h3.7 %

40.6 hours

0.4577

2L hours

0.3700

1.694 x 105 dis. per second
2.270 x 1010 fissions per second.
(7.46 ¥ 0,179 x 107 #

Chemical ylelds were determined by precipitating

allquots of the strontium solution as the oxalate under

controlled conditions.

The precipitates were welghed as

SrC,04-H,0 after an alcohol-ether washing and vacuum

desiccation.
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Both 20 and 50N aliquots were removed periodically
from the strontivm solution and their counting rategé
determined in the U417 -counter. Each strontium separation
showed the presence of a 50.0 to 50.5-day activity and a
long~lived coumponent (see Figure 15). One separation which
was prerformed shortly after the end of the lrradiastion
exhibited a 9.7-hour activity in addition to the 50-day and
the long-lived products (see Figure 16). Although large
amounts of ﬁ»activity were obtained in the strontium sepa-
rations, no Y rhotopeaks were observed on the scintillation
spectrometer except when the 9.7-hour activity was present.
Figure 17 shows the observed 550, 740 and 1020 Kev Y peaks.
A vlot of Y=-countling rate vs. time in Figure 18 indicates
that the 740 and 1020 Kev peaks also decay with a 9.7-hour
half-1ife. The initial growth and subsequent-9.?-hour decay
of the 550 Kev peak displays the formation of a shorter-
lived daughter activity from the 9.7-hour parent.

The observed 50-day ﬁ-ectivity wag asslgned as Sr89
which has a reported half-life of 50.4 dsys (70). It was

90

assumed that the long-lived component was Sr which was

known to be produced in fission (71). The most recently

20 is 27.7 years (72). Unquestion-

1
ably, the 9.7-hour activity 1s that of Sr9 with a half-

reported half-11ife of Sr

life of 9.7 hours (70). The decay chains involving these

nuclides are:



Figure 15

Decay of Sr89

in the Presence
Q
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A Longer-lived Activity Subtracted
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Figure 16

Decay Curve of Sr91

O Experimental Points

A Longer-lived Activity Subtracted
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Figure 17

1 1
¥ Spectrum of Sr9 -Y9 as Measured

on a Secintillation Spectromster
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Figure 18
Decay of the ¥ Photopsaks Obgerved

On the Scintillation Spectrometer.

1
740 and 1020 Kev = Sr9

520 Key = Y
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8
short lived ----» Sr 9 - > Y99 ,
50-4. stable
90 90 ~..90
short lived ==--» Sr”°  ===-- > Y mm=—- > ¢r9
28-y. 64 .3-h. stable
Y9lm
LT | 51-m .
short 1lived ———-%-Sr9\ R4 ,-7Zr9
9.7-H"~._ Yo __ -7 stable
58_d .

Sr89 decays by the emisslon of 1.462 Mev Q"(?B), and

sr’0 emits a 0.541 Mev Q"to form Y70 (74) which is also

89

a Q" emitter. Consequently, the presence of Sr and

Sr90 + Y9O would not be expected to gilve any Y spectrum.

On the other hand, spdl decays by the emission of 2.7 (25 %),
1.4 (25 %), and 0.8 (50 %) Mev @ ~ particles together with
0.748 and 1.025 Mev ¥ -rays (70,75). In addition, about

1
60 % of the Sr9 disintegrations lead to a 51-minute isomer

1lm 1

qQ
Y’ , and L0 % to 58-day Y'~. The yttrium is not present

at the end of the strontium separation but grows 1in as the
Sr91 decays. The Y9lm 1s shorter lived than the parent
Sr91 go would grow in, reach a maximum value (transient

equilibrium), and decay with a half-life characteristic of

the parent. The Y energy of the isomeric transition Y91m

to Y7t 15 0.550 Mev.

It was possible to resolve the gross decay curve of

89 90 90
Sr~7, Sr and Y into 1ts components by following the

89

decay until Sr was undetectable. It was assumed that the

90

remaining activity was due to Sr and Y9O in equilibrium.
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This seems justifled since no other long-lived strontium
isotopes are formed in flssion. In addition, no contami-
nation from other elements appeared posceihle since shorter-
lived 2ctivities of such elements were not detected. When

0
90 and Y9

in equilibrium, the disintegration rates of Sr
are equal. Therefore, one half of the observed residual
counting rate, after applylng absorption corrections, could

be attributed to the Srgo

present. On this basis the
fission ylield of Srgo was calculated. As a further check onm
the yileld, a separated strontium sample was allowed to decay
and the yttrium which formed was separated and counted.
From the amount of X9O'obta1ned 1t was possible to calculate
the amount of Sr9o present. A filssion yield of Sr9o calcu-
lated on this basis agreed with that in which Sr9° was
counted directly.

The counting rate of 50-4 Sr89 was determined by sub-
tractling the amount of the long-lived activity observed.

It is not posesible to obtain the amount of spdl
activity by direct analysls of the gross decay curve, due
to the formation of X91. However, from the following
considerations it is possible to determine the amount of
Sr89 and Sr91 present. At the end of the strontium separa-
tion there 1s no yttrium, therefore the total observed

sctivity (NTO) 1g

Ng© = sp890 4 5p910 4 590
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At a time later when the Sr91 has completely decayed to
form Y91, the total observed counting rate (N'p) 1s
N = sr89° exp(-Mt) + 23 sp9l® exp(-A3t) + (Sr90+Y9O;
A37Az

89, Ay = A for Srot and A3 = Afor ¥

where Ay = )\ for Sr 91

and t = time from the end of separation un?il the time when
Né is measured. Since Ng, Né, (sr7° + ¥79%) can be measured,
it 1le possible to solve for Sr89o and Sr910. 'Since the decay
of Sr9l involves delayed- ¥ emission, 1.e., ¥emission from
the YILU state, 1t is necessary to know the efficiency of
the counting unit for the detection of YI1M Jdigintegrations.
The important factors involved are:

(1) the ¥ -detection efficiency,

(11) the amount of internal conversion, and

(111) the efficliency for detection of internal

' conversion electrons.
The decay chains involved 1n the determination of the Sr9l

disintegration rate are

.60
spot --6---> YUy ¥ iy oz
9.7-h. 51-m. 58-4d. stable
40
spdt -———> y7! -==> Zr
9.7-h. 58-a. stable

By means of growth and decay equations and starting with
rure Sr9l, the relative counting rates for Sr91, Y91 ana

Y91m were calculated for various decay times. The

calculated rates were then compared to the observed rela-
tive countling rates at the same decay times. The observed
relative counting rates were obtained by dividing the

observed counting rate at time t by the counting rate
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obtalined by extrapolating the initial portion of the
strontium decay curve to the time at which the separa-
tion had ended. This extrapolation procedure is justi-
fied if counting had begun soon after the sepvaration,
vefore YOV peached equilibrium with Srol. The calculated

and observed values are glven in Table 5.

TABLE 5
DECAY DATA FOR THE MASS 91 CHAIN

De%ﬁgugéme Srgl + Reiggive aCtiV;gim Observed
0 1.00 0 1.00
1 0.931 0.321 0.928
2 0.868 0.441 0.867
3 0.808 0.470L 0.80L
b 0.753 0.469 0.752
5 0.701 0.449 0.701
10 0.493 0.322 0.484

The observed relative counting rate agrees wilth that calcu-

1 91
lated for Sr9 plus Y , indlcating that the efficiency for

counting Y9lm

in the 4w -proportional counter is very low.
All data relating to the flisslon yislds of strontium

isotopes investigated are given in Tables 6, 7 and 8.
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TABLE 6
FISSION YIELD DATA FOR 50.4-DAY Sr89

Irradiation number A1 A2
Observed activity 61880 c¢/m U710 c/m
Self-absorption factor 0.988 0.988
Source-mount

Absorption factor 1.000 1.000
Aliguot factor 5000 5000
Chemical yield 77.2 % 76.3 %
Time after irrzdiation 17.25 days 29.10 days
Decay factor 0.790 0.673
Time in reactor 2k hours 24 hours
Saturation factor 0.0135 0.0135

Activity at saturation 6.279 x 108 a/s 6.010 x 108 a/s

Average activity 8
At saturation 6.227 x 10~ d/s

All fission yields calculated for irradiation A were

P

determined relative to Sr ” by means of equation 24 page 59.

