
MASS DISTRIBU'l'I ON IN THERMAL NEUTRON 

FISSION OF Pu
2

; 9 

by-

D. A. MARSDEN 

A thesis submitted to the Faculty of 
Graduate Studies and Research in partial 
fulfilment of the requirements for the 

degree of Doctor of Philosophy 

Department of Ohemistry, 
McGill University, 
Montreal, Que. June 196;. 



ACKNOWLBDGEMENTS 

The author gratefUlly acknowledges his 

indebtedness to the fol1owing persona and institutions; 

Professer L. Yaffe for his stimulating direction 

and constant encouragement throughout the course of this 

work. 

Mr. S.X. Mukherji and other members of the 

Radiochemistry Laboratory for their help in innumerable 

ways. 

My wife, Barbara, for her infinite patience and 

encouragement during the course of this work. 

Mrs. C. Macfarlane for typing this thesis and her 

painstaking pursuit of grammatical errors. 

The Ohemistry Department of McGil1 University for 

Demonstratorships in 1958 - 1959 and 1960 - 1961. 

The Canadian Industries Limited for C.I.L. 

Fellowships in 1959 - 1960 and 1961 - 1962. 

The Graduate Faculty of McGill University for the 

Alexander MeFee Fellowship in 1960 - 1961. 



TABLE OF CONTENTS 

INTRODUCTION . . . . •• •• --
1. GENERAL . . • • •• 

2. THE FISSION PROCESS .. . . --
,. M!QHANISM OF FISSION . . 
4. FISSION PRODUCT DECAY CRAINS ---
5· CHARGE DISTRIBU!ION 

6. MASS DISTRIBUT~ .. . . 
7. FISSION THEO!! . . • • • • 

8. FISSION PRODUC!_!IELDS . . •• 

9. PRESENT WORK . . . . . . .. 
DETERMINATION OF ABSOLUTE FISSION YIELDS ----- --------

l. DEFINITION OF ABSOLUTE FISSION YIELD 

2. EQU AT! ONS USED •• . . 
A. Growth and DeeaT equations 

• • 

. . 

. . 

. . 
• • 

. . 

.. 

. . 

.. 

• • 

•• 

•• 

• • 

•• 

•• 

. . 

.. 

. . 

Page 

1 

1 

4 

6 

10 

12 

14 

16 

24 

27 

B. Disintegration rate - fission yield relations '' 

O. Equations used in determining the fission rate ;a 
,. EXPERIMENTAL PROCEDUBES . . .. • • 

A. Target Preparation and Irradiation 

B. Chemieal Procedures .. . . 
(i) Dissolution of fissile material 

(ii) Dissolution of monitor 

(iii) Chemical separations 

(iv) Ohemical yield determinations 

• • 

.. 

.. 

40 

40 

41 

41 

42 

42 

4; 



Page 

4. AOTIVITY MEASUREMENTS .. . . 44 

A. Preparation of Sources •• 44 

B. Radiations emitted • • • • • • . . 45 

o. 4 1i Oounting . . . . • • . . 46 

( i) Equipment .. . . . . • • 47 

(ii) Oounter eharacteristics . . • • 50 

(iii) Oounting corrections . . • • 5; 

(a) Resolution losses . . .. 5; 

(b) Source-mount absorption •• 55 

(c) Self-absorption .. 57 

( d) Statistical counting errors 57 

D. Scintillation counting . . . . • • 60 

(i) Equipment • • .. . . 60 

(ii) Measurement of' gamma rays .. 62 

AOTIVITIES ISOLATED AND RESULTS •• 66 

1. FLUX DETERMINATIONS .. 66 

2. lliSION RATE DETERMINATIONS . . . . 66 

;. !,!_SSION PRODUCT AOTIVITIES . . 68 

(a) Bromine . . • • .. .. • • • • 68 

(b) Strontium . . .. • • . . 71 

(c) Yttrium . . .. . . 7; 

(d) Zirconium . . .. 80 

(e) Niobium • • .. . . • • 88 

(f') Mo1ybdenum • • . . .. • • 95 

(g) Ruthenium •• . . • • 10?) 

(h) Rhodium . . • • •• • • • • • • 114 



PISSION PRODUOT ACTIVITIES (Oontd) Page ------------
(i) Si1ver .. • • •• . . 120 

( j) Palladium .. . . •• • • 126 

(k) Cadmium . . .. 1,6 

(1) Antimony .. 145 

(m) Tellurium .. 152 

(n) Iodine .. 158 

(o) Cesium . . .. 170 

(p) Barium . . .. 180 

( q) Cerium . . .. . . 187 

(r) Rare Earths .. . . . . 194 

(i) Neodymium •• 194 

(ii) Europium . . . . . . •• 200 

4. ERR ORS • • . . .. 204 --
(a) Systematic errors . . •• 204 

{b) Statistical errors . . •• . . 204 

(c) External errors .. . . 205 

DISCUSSION .. . . •• 206 ----
SUMMARY . . .. 212 

BIBLIOGRAPHY . . . . . . .. 21, 



- l -

INTRODUCTION 

l. GENERAL 

The main purpose of nuclear power reactors is the 

release of energy arising from the initiation and maintenance 

of the fission chain reaction in nuclear fuels. It was 

known that the u2'5 isotope, present in 0.72~ abundance in 

natural uranium, was fissionable with thermal neutrons but 

that the u238 isotope present in 99.28% abundance could only 

be caused to fission with neutrons of higher energy. In 

addition, the u238 nucleus was capable of capturing thermal 

neutrons and would therefore act as a parasite in the nuclear 

chain reaction. This parasitic capture was soon recognized 

to lead to the formation of Pu239 in the following way. 

The uranium 238 nucleus captures a slow neutron to form u2
' 9 • 

This isotope decays by ~-emission with a half-life of 

25 minutes to form neptunium 239. 

decaying with a half-life of 2.3 days to form Pu239. 