The saturation activity of the nuclide 1in question was

89

compared to that of Sr for the same ilrradiation. After

taking into account the errors involved in measurements,

89 wWes

a "welghted" average saturation activity for Sr
caleulated. The value for the fission yield of Sro2, which

will be discussed later, was taken as 5.56 %.
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TABLE 6 (CONTINUED)

FISSION YIELD DATA FOR 50.4-DAY Sr89

Irradiation number
Observed activity

Self-absorption factor

Source-mount

Absorption factor

Aliguot factor

Chemical yield

Time after irradiation

Decay factor

Time in reactor

Saturation factor

Activity at saturation

Fisgsion rate

Figslon yield

B 1
19916 c¢/m
0.998

1.000
12500

20.4 %

9.90 days

0.874

24 hours

0.0135

1.199 x 107 a/s

10

2.270 x 10 /s

(5.2820.14) %

c1
58500 ¢/m
0.997

1.000

12500

58.2 %

3.75 days

0.950

24 hours

0.0135

1.637 x 107 a/s

10

2.885 x 10 f/s

(5.67%0,07) %
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TABLE 6 (CONTINUED)

FISSION YIELD DATA FOR 50.4-DAY Sr89

Irradiation number

Observed activity

Self-absorption factor

Source-mount
Absorption factor

Aliquot factor

Chemical yileld

Time after irradiation

Decay factor
Time in reactor

Saturation factor

Activity at saturation

Flssion rate

Fission yield

Da 1
18680 c/m
0.997

1,000

12500

58 %

15.44 days
0.811

18.5 hours
0.0105

7.936 x 108 a/s
1.464 x 1019 /s

(5.42%0.18) %

D, 2
3570 c/m

0.998

1.000

12500

33.0 %

95.4L days

0.273

18.5 hours
0.0105

7.904 x 108 da/s
1.464 x 1019 £/s

(5.40%0,08) %




FISSION YIELD DATA FOR 50.4-DAY Sr

TARLE 6 (CONTINUED)
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89

Irradiation number

Observed activity

Dy 1
11960 ¢/m

Self-absorption factor 0.997

Source-mount
Absorption factor

Aliquot factor

Chemical yield

1.000
5000
63.4 %

Time after irradilation 73.25 days

Decay factor
Time in reactor

Saturation factor

0.370
18.5 hours
0.0105

Activity at saturation 4.079 x 108 a/s

Fission rate

Fisslion yield

7.225 x 107 g/g

(5.65%0,06) %

Db 2
20200 ¢/m
0.997

1.000

1666

63.1 % |

115.41 days
0.208

18.5 hours
0.0105

4,091 x 108 a/s
7.225 x 107 £/s

(5.66%0.,06) %




TABLE 6 (CONTINUED)

8L

FISSION YIELD DATA FOR 50.4-DAY Sr89

Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time 1n reactor
Saturation factor
Activity at saturation
Fisslion rate

Fission yield

E
1503 c¢/m
0.997

1.000

2500

52.2 %

27.0 days

0.693

23.83 hours
0.0134

1.295 x 107 a/s

fast fission

F
22370 ¢/m
0.997

1.000

25000

52.1 %

1.5 days

0.980

24,17 hours
0.0136

1.406 x 10° d/s

OlO

2.587 x 1 f/s

(5.43%0,08) %




FISSION YIELD DATA FOR 27.7-YEAR Sp2°

TABLE 7

Irradiation A 1

85

Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemlcal yleld

Time after 1irradiation
Decay factor

Time in reactor
Saturation factor
Actlivity at saturation

Relative filgelion yileld

400 counts ver minute

0.93

0.997

5000

77.2 %
17.35

1.00

24 hours
6.781 x 10 2

6.8674 x 108 dis. per second

(6.1670.12) %




TABLE 7 (CONT'D.)

FISSTION YIFLD DATA FOR 27.7-YEAR Sr
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90

(Determined by counting 64 .3-hour Y9O)

Irradiation number
Observed activity
Self-absorrtion factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradlation
Decay factor

Time 1in reactor
Saturation factor
Activity at saturation
Fisslon rate

Figsion yield

Db 2
510 ¢/m
0.996

1.000
1333

49.2 %

115.41 days
0.9922

18.5 hours

5.2 x 1075
n.481 x 10° a/s
7.225 x 107 /s
(6.20%0.09) %

Dg2
362 c/m
0.982

1.000

2500

33.0 %

106 days
0.9928
18.5 hours
5.2 X 10_5

9.025 x 108 a/s
1.464 x 1070 £/s

(6.16%X0.07) %
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TABLE 8

FISSION YIELD DATA FOR 9.7-HOUR SR?Y

Irradiation F 1

Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradlation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yileld

96630 counts per minute
0.987

1.000

2500

52.1 %

36.0 hours

0.07638

2L ,16 hours

0.8220

1.2464 x 1O9dis. ver second

10

2.587 x 10 fissions per second

(4.82%0.25) %
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The uranium sample in lrradiation E was surrounded
with cadmium foil. The observed strontium activity must
then have been produced by a fast fission process. A
comparison of the strontium activity in a shielded and an
unshilelded sample would glve a measure of the fast fission
factor. In irresdigtion C the strontium saturation activity
was 3.151 x 108 disintegrations per second per mgm. of sample.
The measured flux value was 5.05 x 1012 neutrons per cm.2
per second. The strontium gaturation actlivity for irradi-

ation E was 6.65 x lO6

disintegrations per second per mgm.
of sample for a corresponding neutron flux. The percentage
of strontium activity produced by fast neutrons to that pro-
duced by fast plus slow neutrons was 2.10 %. On page 65
it was shown that 1.76 % of the cobalt monitor activity was
produced by the presence of fast neutrons. The difference
tetween these two values 1s presumably due to the differences
in fast and slow neutron cross sections. It was not necessa-
ry to apply a fast fisslon correction to the fission yield
results since both the monitor and the flssile material were
gimilarly influenced.

The possibility exists that Sr89 may be produced by
radistive capture of natural strontium (82.6 % Sr88) present
as an impurity,

538 (ny )5,

Spectrographic analysis of the uranium sample indicated that
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the amount of strontium present was less than 0.02 %
of the vranium 233 content. For the heavisest sample

19 atoms of U233, so there

irradiated there were 1.32 x 10
could be no more than 2.2 X 1015 atoms of Sr88 present.
By using equation (31) page 60, it is possible to calculate

Q
89 formed. Taking the neutron capture

the amount of Sr
cross sectlon for Sr88 as 0.005 barns, about 34 disintegra-
tlons per minuts 1s obtained. Thils activity can be consi-
dered nesgligible.

(c) Yttrium

The method used for the separation of yttrium was that
given by Ballou (76). Since the chemical properties of
yttrium are similar to those of the rare earth elements, it
was necessary to add carrlers of cerilum, lanthanum, praseo-
dymium as well ag yttrium. The rare earths and yttrium were
separated from other fisslion product actlivlities by the prre-
cipitation of thelr fluoridss. After the fluorldes were
dissolved in an HNO3—H3BO3 mixture, cerium was oxldized with
chloric acid and precipitated as the iodate. The rare earth
activities were separated from yttrium by the precipitation
of potassium-rare earth carbonates. Yttrium was recovered
from the remaining solution by an oxalate precipitation.

In the sepration of yttrium from a strontium-yttrium
mixture, fluorlde and hydroxide precipitations were carried
out in the presence of strontium hold-back carrier. The

serarated yttrium was dissolved in dilute acid and made up

to a volume of 10 ml.
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Chemlcal yields were determined by precipitating
and weighing the hydrated yttrium oxalate which had besen
dried by vacuum desiccation.

Periodically, 20 A alilguots of the yttrium activity
were mounted on VYNS films and counted in the 47 -propor-
tional counter. FHalf-lives of 65 hours (Figure 19) and
59 days (Figure 20) were obtained. The 65-hour activity
was that separated from strontium which had previously been
separated and allowed to decay. This daughter activity wses
obviously that of 190 which has a reported half-life of
64.8 hours (77) and decays with 2@ energy of 2.26 Mev (78).
The 59-day activity was assigned as Y7©. The half-1life of
Y9l is given as 58.3 days (77) and the @ end-point energy is
0.36 Mev (79). A 2,0ml. aliquot of the yttrium solution was
analyzed on the scintillation spectrometer and showed no R
photopreaks.

The decay chaing for the activitles detected are
short lived ---3> Srgo -2 Y9O ——3 ngo
28-y 65-h. stable

short lived --=» Y1 —ccpzpdl
58-4. stable

The Y9O detected was formed only from the decay of Srgo.