Pu239 was found to have a half-life of 24,400(l) years. It 

decayed by alpha-partiale emission. It undergoes the 

fission reaction with thermal neutrons with a cross section 
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of 742 barns• (2). The fission reaction is accompanied br 

an average release of about ; neutrons per fission and an 

amount of energr equivalent to that released in u2;5 fissiont 

so that it is eminentlr suitable as a reactor fuel. One 

other attractive feature for the use of Pu2;9 as reactor 

fuel is that it too can capture thermal neutrons 

parasiticallr, but this neutron capture reaction leads to the 

formation of Pu240-vhich is a fertile material like u2' 8 • 

That is, Pu240 will capture a neutron to form Pu241 vhich ie 

also fissile. 

Fig. 1(;). 

The relationships involved are shown in 

In order to use Pu2;9, it was necessarr to produce 

it in quantitr and to know what properties affect its use as 

a fuel. 

Pu2;9 does not occur in Nature. It is made in 

1 breeder 1 reactors by the capture process already discussed. 

The separation of plutonium from the u2' 8 matrix bas been the 

subject of extensive research which bas resulted in its 

production on a macro scale. 

When Pu2;9 is used as a reactor fuel, there is a 

continuous build-up of fission products as the fuel becomes 

used up. These fission products are radioactive and are also 

----------------------------------------------------------------------------
*mhe t i h b ilit • cross sec ion s a measure of t e pro ab y of a 

2 reaction occurring and bas dimensions of cm • The 
. -24 2 

unit 1 barn is equal to 10 cm • 
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Figure l 

PLUTONIUM ISOTOPE CHAIN FROM ------
ESCHBACH AND GOLDSMITH(~) 
-------------------------
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capable of parasitie capture of thermal neutrons. It is 

therefore neeeesary to know aceurately the yields of the 

various fission produets in order to estimate the effects of 

fission product poisoning, to evaluate problems eonnected 

with ehemical proeessing of the irradiated fuel and to 

calculate shielding requirementa. 

In addition to this, a great deal of interest in 

the yields of the various fission products exista beoause it 

is believed that from such a study may arise elues as to the 

nature of the fission process itself. 

2. THE FISSION PROOESS --
A predominant characteristic of low-energy fission 

is the splitting of the fissioning nucleus into two fragments. 

Divisions into more than two fragments have been observed(4 ) 

to occur but they are very rare. This investigation will 

consider only binary fission. 

Thermal neutrons, that is, neutrons vith energy of 

gas molecules at room temperature (0.025 ev) react with 

almost all nuolear species in one isotopie form or another(5). 

By far the most common reaction is the neutron capture or 

( n, ~ ) reaction. A few exceptions are found among reactions 

vith light nuclei in cases where the binding energy of a 

proton or an alpha particle is appreciably lower than that of 

l 0 10 14 14 
a neutron. The reactions B (n,p)Be , N (n,p)O , 

Cl,5(n,p)s'5, B
10

(n, d.. )Li7 , and Li6 (n, c( )H' occur with 
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thermal neutrons. With the heavy elements, however, in 

particular those nuclides with an odd number of neutrons, 

the fission process or (n,f) reaction ocours with a higher 

probability than the (n, '() reaction. From the point of 

view of the energetics of the reaction, this is a direct 

result of the additional excitation energy supplied by the 

pairing of the incoming neutron with the odd neutron of the 

target nucleus. 

In the reaction with Pu2'9, the neutron is captured 

to form a compound nucleus in an excited state, which then 

deexcites as followsl 

'( + Q 

The (n, ~) reaction competes with the (n,f) reaction as a 

mode of deexoitation of the compound nucleus occurring with 

less than half the probability of the fission reaction( 2 ). 

Al A2 
In the above representation, X1 and x2 are the 

zl z2 

primary light and heavy fragments, respectively, formed in 

the fission process; )1 is the total num.ber of neutrons 

released; ~ is the energy released as electromagnetic 

radiation at the instant of fission and Q is the kinetic 

energy of the fission fragments and fission neutrons. 
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Here, the laws of conservation of mase and charge 

must be satisfied. Consequently the sum of the mass numbers 

of the complementary fission fragments, plus the actual 

number (integral) of neutrons emitted, for any given pair, 

muet be equal to the maas of the compound nucleus, 

Also, the sum of the nuclear charges of complementary fission 

fragments must be equal to the nuclear charge of the 

fissioning nucleus, 

z + z - 94. 
1 2 

,. MECHANISM OF FISSION 

It is generally aecepted that nuclear reactions 

occurring at low excitation energies (up to about ,o to 40 

Mev) proceed mainly via a compound nucleus. This concept 

introduced by N. Bohr( 6 ) postulates an aetual coalescence of 

projectile and target nucleus, with a subsequent sharing of 

the incoming energy among all the nucleons. The lifetime of 

the compound nucleus is relatively long compared to the time 

required for a partiels to traverse the nucleus. The 

compound nucleus, now in an excited state, breaks up into the 

reaction products in a manner which is completely independent 

of its mode of formation. Moreover, it may deexcite in 

several different ways, eaeh mode of disintegration oecurring 
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with a specifie probability. 

The extension of the compound nucleus concept to 

the fission reaction vas proposed simultaneously by Bohr and 

Wheeler(7) and Frenkel(B). This synthesis is aohieved by 

oomparing the nucleus to a liquid drop. The nucleus is 

considered to be an incompressible, densely packed system of 

nucleons, with the protons evenly distributed throughout the 

nuclear volume. The forces operating within this system 

are the short range 1 exchange 1 forces between nucleons and 

the coulomb repulsive forces between protons. Because the 

nucleons at the surface of the nucleus have no neighbours on 

the outside, an unsaturation of the 1 exchange 1 forces exista 

at the surface which is similar to the surface tension of a 

liquid drop. The shape of a nucleus is a result of the 

balance between its 'surface tension• and the coulomb forces. 