For this reason the data for the filssion yilelds based on Y9O

measurements have been included in Table 7 for the fisslion

90 91

yield of Sr” . The activity of ¥'~ was determined long after
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Figure 19

Decay Curve of Y90
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Figure 20

Decay Curve of Y91
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the end of the lrradiation so that all known precursors

had decayed.

in Table 9.

TABLE 9

The data for the yield of Y2 is nresented

FISSION YTELD DATA FOR 58.3-DAY y7t

Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiaticn
Decay factor

Time 1in reactor
Saturation factor
Activity at saturation
Fission rate

Fileslion yield

B 1

4973 c/m
0.996

1.000

6250

36.6 %

158 days

0.151h

24 hours

0.01188

7.897 x 10° a/s
2.2695 x 1010f/s
(3.4820.18) %

cC1
7360 c/m
0.996

1.000

Li66

21.5 %

137.64 days
0.1931

24 hours

0.01188

1.039% x 10° a/s
2.8848 x 10*° /s

(3.60%0,11) #

No natural yttrium was detected in a

analysis

(d) Zirconium

of the original uranium sample.

spectrographic

The method used for the seraration of radio-zirconium

was essentially a combination of a procedure given by Hume (80)



92
and one glven by Moore (81). Exactly 20 mgm. of zirconium
carrier was added to an allgquot of the fission product
stock solution. This solution was made 2 M in HNO3 and 6.5 M
in hydroxylamine hydrochloride. The solution was extracted
for 10 to 15 minutes with an equal ¥olum@ of 0.5 M
2-thenoyl-trifluoroacetone (TTA) in xylene. After the
phases had separated, the organic layer was removed and
wached for threes minutes with an equal volums of 1 M HNOB.
The zirconlum was then removed from the organic phase by a
three minute extraction with an equal volume of 0.25 M HN03 -
0.25 M HF. About 50 mgm. of Ba*" carrier was added to the
geparated aqueous phase followed by the addition of 1 ml. of
HF. The BaZrFg was removed by centrifugation, washed and
dissol&ed in a dilute boric acid-nitric acid solution. Borate
and fluoride lons were removed by passing the solution
through a column containing Dowex-1 anion exchange resin.
The zirconlilum was precipitated from the effluent wilth
ammonia, washed with water, dlssolved in dilute acid and then
made up to a volume of 10 ml.

Chemical yields were determined by precipltating aliquots
of the zirconium solution with a 6 % cupferron solution and
igniting to Zr0,.

The counting of 50 and 100 A portions of the zirconium
activity in the 4 ;¥ -proportional counter indicated an initial

growth and subsequent decay with a 65-day half-life as shown
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in Figure 21. A 740 Kev < -photopeak was observed on the

scintillation spectrometer (Figure 22). The ¥ -counting rate
also increased at first and then decayed with a half-life

of about 65 days (Figure 23). The observed actlvity was
attributed to 65-day Zr95 (83) and 1ts decay products.

The decay chain for this nuclide 1is

NpI5m
02 .7 490-h
” §
short 1ived —---Zr7°_ \ Moo?
65-a%~ < _ ' _ - Tstable
35-4.

In the decay of Zr95, ' rays of energy 754 and 722 Kev are
emitted. In additioﬁ, < rays may be expected from 90-hour
Nb95m (236 Kev) and 35-day Nb72 (770 Kev). No Nb95m was
obser§ed in the X spectrum. The initial observed X'reak at
740 Kev was a combination of 754 and 722 Kev energles. The
growth of this peak was due to the formation of the 770 Kev

€ -emitter Nb95.

95

The counting rate for Zr was obtained by counting
sources immediately after the separation and by making a
short extrapolation back to the end of separation where no
niobium activity was present. A correct counting rate for
Zr95 could not be obtained in the presence of nioblilum acti-
vities due to incomplete knowledge of the decay schemes

involved and the detection efficlency of radiatlions emitted.

The fission yield data for Zr95 are given in Table 10,



Figure 21 _
® Decay Curve of zr95
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Figure 22

f Spectrum of Zr95 as Measured on

a Scintillation Spectrometer
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Figure 23

Growth and Decay Curve for the

740 Kev X Photopeak Observed for
7r95 —Np??
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Spectrographic analysls of the sample irradilated

indicated that the amount of zirconlum present as an

o)
impurity was less than 0.02 % of the u?3? content. The

amount of Zr95 formed by the reaction

Zr9u(n1QZr95

was calculated by means of equation (31) on pe2ge 60.

The abundance of Zr9u is 17.4 # and its thermal-neutron

cross section is 0.1 barns.

which might be present is 4.5 x 10

rroduce an

14

TABLE 10

The maximum amount bf zr

o4

atoms and this would

FISSION YIRLD DATA FOR 65-DAY ZIRCONIUM 95

Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time 1in reactor
Saturation factor

Activity at saturation

Fisslion rate
Fission yleld

Al
35000 c¢/m

0.760

24 hours

0.0106

5.365 x 1O8 a/s
relative yield
(4.82%0.50) %

B1
35400
0.973

1.000
3610

21 %

28.63 days
0.737

24 hours

0.0106

1.309 x 108 a/s
2.270 x 10™% /s
(5.77X1.44) %

activity of about one count per minute.
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(e) Niobium

The separation of niobium from other fission products
was based on the specilfic precipitation of Nb205 from an
oxalate solution with chloric acid (84). Niobium carrier was
added to an aliquot of the fisslon product stock solution.
After several cycles of precipltations, the nioblum was
dissolved in a winimum of oxallc acid and made up to a vo=-
lume of either 10 or 25 ml.

Chemical ylelds were determined by precipitating and
welghing Nb205. The precipritate was washed with a dilute
ammonium chloride solution and then with ethanol before
being dried at 110°C. for 30 minutes.

Prepared 20, 50 and 100 A sources of the niobium actl-
vity were counted in the 477 -vroportional counter. All
sources which had been separated at least 33 days after the
end of the irradiatlion decayed with a half-1ife of 35 days
(Figure 24). A 2.0 ml. sample of the nioblum when analyzed
on the scintillation spectrometer indicated the pressnce of
a nuclide emitting a 770‘Kev'T'ray with a2 half-life of about
35 days (Figures 25 and 26). These decay characteristics
are those of 35-day Nb95 (83) which 1s one of the daughter

activitlies of Zr95 previously discussed.

95m
.02 _7Nb
~--"7V90-n.
short lived ---» Zr95~__ #95 ,,»Mo%
65-d. = > Np’’ stable
.98 35-d'



Figure 24

@ Decay Curve of 35-Day Nb?2
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Figure 25

1fSpectrum of Nb95
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Figure 26

Decay Curve of Nb95 =770 Kev < Peak
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The absence of any detectable 90-hour Nb95m indicates
that the amount of thls lsomer formed from the decay of
Zr95 must be small as is indicated above by the decay
scheme.,

An attempt was made to measure Nb95m by separating
niobium 4.2 days after an irradiation. However, the samples
were found to be contaminated with tellurium activity so that
no yield of Nb95m could be accurately obtalned.

The calculation of a disintegration rate for Nb95
involves applying rather large self-absorption corrections.
To keep the niobium in sclution it was necessary to add an
excess of oxalic aclid which increased the source superficial
density. The total source thickness was determined by
welghing an aliquot of the sample which hed been evaporated
on to a known area.

The data for the fission yleld of Nb95 are given in

Table 11.



TABLE 11
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FISSION YIELD DATA FOR 35-DAY Nb25

Irradiation number
Obgerved activity
Self-absorption factor

Source~-mount
Absorption factor

Aliquot factor
Chemlcal yleld

Time after irradlation
Decay factor

Time in reactor
Saturation factor
Actlivity at saturation
Filsslon rate

Fisslion yleld

F1
12300 ¢/m
0.680

0.990
15625

91 %

87.1 days
0.2079

24 .17 hours
0.01971

1.281 x 1O9d/s
2.587 x 1010f/s
(4.94%0.29) %

F 2
26800 c¢/m
0.780

0.990
6250

96.8 %

114.25 days
0.12414

24,17 hours
0.01971

1.561 x 109d/s
2.587 x 1010 /¢
(6.0320.99) %
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(f) Ruthenium

Carriers of ruthenium (Ru+3), iodide and bromide were
added to an aliquot of the fission product stock solution.
Following an oxidatlon with sodlum bismuthate and perchloric
acid, ruthenium was separated from the other fisslon products
by distilling the volatile Ru0) into a NaOH solution (87 ).
Ruthenium oxide was precipitated several tlmes in the pre-
sence of NaOH by reduction with ethanol. The oxide was
dissolved in 6 M HC1l and after the final separation, ruthe-
nium was made up to a volume of 10 ml.