Just as a liquid drop assumes a spherical shape under the 

action of surface tension, so too the heavy nucleus assumes 

the most stable configuration, a sphere, because of the 

unsaturation of the nuclear forces at its surface. 

Excitation of such a system through the formation 

of a compound nucleus leads to instability in the form of 

distortions of shape away from the spherical. The se 

distortions lead to increases in the surface area, bence in 

the surface energy, and in the electrostatic repulsion. 

These changes oppose one another, the increase in surface 
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energy tending to return the nucleus to its original shape 

and the increased coulombic repulsion tending to increase the 

distortion. As long as the distortions remain small, a 

state of dynamie equilibrium ean be imagined in whieh the 

compound nucleus alternates between the spherieal and the 

distorted shapes. But, if at any time the distortions 

become severe, the coulomb repulsion predominates and the 

resulting imbalance is sufficient to cause the break-up of 

the compound nucleus. 

Fig. 2 shows a diagrammatic representation of the 

splitting of the compound nucleus, together with the sub

sequent events whieh aceompany the fission proeess. The 

compound nucleus splits into two fragments, forming the 

primary excited fission fragments. From these fragments 

prompt neutrons are evaporated, followed by the emission of 

photons, leaving as end products the nuclei A;Z; and A4Z4 

in their ground states. fhese nuelides have an excess of 

neutrons. They therefore deeay to stability by a number of 

~ - emissions forming a series of isobaric decay chaine. 

The members of these chains are called the fission produets. 

Since A;Z; and A4Z4 appear in less than a 

millisecond after fission, the sequence of events is not 

known from direct observation but is based on the tollowinga 

(1) experimente which show that the neutrons are 

evaporated from the primary fission fragments 
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Figure 2 

DIAGRAMMATIO REPRESENTATION OF 

THE FISSION PROOESS 
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before they come to rest{ 9 ). 

{ 2) the :t'act that '6 -ray emis sion is known to be a 

slower process than neutron emission, and 

(~) the actual observations o:f' the ~ .. decay chains. 

4. FISSION PRODUCT DECAY CRAINS 

The splitting of the compound nucleus may take 

place in a variety of ways, since :f'ission products with atomic 

numbers from ~0 to 66 and mass numbers from 72 to 166 have 

been observed. These nuclides are on the neutron-rich aide 

of stability, which is to be expeeted, since the fissioning 

nucleus has a larger neutron-to-proton ratio than the stable 

nuelides in the region of the fission products. They 

therefore decay to stability by successive ~- emissions, 

forming a series of isobaric decay chaine. 

These decay chains exhibit all the characteristics 

of r.>- decay. Straight chaine result from successive direct 

parent-daughter decays. Chain branching oceurs where 

isomerie metastable states with measurable hal:f'-lives exist. 

Chain continuity is then re-established by either (1) isomerie 

transition to the ground state, (2) ~- decay to a daughter 

metastable state or(~) ~- decay to an excited level orto 

the ground state o:f' the daughter. Oecasionally a member o:f' 

a chain is formed with enough excitation energy to deexcite 

by neutron emission in addition to ~- deeay(7). This 

phenomenon occurs when the binding energy of the last neutron 
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is low and usually takes place in nuclides with a shell - plus 

- one, - three or - five(lO,ll) complement of neutrons. 

These are the well-known delayed neutron emitters. Finally, 

a few fission products, known as shielded nuclides, cannot be 

formed by ~- decay. In these cases the isobaric nuclides 

of one charge number lower, i.e. their 1 would-be 1 parents, 

are stable. They can therefore only be formed independently 

in fiesion. 

For any particular deeay chain, the first member 

ean only be formed independently. All the other members of 

the chain may be formed independently or as a result of decay 

of their precursors. This may be represented as followat 

B
1 

___,. 0
1
----+ D

1 
(stable 

0
2 

---+D
2 

(stable) 

D~ (stable) 

Hers the letters represent the numbers of nuclei of each 

species f'ormed. A measure of the amount of the individual 

members A
0

, B1 , 02 or D' would provide information on the 

independant yield of a particular member in an isobaric chain. 

A measure of the quantities 
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would be a measure of the cumulative zield of these 

intermediate members of the decay chain. Finally, it is 

seen that 

Thus a measure of the amount of D after all its radioactive 

precursors have died away will be a measure of the total 

chain zield for that particular mass number. 

The concept of a fission_z!!!!, inherent in these 

three measurements, is defined as the percentage of the total 

fission acte leading directly or indirectly to the particular 

nuclide in question. 

5· ~ARGE DISTRIBUTION 

Investigations of the distribution of nuclear 

charge in fission are concerned witb establishing the most 

probable charge resulting from a particular fissioning mode 

and the distribution of charges, in an isobaric chain, about 

this most ~avoured charge. 

Ideally, a measure of the yields of isobaric 

primary fission fragments would turnish a complete picture 

of charge distribution in fission. Unfortunately the 

primary fragments ~re'formed so far removed from stability 

that their radioactive decay half-lives are prohibitively 

short. Information about charge distribution therefore bas 

mainly come from measurements of the yields of 1 shielded 1 



nuclides and from yields of nuclides which can be separated 

in a time which is short compared to the half-lives of their 

parents. In the latter case, corrections for growth from 

the parent can be made and the independent yields determined. 

All the data, accumulated to the present time, 

indicate that for thermal neutron fission the postulate of 

1 Equal Charge Displacement'(l 2 ) holds.<4) This hypothesis 

states that for a given fission event, the two complementary 

fragments always have equal ZA - Zp values. Here Z is the 
A 

value ot Z corresponding to the highest binding energy for a 

given mass number A and is obtained from an appropriate maas 

equation. Zp is defined as the most probable charge for a 

primary fission fragment of mass number A. If on the 

average three neutrons are given off per fission in Pu
2' 9 , 

then the following relations hold, 

(Z - ) • (z* - z*) 
A zP_light fragment A P heavy fragment 

or 

and, on solving for Zp, the following equation is obtained 

With the help of this equation and the caleulated values for 

Z A and z
2

,
7 

_ A, the most probable charge, Zp' for any maas 

number A can be found. When the measured independent yields 
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are plotted against Z - Zp, using the Zp values calculated 

from the equation above, a probability distribution is 
(10,12,1;) 

obtained (Fig. ;) which shows that about 50% of the 

total chain yield occurs for Z • Zp, about 25% each for 

z + • Zp- 1, about 2% for z - Zp t 2 and mueh lese for other 

z values. It is assumed in the treatment above that the 

distribution is valid for all the iso barie chaine. 

One consequence of this distribution is that the 

cumulative yield of a fission product,whicb is one or two 

charge unite from stability, is very nearly the total chain 

yield for that mass number. 

6. MASS DISTRIBUTION 

The distribution of mass in fission bas been 

determined in two ways. Pirst, by radiochemical techniques 

the cumulative yields of radioactive nuclides near the end of 

the mass chains have been measured. Secondly, in mass 

spectrometer etudies, using the isotope dilution technique{l4 ), 

the 7ielde of etable and long-lived members at the end of the 

mass cbains have been determined. 

If these yields are plotted against the respective 

maas numbers, a distribution is obtained which extends from 

mass number 72 tc mase number 166. For Pu2 ;9, the distri-

bution is approximately symmetrical about a minimum at mass 

nu~ber 119 with two maxima, one at approximately mass number 

99 and the other at approximately mass number 1;8. The 
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Figure ' --

DISTRIBU!ION OF NUOLEAR CHARGE 

Glendenin, Ooryell and Edwards(l 2 ) 

Wahl et al • ( 1 ') 

• Pappas(lO) 
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width at half height for either peak is about 15 mass numbers. 

Spikes, the so-called 'fine structure•, oceur at the top of 

eaeh peak. 

This asymmetry in mass distribution is characteristic 

of thermal-neutron fission, sinee simi1ar distributions have 

been found for u 2 ~5 and u2~~. A comparison of the three 

distributions is shown in Fig. 4{l5). It is seen that, 

while these distributions exhibit similarities in their gross 

structure, they differ in certain details. The maxima of 

the light maas peaks shift by about 5 maas numbers in going 

from u2~~ to Pu2~9, while the heavy peak remains fixed. The 

Pu2~9 yield in the region of the valley is approximately four 

times that of u 2 ~~ and u 2~5 in the same region. The •tine 

structure' at the top of the peaks is, in general, not the 

same for the three fissioning nuclei. Spikes occur at maas 

numbers 100 and 1~4 for Pu2 ~9 and u 2 ~5, but apart from these 

the peak structures are entire1y different. This is seen 

c1early in Fig. '( 15), where the peak structures are shown 

in an enlarged view. 

1· FISSION THEORY 

A comprehensive theory does not yet exist which can 

explain all of the facts of the fission proeess. This is 

primarily a refleetion of the eomplexity of the fission 

process itself for only now, after the collection and 

correlation of large amounts of experimental data, are the 
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Pigure ~ 
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Pigure ; 

ENLARGED VIEY OF PEAK STRUCTURES 
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actual details of the process discernible. Our knowledge of 

the fission process is based mainly on experimental obser-

vations, on the consideration of empirical prescriptions to 

fit the experimental data and on the consideration of nuclear 

modele. 

!he knowledge obtained from the organization ot 

data is seen, for example, in the distributions of mass and 

charge already discussed. No adequate theoretical 

explanation for either distribution existe. An empirical 

description of charge distribution - the ECD hypothesis 

(P.13) - is generally accepted to hold for low energy fission. 

But the prescriptions for determining ZA and Zp have been 

subject to much revision. In the original proposa! of 

Glendenin et al.(l 2 ) ZA values were calculated from the mass 

equation of Bohr and Wheeler(7). These calculations showed 

ZA, and bence ZP' to be smooth continuous functions. Sub

sequently Pappas(lO) showed that discontinuities in ZA would 

arise in crossing closed neutron or proton shells, which bad 

to be taken into account in oaleulating Zp• He therefore 

modified the method for calculating ZA' basing hi1 calculations 
(16) 

on the treatment of beta stability of Coryell et al. • 

Kennett and Thode(l7) were not able to fit data for I 128 and 

I l30 on the h di t ib ti c arge s r u on curve. This led them to 

propose that discontinuitie• in Zp itself bad also to be 

taken into consideration. On account of these uncertainties 



- 20 -

involved in calculating Zp, Wahl and eo-workers(l3) adopted 

an empirical approach. Sufficient data for several 

independant yields for each of six mass chaine from the 

thermal neutron fission of u2
'5 had become available. From 

these data a charge dispersion curve was derived which best 

represented the data and which was gaussian in shape. This 

gaussian curve wae represented by the formula 

-t 
P(Z) • (OlT) e 

where P(Z) is the fraotional independant yield of the 

fission product with atomic number Z, 

0 is a constant with a best-fitting value of 0.9. 

It vas assumed that this curve would be applicable to other 

chains for which fractional yields of only single members 

vere known. zp values interpolated from the charge 

distribution curve were plotted against mass number and a 

smooth and continuous curve was drawn to fit the empirical 

values as well as possible. A comparison of the charge 

dispersion curves is shawn in Fig. 3· The curve derived by 

Pappas(lO) is not dissimilar from the original distribution 

of Glendenin et al.(l 2 ), but that of Wahl et al.(l') is 

narrower and risee to a higher maximum. Ooryell et al.(lB), 

in a reassessment of all the data for thermal neutron fission 

of u2 35 oonclude that the EOD hypothesis is only a crude 

approximation of charge distribution. They maintain that the 
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experimental resulte show Zp to be a eingle-valued function 

of the mass number A and that fine structure (sudden breaks 

or shifts) in a plot Zp versus maas number A is a result of 

shell orienting effects in the nascent fragments just betore 

scission. 
The foregoing is by no means a theory of charge 

distribution but represente the present state of our 

knowledge of charge distribution. In other words, we are 

still in the data collection stage as far as the phenomena 

conneeted with fission are concerned. This is also seen 

from a consideration of nuelear modele. 