Chemical yields were determined by adding magnesium
metal to precipitate ruthenium as the metal. Excess magne-
sium was dissolved in concentrated HCl. The ruthenium metal
was flltered, washed and dried at 110°C. for 20 minutes. From
the weight of Ru obtalned the percent:of carrier recovered
wag calculated.

The decay of ruthenium was measured by counting 50 and
100 X sources in the 4 | -proportional counter. A drop of
dilute LiOH was adQed to the active sources on VYNS fillms to
aid in drying. A 40-day activity and a longer-lived component
(~ one year) were observed. The decay is plotted in Flgure 27.
A ~ spectrum was obtained (Figure 28) which shows the presence
of a 500 Kev y ray. The half-1ife of the 3§ decay was also
40 days (Filgure 29). It was then apparent that the observed

0 .
LOo-day activity was Ru1 3. This nucllide decays to a metas-

103m,

table state (Rh ) by the emission of a 220 Kev ®-
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Figure 27

Q’Decay Curve of 4O-Day Rul®3 and 1-Yesr RulO6
O Experimental Polnts

A 1-Year Activity Subtracted
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Figure 28

¥ Spectrum of Rul03
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Figure 29

Decay Curve of Rul93-500 Kev X Peak
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particle in coincidence with a 495 Kev ¥ ray (88). The

103m

Bh nuclide de-excites with a half-1life of 57 wminutes

through the emissicn of a 55 Kev ¥ ray. The decay chailn

for mass 103 is

103 103m

short lived ---2» Ru --=-=> BRh .
Lo-d. 4! 57-m.
v
Rh103
stable

The residusl activity with a half-1ife of zbout one

year was assligned to Ru;06, a known fission product with

a half-life of 1,02 years (89) and aQ' end-point energy

of 39.2 Kev (90). The decay chain involving Rulo6 is

1.0-y. 30-s. stable

The measurement of a disintegration rate for both

103 106

Ru and Ru is difficult due to the low energy of the

radiation and the presence of short-lived daughter activi-

tles,

103

For Ru it was necessary to congider the effects of

the delayed- ¥emitter Rh103m. The total internal conversilon
coefficient (o) for the 40.2 Kev XX ray is about 484 (91 ).
From thls value can be calculated Ng-, the number of con-

version electrons emitted.

No- = oK = 0.998
© 1TF&ET

103m

Therefore, 99.8 % of Rh disintegrations involve con-

version electron emission. The energles of these electrons
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can be estimated from the following relastionship
Eem = By~ Ep.e.

where Eg- 1s the energy of an emitted conversion electron,

Eg 1s the unconverted ¥ energy, and

Ey,e. 1s the binding energy of an electron in its

atomic orbit.

Values of Ep o, for ruthenium can be obtained from X-ray
absorption energy measurements. The values for the K and L
electrons are approximately 22.1 and 3.0 Kev respectively (86).
The energies of the converted electrons would then be from
18 to 39 Kev. By using the source-mount and self-absorption
data described earlier, it ig found that these electrons are
almost completely absorbed. It must be remembered that the
absorption data were measured for the end-point energy of
a Q‘spectrum. Since converslion electrons are monoenergetic,
a slight difference in absorption would be expvected. An
upper limit of § % was set for the detection of Rh' oT
disintegrations. Perhaps a better method for determining the
disintegration rate of Ru %7 would be to completely absorb
the conversion electrons by laminating the source with thin
films of known superficial density. An absorption correction
could then be accurately applied to the Q emitter.

The observed one-year activity represents an equilibrium
counting rate for Bu106 and Rh106. Absorption losses are to
be expected for the Ru106 radiation but not for Rh106 since
the latter has mathnn%ﬁ'energies of 3.5 (82 %) and 2.3

(18 %) Mev. (92 ).
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Fission yleld data are presented for Rul®3 ana Bu106

in Tables 12 and 13 respectively.

TABLE 12

FISSION YIELD DATA FOR 40-DAY Rul©3
Irradiation B 1

Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemieal yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yield

38630 counts per minute
00857

0.985

1250

18 %
22.53 days
0.6768

24k nours

0.01718
8

10

4.5809 x 10
2.2695 x 10
(2.02 ¥ 0.08) %

dis. per second

fissions per second
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TABLE 13
FISSION YIELD DATA FOR 1,02-YEAR Rul%®
Irradiation B 1

Observed activity
Self-absorption factor
Source-mount
Absorption factor
Aligquot factor
Chemlcal yleld

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Actlivity at saturation
Fission rate

Fisslon yleld

865 counts per minute

0.95

1.000

1250

18 %

22.53 days

0.9583

24k hours

0.00188

5.8813 x 107 dis. per second
2.2695 x 1010 fissions per second

(0.259 * 0.03) %

No natural ruthen

fum or rhodium was detected in the

original uranium sample.



112

(g) Rhodium

The separatlion of rhodium was bassd on its extraction
into pyridine from a strongly alkaline solution (93 ),
Carriers of rhodium (Rh*2) and tellurium (Te+n) were used.
Rhodium was recovered from the pyridine phase by a sulphide
precipitation. The precipitate was dissolved and ruthenium
carrier was added. Ruthenlium activities were removed by
fuming with perchloric acid. The rhodium sulphide precipl-
tation was repeated and the preclpitate, after belng washed,
wae dissolved in a minimum of agque regla and diluted to 10 ml.

Chemical yields were determined by reducing allquots
of rhodium solution with magnesium metal. The preclpitate
formed was filltered, washed, driled at llOOC. for 20 minutes
and welghed as rhodium metal.

Sources conslsting of 20 A portions of the separated
rhodium, when counted in the 4y -proportional counter, were
observed to give a 36-hour decay curve (Figure 30). The
presence of a 320 Kev photopeak in the spectrum for this
activity (Figure 31) established 1its identity as Rn 95,

The fission product decay chain for this nuclide is

short lived -=---3 Rut0%----3 ppl05m

l#.B-h. *: 35-‘80
N
Rh105 ——cep pal®s

Rh105 decays by the emlission of Q - particles of maximum
energies 210 (4 %) and 570 (96 %) Kev. A 320 Kev ¥ ray

is emitted in coincidence with the Q radiation (94 ).
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The fission yleld data for Rhi03

are glven 1ln
Table 14.
TABLE 14

FISSION YIELD DATA FOR 36.5-HOUR Rnl©5

Irradiation F 1

Observed activity 1550 counts per minute
Self-absorption factor 0.920

Source~-mount

Absorption factor 1.000
Aliquot factor 8333
Chemical yleld 26 %

Time after irradiation 144 .6 hours

Decay factor 0.0643
Time in reactor 24 .16 hours
Saturation factor 0.368

Activity at saturation 3.770 x 107 dis. per second
Fisslon rate 2.587 x 1010 fissione per second

Fission yield (0.146 ¥ 0.037) %




114

Figure 30

Decay Curve of Rh105
O Experimental Points

A Background Subtracted
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Figure 31

Y Spectrum of rp105
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(n) Silver

Silver was separated from other fisslion products by
adding silver carrier and precipitating AgCl from a HNO3
solution with HCl. Additional decontamination was achieved
as suggested by Glendenin (95) by altsrnative Fe(OH)3
scavengings and Ag,S precipiltations from an ammonical solu-
tion. The'flnal AgCl precipitate was discolved in a2 minimum
of ammonia solution and diluted to 10 ml.

Chemical.yields were determined on aliquots of the
silver solution by adding 5 drops of 2 M HC1l and then 1 ml.
of 6 M HNO3. The mixture was heated to boiling, filtered,
weshed with water and ethanol, and finally dried at 110%%.
for 15 minutes. The precipltate was weighed as AgCl.

The decay of 20, 50 and 100 A sources of sillver were
followed in the 4 -proportional counter. The observed
3.2-hour activity (Figure 32) and the 7.6-day activity

(Figure 33) were taken to be Agll? 111

and Ag respectively.