The liquid drop model(?) of the nucleus has 

provided muoh insight into the fission process. In 

partieular, it defines the stability limita of heavy nuclei 

and has shown the probable mechanism of the splitting of a 

nucleus in fission. But it does not account for the details 

of the fission process. For example, it does not explain 

the asymmetric splitting of the mass of the fissioning 

nucleus. It is important to realize that this model treats 

the modes of motion of an idealized charged liquid drop and 

is only successful in so far as a heavy nucleus resembles 

such a model. This is true of all nuclear models. While 

the liquid drop model treats a nucleus as an assembly of 

particles all interaeting strongly with one another, the 

shell model(l 9 ) of the nucleus considere the movement of 

single particles outside of a central core. The shell model 

of the nucleus arose from the fact that certain 1magic 1 
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numbers of nucleons represented very stable structures. 

For example, if a nucleus eontained 2, 8, 20, 28, 50, 82 or 

126 neutrons, it was very stable, and similarly for protons. 

By analogy to atomie structure, where filled shells are 

spherically symmetrie and have no spin or orbital angular 

momentum and no magnetic moment, it was argued that these 

magic numbers represented stable elosed. shells in the nucleus. 

The effect of shell structure in fission is seen in the fine 

structure of the mass distribuion curves. This phenomenon 

has been aseribed to 

(1) the delayed neutron emitters (lO) which decay by ~
emission to daughter products having a shell + l 

number of neutrons. This last neutron is loosely 

bound and is emitted instantaneously. The fission 

yield of the mass chain of the delayed neutron 

emitter is lowered and that of the chain of one 

maas number lower is inereased. 

(2) the prompt boil off of a neutron from primary 

fragments containing 51 and 8' neutrons( 2o). It 

was also suggested that prompt neutron emission 

should be extended to the third, fifth, and seventh 

neutron outside of a elosed shell(lO). 

(') the preferential formation in the fission act of 

fragments with closed shell configurations, 

N = 82, 50, which is suggested by the complementarity 

4
{21) 

of the spikes at masses lOO and l' • 
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The possibilities of other nuelear modele have been 
' 

explored with varying degrees of success. Among these may 

be mentioned the statistieal model of Fong( 22 ) which 

considered the densities of quantum states corresponding to 

the different fission modes just before separation of the 

fission fragments. Among other things, Fong was able to 

reproduce successfully the maas distribution curve for u235 

fi s1!Jion .. 

The limited applicability of the various nuclear 

modele towards a comprehensive fission theory bas prompted 

Leachman( 23) to adopt an entirely empirical approach. He 

argues that the collection and correlation of data about the 

fission phenomenon have established six charaateristics of 

fission. These area 

(1) The asymmetry in maas distribution is always observed 

with the heavy peak of fragments 1fixed 1 in mass. 

(2) Fragment excitation, as evidenced by neutron emission, 

increases above closed shells. This occurs in the 

valley of the fission yield curve, where symmetric 

fission is presumed to occur. 

(3) There is a decrease in kinetic energy of repulsion 

of the fragments for symmetric fission which 

compensates for fact (2) above. 

(4) Charge distribution in fission resulte in the lighter 

of the heavy fission fragment group being proton-rich 
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and the heavier being proton-deficient. The 

complementary trend for the light fragment group 

is the same. 

(5) There is a coulomb dependance (with a fixed breaking 

distance for a given compound nucleus) of fission 

fragment energies as a function of nuclear size, 

which is determined from mass number and nuclear 

charge. 

(6) The apparent tendency for the symmetric fission mode 

yield to increase with excitation energy to a yield 

exceeding the asymmetric fission yield. 

From these facts a model for asymmetric fission is proposed 

having a 50-neutron-shell light fragment and a 50-proton-shell 

heavy fragment. This represente an 82 mass light fragment 

core and a 126 mass heavy fragment core. These cores are 

joined by a neck consisting of about 28 nucleons, of which 10 

are protons and about 18 are neutrons. 

8. FISSION PRODUCT YIELDS -
Pu 2 39 fission product yields have not been 

extensively studied radiochemically. The resulte of 

investigations undertaken in the Manhattan Project were 

reported in 1951 by Steinberg and Freedman( 24 ) and included 

as part of a review of all radiochemical data by Steinberg and 

Glendenin in 1955( 25). The investigators had used Geiger-

Müller counters for activity measurements. The number of 
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fission events were not determined directly in each 

experiment, the yields being often exp~essed relative to an 

internai standard - usually Ba
140

• The estimated accuracy 

was 10- 20%(
2
5). In 1958 Bunney et al. ( 26 ) reported 

fission product yields of the heavy rare earths which had 

been determined radiochemically. The yields obtained were 

calculated relative to those of Mo 99 • The value adopted for 

this standard was 6.1% taken from Steinberg and Glendenin 1 s 

report( 25). A aide window gas flow proportional counter wae 

used in this work. The authors claimed an aecuracy of better 

than 10% in their reported values. Using improved radio

chemical techniques, Bartholomew et al.( 27) in 1959 determined 

yields for sr8~, Sr91 , Bal39, Ba140 , and La141 • These yields 

were calculated relative to the Ba140 yield, 5.68%, this value 

being taken from a review by Katcoff in 1958( 28 ). These 

investigators had used a 4 ~ ~ proportional counter. The 

reliability of their resulte was claimed to be comparable to 

that obtained using mass spectrometrie techniques. Other 

136 
radiochemically determined yields reported are for I , by 

Stanley and Xatcoff( 29) and for several fission products in 

the valley of the mass distribution by Ford et al.(30). 

Mass spectrometrie etudies, using isotope dilution 

techniques, have also been used to determine Pu
2

' 9 fission 

product yields. By this technique Wiles et al.(3l) 

determined the relative yields of 16 isotopes of cesium, 
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cerium, neodymium and samarium. These relative yields, 

together with yielde of four xenon isotopes obtained by 

Fleming and Thode(;2 ) and interpolated yields from a smooth 

mass-yield curve, were normalized to total lOO% and reported 

as absolute yields. The xenon yields reported by Fleming and 

Thode(;2 ) were for masses 1;1, 1;2, 1;4, and 1;6, and were 

normalized to the data of Wiles et al.(;l) through the mass 

1;; chain. The yields obtained by the latter researchers, 

however, were thought to be invalidated by fractionation of 

the fission products, in particular the cesium and neodymium 

fractions, into the quartz irradiation container. On this 

account Fritze et al.<;;) determined the absolute yield of 

Xe1 ; 1 , renormalized the yields of Fleming and Tbode(;2 ) 

througb this value and reported absolute yields for these 

isotopes, together with yields for krypton isotopes of masses 

8;, 84, 85, and 86. Bidinosti et al. (;
4), in a study of 

fission product poisons, reported absolute yields for Ost;;, 

Xe 1;5, Nd 14~, sm149 , and sm151 • Fickel and Tomlinson(;5,;6 ) 

in an investigation similar to that of Wiles et al.(;l), 

redetermined abaolute yields for 17 maas fragments in the 

heavy peak and measured the relative yields of 19 mass 

fragments in the light peak. Absolute yields for the light 

mass peak were calculated relative to the Osl;; yield, 6.90%, 

from Fickel and Tomlinson(;6 ). The yields obtained for the 

heavy mass peak showed that fractionation bad indeed taken 
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place in the work of Wiles et al. (;l) The mass-spectrometric 

method has been shown to be very precise in determining 

relative isotopie ratios - reproducibilities of 1 - 2% have 

been obtained. The accuracy of the reported absolute yields is 

of the order of;- 5%( 25 ,;5,;6 ). 

Maas-spectrometrie studies have also been carried 

out by Russian researchers on mass chaine 1;; - 15; in the 

heavy peak and sr88 , Sr9° in the light peak. A summary of 

the resulte obtained was reported by Anikina et al. (;7 ). 

Evaluation of all published fission yield data was 

undertaken by Katcoff in 1958(
2

S) and in 1960(!6 ). In the 

latter publication, preference is given to the work of Fickel 

and Tomlinson(;5,;6 ) for Pu2 59 thermal neutron fission yields. 

9. PRESENT WORK 

From a consideration of charge distribution in 

thermal neutron fission, it is seen that in any isobaric decay 

chain the cumulative yield of a nuclide that is one or two 

charge units away from stability represente almost the total 

chain yield. Radiochemical techniques then are ideally 

suitable for a study of mass distribution in fission. 

In this technique, a specifie fission product is 

separated chemically from the bulk of the fission products 

using the standard chemical techniques of specifie 

precipitations, ion exchange separations, or solvent 

extractions. The radioactive atome thus separated are 
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measured on a radiation measuring deviee to determine the 

number of atome present. Since the amount of radioactive 

material formed is small, a known amount of the element to be 

separated is added to act as a carrier for the radioactive 

species. Oare is taken that exchange between inactive 

carrier and radioactive atome takes place. When the element 

in question exista in only one valence state, this is brought 

about by simply mixing the solutions earefully. Where 

several valence states exist, both species must at some time 

be in the same valence state. This is brought about by 

performing a series of oxidation-reduction stages. Si nee 

chemical separations are not always quantitative, the carrier 

recovered is analysed to determine the chemieal yield. This 

yield also corresponds to the amount of radioactivity 

reeovered. 

The factor, whicb bas most affected the accuracy of 

the yield values, has been the method of radioactivity assay. 

As improved techniques have been developed, the accuracy in 

reported yields bas improved from 10 - 20%( 25) for the 

earliest work to within ' - 5%( 27) for the latest. The work 

of Pate and Yaff•''8 ''9 •40 , 41 •42 ) and Yaffe and Fishman( 4 ') 

on 4n ~ counting has afforded an easily applied and 

relatively accurate technique for the determination of 

disintegration rates of beta-emitting nuclides. 

It is the purpose of this investigation to determine 
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the absolute yields of fission products, produeed in the 

thermal neutron fission of Pu2,9, one or two charge units 

away from stability using radiochemieal techniques, in 

partieular the 4 ~ ~ radioactivity measurement technique 

developed by Pate and Yaffe. 
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DETERMINATION OF ABSOLUTE FISSION YIELDS 

1. DEFINITION OF ABSOLUTE FISSION YIELD 

The total or cumulative fission yield of a given 

fission product has been defined (P.12) as the percentage of 

the fission acts leading to the nuclide in question through 

direct formation and through decay of its precursors. The 

mass distribution curve defines the fission yield (total 

chain yield) for any given mass as a function of the mass 

number A. It has been seen that once a fission fragment bas 

been formed, and the prompt neutrons have been emitted, there 

is no change in mass number - except for small effects due to 

delayed neutron emission. Thus the number of fissions 

leading to a given mass number as a function of mass is 

independent of time. Therefore the absolute cumulative 

yield, y, of a fission product is given by 

number of atoms formed directly 
y(%) • + number of atoms formed by decay x lOO 

total number of fissions 

In order to determine absolute fission yields therefore, it 

is required to know 

(1) the disintegration rates of the fission products in 

the irradiated sample at 'saturation activity 1 

(to be discussed), and 

(2) the number of fissions· oceurring in the irradiated 

sample per unit time. 



If a sample of fissile material is irradiated with 

neutrons in a nuclear reactor for a period of time !, during 

which the pile power is constant, then the disintegration 

rate, N À disintegrations per second, of a nuclide produced 

in fission, at the end of the irradiation is given by 

- ).1' -0.69; __! 
N À • Ry( 1 - e ) • Ry( 1 - e tt) • • • • • • • ( 1) 

since À • ln 2/tt 

where R • fission rate 

y • fission yield of the nuclide 

À • disintegration constant of the nuclide 

ti • half-life of the nuclide. 