A very low-intensity 620 Kev ¥ photopeak was observed on the
scintillation spectrometer which appeared to be 2ssociated
with the 2.3-hour Q actlivity. The decay chains for the

observed silver activities are

short-lived ----» Agltl __._y (g1l
7.6-4. stable
’ hi
short-lived ----3 Pdll2 ——— Agll2 _——— Cd“12
21-h. 3.2-h. stable .
111

The reported half-life for Ag is 7.6 days (96). This

nuclide decays by the emission of Q particles of energiles
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Figure 32

Decay Curve of 3.2-Hour Ag112

O Experimental Points

A Longer-Lived Components Subtracted
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Figure 33

Decay Curve of 7.6-Day Aglll
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1.04 (91 %), 0.80 (1 %) end 0.70 (8 %) Kev (97 ).

Ag112 has a half-1life of 3.2 hours (98 ) and decays by

the emlission of a series of energetic Q particles (99 );

4.1 (25 %), 3.5 (40 %),

In the decay of Agll

dence with Q emlission.

2 a 620

2.7

(20 %) and 1.0 (15 %) Mev.

Kev 1fray is emitted in coinci-

The length of time from the end of

the irradiation to the silver separation was such that all

independently formed Ag}lz represents that fdrmed from the

112
decay of the parent patl2, Because of thnls, the Ag

data

have been presented in Table 17 with the fission yleld data

112

111

for PAT1%. The fission yield calculated for Ag  ~ 1s given
in Table 15.
TABLE 15

FISSION YIELD DATA FOR 7.6-DAY Aglll
Irradiation number B 1 D1l
Observed activity 2200 ¢/m 3380 ¢/m
Self-absorption factor 0.994 0.972
Source-mount
Absorption factor 1.000 1.000
Aliquot factor 2500 1250
Chemical yield 29.4 % 58.3 %
Time after irradlation 1.91 day 2.5 days
Decay factor 0.8401 0.7962
Time in reactor 24 hours 18.5 hours
Saturation factor 0.08717 0.0578

Activity at saturatlon

Fission rate

Fission yileld

4.28 x 108 a/s
2.290 ¢ 1020 £/g

2.701 x 10 a/s
1.464 x 1010¢/5

(0.0188 F0.0003) %(0.0185%0.0007) %
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(1) Palladium

The sevzration of palladium from other fission products
was accompllished by the precipitation of palladium dimethyl-
glyoxime from an acid solutlon. Scavenging with Fe(OH)3 and
Agl was performzd for additional purification. Palladium was
finally precipitated with demethylglyoxime, dissolved in hot
concentrated nitric acid and made uvp to a volume of 10 ml.

Chemlcal ylelds were determined by precipltating and
welghing palladium dimethylglyoxime.

The decay curves for pralladium, as measured on the 47 -
proportional counter, are resolved in Figure 34. Since the
longest-lived palladilum lsotope expected in fission has been
reported as 2l-hour pall?2 (100), 1t then appears as if an
incomplete sepsration of palladium has been obtalned. Silver
and zirconium might be expected to contaminate palladium in
the separation procedure used (101). If so, the observed
65-day activity may be due to 7r75., The other resolved half-
lives are probably mixtures of nuclides. It was found that by
analyzing the initial portlon of the gross deceay curve, a 21-
hour activity could be resolved (Figure 35). This activity

12 and a fiesion yield was calculated (Table

was taken as Pd:L
16). The decay chain for the susnected palladium nuclide 1is

21 -h. 3.2-h. stable

The W peaks obssrved on the scintillation spectrometer were
not sufficiently resolved to permit an identification of

nuclides »recsent. It was then guestionable that the observed
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Figure 34

Decay Curve of a Palladium Separation
O Experimental Points
A 65-Day Activity Subtracted

O 9-Day Activity Subtracted



(COUNTS PER MIN))

COUNTING RATE

121a

10

10
T,,=65 DAYS

Ty2=9 DAYS

0o 20 40 60 80
DECAY TIME (DAYS)

Ll ! |



122

Figure 35

Decay Curve of a Palladium Separation
O Experimental Points

A Longer-Lived Components Subtracted
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FISSION YIEID DATA FOR 2]1-HOUR P4

Irrediation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yield

TABLE 16
112

B1l
3640 c¢/m
0.860

0.990

1250

50.0 %

69.5 hours
0.10091

24 hours

0.5471

2.776 x 10° a/s

10

2,270 x 10 f/s

(0.0122 ¥ 0.0001) % (0.0123 ¥ 0.0001) %

123

F 1l

oks5 c/m
0.942

0.990

4166

4b9.8 %

76.2 hours
0.08089

24 nours

0.5495

3.180 x 106 d/s
2.587 x 1010 r/8




TABLE 17

FISSION YIELD DATA FOR 21-HOUR pall?

(Determined from the Daughter 3.2-Hour Agllz)

124

Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fisslon rate

Fission yield

B 1
3050 ¢/m
0.999

1,000

2500

29.4 %

Lk .8 nours
0.2690

2k nours

0.5471

2.938 x 106 d/s
2.270 x 1010 £/s

(0.0129 * 0.,0001) % (0.0118 t 0,0005) %

D 1
3490 ¢/m
00996

1,000

1250

58.3 %

58.7 hours
0.1700

18.5 hours
0.4260

1.729 x 106 a/s
1.464 x 1010 r/s
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2l<hour decay line was due only to Pdllz. If the 65-day

activity represents Zr95, then 17-hour Zr97 might also be

present and add to the counting rate of Pdllz. As = further

112 yileld, the daughter activity Agllz was

112 wa

check on the P4
counted and from its measurements the yield for P4 s
indirectly determined (Table 17). The value obtained for

the yleld of Pdll2 by both methods agreed favorably.

(3) Antimony

The wmethod of Boldridge and Hume (102) was used to
separate antimony from other flssion products. Antimony
(Sb+3) carrlier was added and oxidlized to the pentavalent
state with bromine water to ensure complete chemical
exchange. Metalllc antimony was precipitated by adding an
excess of chromous chloride. After dlssolving the antimony
in aqua regia, water was added and a sulphlde precipitation
was performed. The sulphide was dissolved in a minimum of
HC1 and the solutlon was boiled before being diluted to a
volume of 10 ml.

Chemical recovery was determined by precipltating
metalllic antimony with chromouvs chloride. The metal was
filtered, washed and dried at 1100C. for 30 minutes hefore
beling weighed.

The decay of antimony activities, as measured by the
b7 -proportional counter, are shown in Figure 36. Half-lives
of 3.79 days and 75 days were observed. An intense 245 Kev ¥
rhotopeak was observed on the scintillation spectrometer

(Figure 37) which also decayed with a 3.6-day half-life

(Figure 38). Two less defined ¥ peakes were observed at
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Figure 36
Decay Curves of 3.8-Day Sbl27 and an
Unidentified 75-Day Component
O Experimental Points

A 75-Day Activity Subitracted
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Figure 37

Spectrum of an Antimony Separation
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Figure 38

¥ Decay Curves for an Antimony Separation
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740 and 480 Kev. These peaks appeared to be assoclated
with the 75-day activity. The shorter-lived activity was
assigned to Sb127. Half-lives reported recently for this
nuclide are 88 hours (103) and 93 hours (1l04). The value
used in this work was the observed 91 hours. The energiles

of the Q varticles emitted in the decay of Sbl27

were glven
as 860 (50 %), 1110 (20%) and 1570 (30%) (104). The main

¥ transitions which were in coincidence with the Q emission
were reported as 248, 772, and 463 Kev (103). Although the
observed § peaks at 480 and 740 Kev appeared to correspond

12
7, the

to the reported 463 and 772 Kev energles of Sb
measured half-life was differsnt. No observed 75-day antl-
mony actlvity has yet been reported in fisslion. The longest-
lived isotove detected was that of 2.0-year Sb125 (105).

Both Sblzu and Sb126 are expected to be formed in flssion.
However, the first is a shielded nuclide and its yield is
probably low. The second has been reported as a flssion
product (106), but no reliable half-life has been measured
for this nuclide. The only antimony nuclide positively
identified in this work is that of mass number 127. The

decay chain for this nuclide 1s

Telz7m
7 ' 1054
spl27 | _»7127
91-h. ~~~a ,'I,velZ?-" " stable
93-h.

The yield for sp1?7 1g given in Table 18. A fission yield was
calculated for the observed longer-lived antimony activity. A

half-1ife of 75 days was used and the data are given in Table 19.