The product, Ry, represente the rate of formation of the 

nuclide. If T is increased, becoming large compared to ti, 

the disintegration rate approaches a maximum value, (N A>max 

say, which is given by 

• l - ÀT 
- e 

NA 
• Ry • • • • • • • • • • • • • • ( 2) 

(N A )max ie call ed the •saturation ac ti vi ty 1 • It represente 

an equilibrium between the rate of formation and the rate of 

decay of the nuclide in question. The various fission 

nuclides formed ean therefore be compared at •saturation 

activi ty'. 
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2. EQUATIONS USED 

A. !!owth and Decay eq~tions • 
The decay of all radioactive species is governed 

by the relationship that the rate of decay is proportional 

to the number of radioactive atoms present at any time. 

Thus, if there are N radioactive atoms present, this gives 

dN -dt • AN . . . . . . . . . . . . . . . . . . . . . . . . . . (') 
where À is the proportionality constant (usually called the 

disintegration constant). This expression, on integration, 

gives the relationship 

0 - Àt N • N e •••••••••••••••••••••• (4) 

0 
where N represente the number of atoms present at time t • o. 

Oonsider now N1 radioactive atoms which decay to give N2 

daughter atoms which are also radioactive. 

is given by equation (4) above, that is 

The decay of N1 

• • • • • • • • . • • • • • • • • • • • ( 5) 

The daughter atoms are formed at the rate at which the parent 

atoms decay, and themselves decay at the rate A2N2 • 

Thus dN2 
- --- • - À N + dt 1 1 • • • • • • • • • • • • • • • • (6) 

• The following relations are excerpted from Friedlander and 

and Kennedy( 44 ). 
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which on substituting for N1 from equation (5) above and on 

rearranging gives 

dN2 + 
dt 

0 - Àl t 
\ N

1 
e • 0 • • • • • • • • • • ( 7) 

This is a linear differentia! equation of first order. It ia 

easily solved for N
2 

giving, 

-A N~(e • • • • • ( 8) 
1 

The first term on the right representa the growth and decay 

of the daughter atome formed from the parent. The last term 

representa the decay of the daughter atome present initially. 

The extension of this treatment to decay chaine of 

more than two members proceeds in a manner similar to the 

above, but the differentia! equations to be solved become 

more complicated. Bateman(45) provides solutions for 

n-membered chaine if at t • o the parent substance alone is 

present.. 

B. Disint.egration rate - tission_zield relations 

Oonsider a decay chain 

The yield of A will be defined by equation (1) that is, 



Since A is assumed to be the first member of the chain, the 

yield yA representa the independant as well as total yield of 

nuclide A. The total yield of nuclide B is given by 

where (yi)B is the independent yield of B. The disintegration 

rate of B due to independant formation is given by an equation 

similar to (9) that is, 

i 
( N À ) • R( yi ) ( 1 - . - À T 

B ) • • • • • • • • • • • • • ( 10) 
. B B 

Nuclide B also grows from A during the irradiation. The 

number of atome of B formed in this vay is given by the 

solution of equation (6) which, in this case, is 

A 
d(N) A 
_--.B •- NA 'AA + (NÀ)B 

dt 
• • • • • • • • • • • • • • (11) 

Substituting for NA ÀÂ from equation (9) gives 

A 
d(N) - À ! J. 
_ __.....B • - Ry A (1 - e A ) + (N À) 

dt .B 
•••• (12) 

the solution of vhich is 

- AÂT - A aT 
RyA ABe ÀAe 

(N)A (1;) • - 1 + 
ÀB ).. - AB 

• • • • • • 
B 

A 



, 

from vhioh the disintegration rate of B tormed from A during 

the irradiation is 

... ).AT \ -
ÀBe 1\A e 

1 + --~--------~----- • • (14) 
~A- ~B 

At a time t after the irradiation (NA)! and (N À)! have 

deoayed exponentia1ly, so that 

i 
(N À) 

B 
at t • 

i 
(N À) 

B • 
- À t B • • • • • • • • • • • • • • • • • ( 15) 

( N ).. ) A at t • ( N ).. ) A e- ÀB t • • • • • • • • • • • • • • • • • ( 16) 
B . B 

During the time, t, B continues to grov from A. The number 

of atome of B formed in this vay is given by applying 

equation (8) thus 

A 1 À, - ).., t 
( N) - --·"'---- NA{. A 

B }.B - )..A 
• • • • • • • ( 17) 

Subst1tut1ng 

gives 

- 'AAT - ÀAt - "at 
( N) A • • _RY_.A;;;_(_l_-_•_. __ )_(_e ___ -_• __ , ) 

.B \- \ 
• • • • • • ( 18) 

from which the dis1ntegration rate of B formed in this vay ie 
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The total dieintegration rate of B after an 

irradiation time, T, and a deeay time, t, is the sum of 

equations (15),(16), and (19), thus 

(N À) 
i - À t A- ÀBt A' 

• (N À) e ·-a + (N À) e + (NA) 
B B B B 

Substituting for (NÀ) i ( ) \)A from equation 10 ,(N~ 
B B 

equation (14) and 
A' 

(N À) from equation (19) gives 
.B 

( N À ) • R( Yi) { 1 - e B B 
- À T 

\• B 

Ry A ÀB - A T - À t 
+ \ \ (1 - e 'A )(e A 

AB - 1\A 
- e 

Simp1ify1ng equation (21) gives 

- e 
- A T - ,\ t 

B )e B 

RyA 
+----

ÀA- ÀB 

• 

- À t 
B ) 

• • • • • • • ( 20) 

from 

• • • • • • ( 21) 

In applying equation (22), two c~ses may be considered which 

are pertiment to this work. 
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In this case, if the disintegration rate of B is 

determined when nuclide A has decayed away eompletely, 

equation (21) becomes 

- À T - \t 
• Ry (1- e B )e •••••••••••••••••••• (24) 

B 

From this equation and the measured disintegration 

rate (N À)B' the total cumulative yield of nuclide B is 

determined. 