TABLE 18

FISSION YIELD DATA FOR 91-HOUR Sp 127
Irradiation number B 1
Observed activity h160
Self-absorption facter 0.990
Source-mount absorption
Absorption factor 1.000
Aliquot factor 1525
Chemical yield 6 %
Time after irradiation 14,82 days
Decay factor 0.,0706
Time in reactor 24 hours
Saturation factor 0.1638
Activity at saturation 1.524 x 108 a/s
Fission rate 2.270 x 1010 /s

Fission yield (0.67 £ 0.13) %

130

D 1
8300
0.990

1.000

1905

5 %

3.23 days
0.5612
18.5 hours
0.1263
?7.511 x 107

10

1.464 x 107" f£/s

(0.51 Y 0.12) %




TABLE 19
FISSION YIELD DATA FOR 75-DAY Sb 2

Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factér
Chemical yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yleld

B1l
1500 c¢/m
1,00

1.00
2500

6.9 %

14,82 days

0.872

24 nhours

0.0092

1.121 x 10° a/s
2.270 x 100 £/s

(0.53 £ 0.14) %

131
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(k) Tellurium

A direct separatlion of radlochemically pure tellurium
was obtained by using a method reported by Glendenin (107).
Telluprium (Te+u) carrier was added and precipitated as the
metal with SO, in an acid solution. Selenium contamination
was removed by an HBr volatilization. The removal of ruthe-
nium was assured by Fe(OH)B scavenging. Tellurium wzas
finally reccvered by precipltating the metal and dissolving
1t in a minimum of nitric acid. The solution was then made
up to a volume of 10 ml.

Chemical ylelds were determined by precipitating
tellurium as the metal. |

The decay of tellurlum was measured by counting 50 and
100 )\ sources in the 4o -proportional counter. The final
slope of the gross decay curve (Fligure 39) indicated the
presence of a 105-day actlvity. By subtracting the 105-day
component from the curve a 37-day activity appeared (Figure
39). A subtraction of both the 105-day and 37-day activities
from the initial portion of the decay curve produced a
3.2-day activity (Figure 40). A freshly separated tellurium
sample analyzed on the scintillation spectrometer at firegt
showed only a 220 Kev ¥ photopeak. Then, 670 and 780 Kev ¥
peaks grew in and later decayed. In equilibrium, all three
reaks decayed with a half-1life of 3.2 days (Figures 41 and 42).

The tellurium actlvities detected were 105-day ‘I‘elz?m

129m

(108), 37-day Te , (109), and 77-hour T9132 (110),
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Figure 39
Decay Curves of 37-Day Tel29m and 105-Day Tel27m
O Experimental Points

A 105-Day Activity Subtracted
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Figure Lo

Decay Curve for 3.2-Day Tel32
O Experimental Points

A Longer-Lived Components Subtracted
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Figure 41

‘(épectrum of a Tellurium Separation
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Figure 42
~§ Growth and Decay Curves Observed

in a Tellurium Separatlion
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The observed 220 Kev ¥ peak is characteristic of Te132.

The daughter actlvity of this nuclide is 1132, a short-
lived activity, which gives rise to the 670 and 780 Kev
peaks in Figures 41 and 42. The decay chalns for the

nvuclides of interest are

127m
Te
_-=T{105-4.
- 1
o A IR
“h.~ ~. - stable
‘3.122127 -
9.3-h.
129m
T
//7 'e 37-d'

P 1 129
w29 | i s e
h.6-hT~~ly ¥ --—" 1.7 x 10'-y. -

A Te129 y
72=-m.
short-1lived-> Te 22 - - » 1132 _ _ _ » xet2?
77=h. . 2.3-h. stable

132

The calculation of a fisslon yileld for Te 1s not

complicated and the data involved are given in Table 20.

132

An 2dditional yleld measurement for Te was obtalned by

separating and measuring 2.3-hour Ag132. Data for the

latter measurements are listed in Table 21. Both Telz?m

and Te129m decay by ¥ emission, which involves internal
conversion. No accurate measurements have vet been
reported for the conversion coefflicient of each isomer.
For this reason 1t was impossible to calculate accurate
fisslon ylelds for these nuclides. When such information

becomes available, a yield for each isomer can then be

calculated.



Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decaj factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yield

TABLE 20

FISSION YIELD DATA FOR 77-HOUR Tell?

Al
2365 ¢/m
0.990

1.000

2500

h9 %

28.65 days
0.0020

24 hours

0.1943

5,227 x 108 a/s

(4.70 + 0.94) %

138

c1

53520
0.984

1.000
2500

36. %
16.84 days
0.0263

24 hours
0.1943
1.215 x 10°
2.885 x 107 /s
(4.21 * 0.63) %




TABLE 21

FISSION YIELD DATA FOR 77-HOUR Te

132

139

(Determined from the Daughter 2.3-Hour 1132)

Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time 1n reactor
Saturation factor
Activity at saturation
Fission rate

Fission yield

A3
15600 c¢/m
0.89

1.000

1250

36.2 %

15,76 hours
0.00994

2L hours

0.1927

5.266 x 108 a/s
Relatlve yileld
(#.71 Y o.14) %

B1l
145000 c¢/m
0.93

1.000
25000

.3 %

87 .01 hours
0.4743

24 hours

0.1927

9.56 x 10° a/s
2.270 x 1010 ¢/s
(4.21 T 0.13) %




TABLE 21 (Continued)

FISSION YIELD DATA FOR 77-HOUR Te

140

(Determined from the Daughter 2.3-Hour 1132)
Irradiation number c1 F1
Observed activity 60800 c¢/m 3300 ¢/m
Self-absorption factor 0.955 0.905
Source-mouht
Absorption factor 1.000 1.000
Aliquot factor 12500 25000
Chemical yield . % 33.8 %
Time after irradiation 301.9 hours 433.4 hours
Decay factor 0.0698 0.0216
Time in reactor 24 hours 24 .16 nours
Saturation factor 0.1927 0.1938

1.073 x 108 d/s
10

1.3198 x 109 /s
10

Aetivity atlsaturation
f/s 2.587 x 10
(4.15 * 0.05) %

Fission rate 2.885 x 10 f/s

Fission yield (b.57 ¥ 0.16) %
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(1) Todine

A rapld solvent extraction method for the separation
of iodine has been reported by Glendenin and Metcalf (11ll)
and has been used in this work. Iodide carrier was added
and preliminary steps were taken to ensure complete inter-
change between active 1lcdine and carrier iodine. The carrier
was reduced to I, with NH,OH.HCl, and the I, was extracted
with CClu. The iodine was removed from the CClu by a back
extractlion using water containing NaHSO5;. Another CCly
extraction cycle was performed in which NaNO, was used to
oxidize I™ to I, end a water sclution of SO, was used for

the reduction of 12 to I, To the iodine in the form of I~

was added a small amount of LiOH. The solution was then
diluted to a volume of 10 or 25 ml.

Chemical yields were determined by heatlng aliquots of
the lodide solutlon_and adding HNOB-AgNO3 to precipitate
silver lodide. After 1t was dligested, the precipitate wes
filtered, washed with water and alcohol and dried at 110°C.
for 20 minutes. The solid was welighed as AgI.

The method used for source preparation was that suggested
by Bartholomew et al. (112), in which the iodide solution was
added to a drop of very dilute silver nitrate already present
on the prepared VINS film. The purpose of the gilver is to
prohiblt the oxidation and subsecquent volatilization of iodine.
Prior to counting, each iodine source was heated for 15 minutes

under an infre-red lamp. This technlique was used to remove
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xenon decay products formed from 1odine. The half-livés
observed for 1iodine by 4Z - counting were 2.3 hours,

20.9 hours and 8.0 days (Figures 43 and 44). AllXphoto-
peaks observed on the scintillation spectrometer decayed

with similar half-lives (Figures 45, 46, 47, and 48).

Peaks at 670, 780, 980 and 1400 Kev decayed with a half-life
of 2.2 hours. The 520 Kev peak decayed with a half-life of
20.3 hours and the 360 and 640 Kev peaks with a half-life of
8.4 days. No attempt was made to remove xenon decay products
from the sources us=2d on the scintlllation spectrometer. The

131

nuclides observed were identified as I , and 1133. The

decay chains for these nuclides are

.05 131m
short lived ==<£-% Te
' 30-h. 80 _yXel3lm
.20, . { 1l2-4.
95.5 13l 131 Y131
short lived =<<-3 Te -———-3 I ~---=3 Xe
2l-m, 8.05-d. stable
short lived ----9 T9132 ————3 1132 -=--3 Xel32
77-h. 2.3-h. stable
X9133m
- < ;2’3-6-'
”~ - )
- I
short lived =---p I'2-__ | Yi35 __ __y catd
Y 20.8-n. T T Xe 77 -—~ stable
5.27-4.

In Table 22 are llsted the decay characteristics for these

nuclldes.
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Figure 43
Q Decay Curves of 2.,3-Hour 1132
and 20.9-Hour I133
O Experimental Points
A Longer-Lived Component Subtracted

O 20.9-Hour Activity Subtracted
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Figure 44

Q Decay Curve of 8.05-Day 1131
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Figure 45

¥ Spectrum Obtained from an Jodine Separation
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Figure 46

Y Spectrum of an Todine Sample after the

Decay of Shorter-Lived Members

148



"COUNTING RATE

RELATIVE

14Ba

H (360 Kev.)

(640 Kev.)

0

1 LI T 1 1 LI

¥ LB

IO 20 30 40 50 60 70 80 90

PERCENT SCAN

¥




144

Figure 47
¥ Decay Curves of I133 520 Kev

and 1132 670 Kev Photopeaks
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Fygure 48

1fﬁecay Curve of T13l 360 Kev Photopeak
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TABLE 22
REPORTED DECAY CHARACTERISTICS FOR IODINE ISOTOPES
3‘ ?f
Nuelide Half-life Energies Energies
(Kev) (Kev)

131

I 8.05-day (112) 800 - 0.8 % 722
600 - 80 % 638

(113)

315 - 14 % . 364
244 - 5 %

1132 2.30-hour (114) 2120 - 18 % 1400
1530 - 24 % 960
1160 - 23 % 777
300 - 20 % 673
730 - 15 % 528

133
I 20.9-hour (11%4) 1400 - 94 % 850
(117)

500 - 6 % 530

Jodine separations were performed at a time after

the irradiation when any independently formed 1132 had com-

pletely decayed. The observed 1132

132

activity resulted from
the decay of Te and consequently 1ts disintegration rate was u
used to calculate the yield of Tel32 (Table 21). The fission

yields of 1131 and 1132 are given in Tables 23 and 24,
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TABLE 23

FISSION YIELD DATA FOR 8,05-DAY T131
Irradiation A 3

Observed activity 66000 counts per minute
Self-absorption factor 0.52
Source-mount
Absorption factor 1.000
Aliquot factor 1250
Chemical yield 36.2 %
Time after irradiation 15.81 days
Decay factor 0.2579
Time in reactor 24 nours
Saturation factor 0.0828
Activity at saturation 3.420 x 108 dis. per second
Fission rate relative yleld
+

Fission yield (3.06 ~ 0.10) %




TABLE 23 (Continued)

PISSION YIELD DATA FOR _pay 7131
Irradiation number B1l
Observed activity 55500 ¢/m
Self-absorption factor 0.75
Source-mount
Absorption factor 1.000
Aliquot factor 25000
Chemical yield 7.3 %
Time after irradiation 88 hours
Decay factor 0.7301
Time in reactor 24k hours
Saturation factor 0.0828

Actlivity at saturation
Fission rate

Fission yleld

6.866 x 1o8 a/s
2.270 x 1020 £/s

(3.02 F 0.09) %

151

cC1l
74970 c/m
0.84

1.000

12500

h.7 %

12.6 days

0.3%03

24 hours

0.0828

8.833 x 10% a/e
2.885 x 1010 £/s
(3.06 £ 0.09) %




FISSION YIELD DATA FOR 20,9-HOUR 133

Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Actlivity at saturation
Fission rate

Fission yield

TABLE 24

B1l
42000 c/m
0.925

1.000
25000

.3 %

87.01 hours
0.0558

24 hours

0.5488

8.31 x 10° d/s
2.270 x 1010 £/s
(3.66 ¥ 0.10) %

152

D1
40800 e¢/m
0.910

1.000

12500

34.3 %

62,6 hours
0.1242

18.5 hours
o.u86

h.504 x 108 a/s

10

1.864 x 10 f/s

(3.08 * 0.10) %
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(m) Cesium

The orocedure used for the 1lsolatlion of cesium activity
from other fission products was that glven by Glendenin and
Nelson (117). A preliminary precipitation of cesium with
slllicotungstic acld was followed by a precipitation of CsClQy
from HC10) with absolute ethanol. After dissolving the
cesium, contaminants were removed hy ferric hydroxide
scavenging. The cesium was finally precipitated as the
perchlorate and washed with absolute ethanol. Enough water
was then added to dissolve the cesium and glve a total volume
of 10 ml.

Aliquots of ceslium were precipltated with chloroplatinic
acid and alcohol. The precipltates were filtered and dried
at llOOC. for 20 minutes. Chemical yields were determined by
welghing the solids as CsZPt016.

The decay of cesium actlvity was followed by counting
20 and 50 ) sources in the 4Tt -proportional counter. The
observed activity of 13 days (see Figure 49) was taken to be
that of Csl36. This nuclide has a reported half-life of 12.9
days (118) and decays by the emission on"xmumlcles with a
maximum energy of 341 Kev (92.6 %) and 657 Kev (7.4 %).

03136 is a shielded nuclide and is therefore produced directly
in fission as a primary fragment. After 80 days of counting,
the ceslium activity remained constant at a valve well above

the background counting rate for the counter. It was thought

that this activity might be due to the pressnce of long-lived
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Figure 49
Decay Curve of 13-Day csl36
O Experimental Points

A Longer-Lived Component Subtracted
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cs137 which is known to be produced in fission (119). The
¥ spectrum obtainad for the cesium sample showed several
very low intensity % peaks which were not resolved. The

136

data for the independent fisslon yleld of Cs are given 1n

Table 25. By assuming that the residual cesium activity was
due to the presence of 05137, calculations were made for the
fission yield of mass number 137. 03137 decays by the emission
of 1.2 Mev (5 %) and 0.523 Mev (95 %) Q ~ particles. The
latter Q¢ ~ emission leads to the formation of a metastable
state, Bal3™ (2,6-minute). The isomer, in decaying to the
ground state, contributes to the counting rate observed for
Cs137. Yaffe (120) has determined that the observed counting
rate should be divided by 1.102 to obtain the true Csio’
counting rate. Thls correction factor 1ls in agreement with
the value of 1.100 caleulated by Brown (121). The half-life
of ¢si37 has recently been reported as 30.0 years (121) and
26.6 years (122)., Since no preference could be given to either
value, the fiseion yield is given for 05137 in Table 26 using
both half-lives.

(n) Barium

The method used for the separation of barium was similar
to that used for strontium (69 ). After the separation of
harium from strontium by & chromate precipitation, the barium
was dlissolved and reprecipitated twice by means of a cold

HCl-ether mixture. The final BaCl2 precipitate was washed with

ethanol before being dissolved in water and made upr to a volume
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TABLE 25
FISSION YIELD DATA FOR 12,9-DAY cgl36

Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yleld

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yield

Irradiation D 1

650 counts per minute

0.975

0.998

5000

60.3 %

31.3 days

0.18611

18.5 hours

0.03985

1.244 x 107 dis. per second
1.464 x 1010 fissions per second
(0.0849 * 0.0022) %




TABLE 26

FISSION YIELD DATA FoR cgll7
Irradiation D 1

Beported half-life
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturatlion
Fission rate

Fission yield

30.0 years
300 ¢/m
00980

0.999

5000

60.3 %

31.3 days

0.9980

18.5 hours

4,878 x 1077
7.887 x 108 a/s
1.464 x 1010 £/s

(5.39 r 0.11) %

157

26 .6 years
300 ¢/m
0.980

0.999

5000

60.3 %

31.3 days

0.9978

18.5 hours

5.42 x 1070
7.100 x 10° a/s
1.464 x 100 £/s
(4.85 * 0.10) %

No natural cesium was detected in a spectrographlc

analysis of the uranium 233 sample used.
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of either 10 or 25 ml.

Chemical ylelds were determined by precipltating barium
as the sulphate. The precipltate was Aried at 110°C. for 20
minutes and weighed a2s BaSOy.

Barium sources were mounted and counted as soon after
the end of a separatlon as possible. The counting rate, as
measured by the 4Jr-proportional counter, increased with time
reaching a maximum value of about 4 days, and then decreased

Wwith a half-life of 12.8 days (Figure 50). This activity was

assigned to the presence of 12.8-day Baluo (123) whilch decays

to 40-~hour Laluo,

short lived ----y Bal¥0 ____5 1,140 ____s ce 140 )
12.8-4d. LO-h. stable

For the first few hours after a barium separation the growth
of lanthanum 1s linear with respect to time. Therefore, a
plot of Ba plus La counting rates vs. time c2n be accurately
extravolated back to the time at which barium was separated
(Figure 51). By using growth and decay equations it is also
possible to ecaleculate the amount of Ba nresent initially
from a measured Ba plus La counting rate 2t a known time
after the separation. The calculated values agreed wilth
those obtained by back extrapolating the initial portions of
the growth and decay curves.

Barium sources counted were about 30}.1gm/cm'2 thick. A
decrease in the thickness by a factor of 100 showed no change
in the source specific activity. This observation together

with the agreement between calculated and observed growth



159

Figure 50
Growth and Decay Curve for Baluo Laluo
O Experimental Points

O Caloculated Points
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Figure 51

Linear Growth Curve of Lal%0 fpom Bal®O
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and decay curves indicatd that self-absorrtion effects,
as described by Grummlitt et al. (124), were not significant
in thils work.
. 140
Decay schemes given for Ba indicate that the nucllde

decays to Laluo

by the emigsion of'Q— particles of maximum
energies 480 (40%), and 1022 (60 %). In coincidence with the
Q™ emission were reported (125) ¥ rays of energles 162, 304

and 537 Kev. The daughter activity, Laluo’ undergoes ¢~

emission with energies 1.34 (45 %), 1.67 (10 %) and 2.15 (7 %) Mev.
Reported ¥ energiles for the La decay were 328, 486, 815, 893,
1597 end 2570 Kev (126).

Each barium separation was analyzed on the scintillation
spectrometer. The ¥ spectrum obtained 0.5 hours after the end
of a separation is Bhown in Figure 52. Photop=saks were ob-
served at energles of 305, 410 and 530 Kev. As the lanthanum
activity grew 1In the positlon of the initial neaks shifted.

At the same time the height of the peaks increased. In Figure
53 is shown a ¥ srectrum of barium and lanthanum decaying in
equilibrium. The observed 320 ¥ev peak cerrssponds to the

unresolved Baluo 305 peak and the Lall+

140

° 328 Kev peak. The

La™0 1490 peak now masks the Ba 510 Kev peak. The 820,
1250 and 1600 Kev peaks are dus entirely to lanthanum daughter.
A plet of peak height against time (Figure 54) rroduces a curve
similar to the net growth and decay as shown in Figure 50.

The observed activity in irradiation E was caused by

the presence of fast neutrons. The flsslle material had been
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Figure 52
< Spectrum Observed for & Barium Sample

0.5 Hours after the End of a Separation
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Figure 53
¥ Speectrum Observed for a Barium Sample

5 Days after the End of a Separation
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Figure 54
Growth and Decay Curves for the

Observed Ba140 -LalL"O Photopeaks
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surrounded with cadmium, which absorbs low-energy neutrons.

A comparison was made of the barium activity obtained in a
shielded and an unshielded uranium sample to determine the
number of epl-cadmium neutrons which were causing fast
fission. In irradiastion C the barium saturation activity per
mgm. of sample was 2.983 x 108 dicsintegrations per second, for

1

a flux value of 5.05 x 10 2 n/cm.2 per second. The barium

saturation activity prer mgm. of sample €or irradiation E

(shielded) was 6.237 x 106

disintegrations per second when
normallized to the same flux value as in C. Therefore, the
percentage of barium activity produced by the presence of
epi-cadmium neutrons was 2.09 %. A similzr measurement,
discussed earlier, for strorntium in the light-mass peak gcave
a value of 2.10 %.

Spectrographic analysis of the original uranium sample

revealed that no barilum was present before the lrradiation.
The limit of detecticn of this analysis was 0.02 % of the

U233 content. Consequently, less than 1.58 x 1015 atoms of
barium ceuld have been present as an impurity. The formation
of Baluo from such an impurity would involve a double neutron
capture reaction. The heaviest stable 1sotope of barium found
in nature is Bal3® (71.66 %) which has a thermal-neutron
capture cross section of 4.9 barns. The result of a neutron

138 is the production of 85-m.

capture reactlon inveclving Ba
Ba139. The thermal-neutron capture cross section for this

unstable nuclide has been measured and is glven as 0.5 karns (127).



TABLE 27
FISSION YIELD DATA FOQ -DA
Irradiation number Al

Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yleld

8.30 x 10% ¢/m
0.974

1.000

5000

63.8 %

17.0 days
0.3984

2L nours
0.05272

5.300 x 10° a/s
Relative yield
(4,76 T 0.66) %

166

A2

L

6.37 x 10" e/m

0.974

1,000

5000

63.5 %

23.83 days
0.02753

24 hours
0.05272

5.913 x 108 a/s

(5.31 £ 0.13) 4




TABLE 27 (Continued)

FISSION YIELD DATA FOR

Irradlation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yield

_DAY paiM0

B 1
1.10 x 10° o/m
0.99

1.000

12500

hé .6 %

L .69 days

0.7758

24k hours

0.05272

1.214 x 107 d/s
2.2695 x 1010 £/s
(5.35 F 0.23) %

167

B 2
94000 c¢/m
0.99

1.000

12500

59.7 %

10.69 days
0.5606

2k nours
0.05272

1.121 x 107 &/s.

2.269 x 1010 /s




TABLE 27 (Continued)

FISSION YIELD DATA FOR 12,8-DAY Bal™O
Irradiation number c1l
Observed activity 6.36 x 10% c/m
Self-absorption factor 1.000
Source-mount
Absorption factor 1.000
Aliquot factor 31250
Chemical yield Lo ,2 %
Time after irradiation 3.56 days
Decay factor 0.8247
Time in reactor 24 hours
Saturation factor 0.05272

Activity at saturation
Fission rate

Fission yleld

1.548 x 10° d/s
2.8847 x 1010 f/s
5,37 Y 0.16) %

168

Cc 2
9400

0.99

1.000
12500

51.9 %

56.71 days
0.04641

24 nhours

0.5272

1.567 x 10° d/s
2.8847 x 100 £/8
(5.43 L 0.22) %




TABLE 27

FISSION Y

Irradiation number
Observed activity
Self-absorption factor

Source-mount
Absorption factor

Aliquot factor
Chemical yield

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Fission rate

Fission yield

DATA FO =DAY

(Continued)

D_1
a

30535

0.99

1.000
12500

52,1 %

16.01 days
0.4203

18.5 hours
0.04049

7.247 x 10° d/s
1.4684x 1070 £/s

(#.95 ¥ 0.05) %

140

169

D 2
a
4800
0.99

1.000

6250

62.3 %

67.06 days
0.0265

18.5 hours
0.04049

7.5517 x 108 a/s

10

1.464 x 10 /s

(5.16 T 0.11) %




TAHLE 27

Irradiation number
Observed activity
Self-absorptien factor

Source-mount
Absorption factor

Aliquot factor
Chemical yleld

Time after irradiation
Decay factor

Time in reactor
Saturation factor
Activity at saturation
Figssion rate

Fission yield

(Continued)

FISSION YIELD DATA FOR 12,8-DAY pa 140

E 2
4400

0.99

1.000

2500

38.1 %

5.0 days

0.7628

23.8 hours
0.0523

1.217 x 107 d/s

Fast fission

170

F 1
29700
0.99

1.000
25000

36.3 %

13.08 days
0.4926

24,16 hours
0.05305

1.318 x 107 a/s
2.587 x 1010 £/
(5.09 £ 0.05) %
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Both Katcoff (128) and Rubinson (129) have given the general
equations for calculating the number of atoms formed by a
combingtlion of decays and captures. The disintegration rate

of BalH0 138

produced by a double neutron capture of Ba glves
less than one count per second.

Fission yileld data for Baluo are given in Takrle 27.

(c) Cerium

Two procedures were used for the separation of cerium
activity. The first was similar to that used for the separa-
tlon of yttrium (P6 ). After isolating Ce, Y and the rare
earths from other filssion products, cerium was oxidized and
precipitated twice as the iodate. The precipltate was dis-
solved in HNO3'H2°2 and further purified by Zr(IOB)u scay-
enging. Precipitations of ceric hydroxide, cerous hydroxide
and cerous oxalate v»roduced radicchemically pure ceplum. The
final preci<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>