(2) À <. À : 
A B 

In this case, if the disintegration rate of nuclide 

B is determined when the independently formed B has decayed 

away, equation (21) becomes 

(NA )B - Ry A 
Às - À T - ÀAt 

~-----:\- (1 - e A )e •••••••••• (25) 
Às - /\A 

from which the total yield of the parent nuclide, A, can be 

calculated. 

J.ll the relationships discussed so far bave been 

developed assuming that nuclide A was the first member of the 

decay chain. But the result obtained in case (1) above shows 
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them to be equally ~pplicable to any parent-daughter pair 

along a decay chain as long as the precursors of the parent 

are sufficiently short lived to fulfil the condition in 

case (1). 

O. Equations used in determining the 
fission rat;-

If a sample of fissile material is irradiated in a 

nuclear reactor while the pile power is kept constant the rate 

R, at which fission occurs in the material, is given by 

R • N I ~f . . . . . . . . . . . . . . . . . . . . . . (26) 

where N • number of atome in the sample of fissile material, 

I • neutron flux expressed as neutrons per cm2 per 

second, 

~ • fission cross section expressed in 
f 

2 cm • 

If the sample is irradiated in auch a position in the reactor 

that the contribution, to the neutron flux, of neutrons of 

epithermal energies is negligible, then I represente the 

thermal neutron flux and ~f is the thermal neutron fission 

cross section. The value of ~f for thermal neutron fission 

It therefore remains to determine I. 

In order to do this, use is made of the reaction 

oo59(n,~ )Oo00• Natural cobalt is monoisotopic, mass 59 

occurring in lOO% abundance, so that the only reaction which 

takes place when it is irradiated with thermal neutrons is the 

neutron capture reaction. The disintegration rate of Oo00 

measured after an irradiation of oo59 for a time, T, and after 
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a decay time, t, is given by 

(NÀ) 
60

-N Icr(l 
Oo oo59 c 

-AT - At 
- e )e • • • • • . ( 27) 

where N • number of Oo59 atome irradiated, 
oo59 

6 -thermal neutron caputre cross section for oo59, 
c 

À • disintegration constant for Oo6°. 

The thermal neutron capture cross section for oo59 is well 

known< 46 ) as is the half-life, henoe the disintegration 

constant, of oo60 ( 47). The thermal neutron flux can 

therefore be calculated from the measured disintegration 

rate for oo60 and the use of equation (27). 

The fissile material and cobalt monitor are 

irradiated at the same time and in close proximity to one 

another. It is therefore assumed that the neutron flux 

1 seen 1 by both is the same. However, on account of the 

finite size of a sample, the intensity of the neutron flux at 

the surface will differ from that at any point inside the 

sample. It is necessary then to correct for this attenuation, 

both in the fissile material and in the monitor. In general 

the neutron attenuation is given by 

• • • • • • • • • • • • • • • • ( 28) 

where I • neutron intensity inside the sample, 

1 0 • neutron intensity at the surface of the sample, 
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N • Avogadro 1 s number, 6.023 x 10
2

3, 

p • densi ty of the sampl e, 

A • atomie weight of neutron absorbing material, 

~ = total neutron cross section of the neutron 

absorbing material, 

d • thiokness of the sample. 

For the non-directional flux of a nuclear reactor, the 

attenuation is usually ealculated for half the sample 

thickness. 

3· EXPERIMENTAL PROCEDURES 

A. Target Preparation and Irradiation 

The target material was a Plutonium-Aluminium 

• alloy in the form of turnings. It contained 3.81% of Pu239 • 

A quantity of this material, equivalent to about 1 mg of 

plutonium, was accurately weighed on a microbalance, then 

sealed in a quartz tube. The cobalt monitor was 1 spec-pure 1 

cobalt wire•, .0050• in diameter. A length of this wire, 

usually between 0.5 and 1 cm, was accurately weighed and also 

sealed in a quartz tube. Both tubes were wrapped in 

aluminun foil and sealed in an aluminum irradiation container. 

The container was placed in a No. 1 self-serve position in 

•This material was obtained on loan from Atomic Energy of 

Canada Limited, Ohalk River, Ontario. 

+ Obtained from Johnson Matthey & Mallory Co., Limited, Montreal. 
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the NRX reactor of Atomic Energy of Canada Limited, Chalk 

River, vhere the target vas irradiated for a period of 

48 hours. 

B. Chemical Procedures 
----------------~---
(i) Dissolution of fissile material: 

On account of the low concentration of Pu2 '9 in 

the Pu- Al alloy,,.., 0.5 atom %, recoil losses of fission 

products into the quartz tube were expected to be small. 

The quartz tube was covered with concentrated HCl in a 50 ml 

centrifuge tube, to vhieh was added 1 ml of a solution con-

1 + ++ L +++ I-. taining ~ g each of Cs , Ba , a , and These ions 

were added to reduce adsorption losses of activities on the 

surface of the glassware. The quartz capsule vas erushed 

and the Pu- Al alloy allowed to dissolve. When bromine or 

iodine were to be estimated, the dissolution was carried out 

in the cold by immersing the centrifuge tube in ice-water. 

Othervise the dissolution was allowed to proceed at room 

temperature. After the sample had dissolved, the solution 

vas transferred to a volumetrie flask. The crushed pieces 

of the quartz vial were washed several times with small 

portions of eoncentrated HCl, the washings being transferred 

each time to the volumetrie flask. Several washings with 

small volumes of distilled water were done in a similar 

manner. The solution in the volumetrie flask was then made 

up to volume vith distilled water. The final concentration 

of HCl in the fission produet solution was N9 M. 
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(11) Dissolution of monitorl 

The quartz capsule was broken and the cobalt wire 

transferred to a volumetrie flask. The broken capsule was 

now crushed and repeatedly boiled with small volumes of 

dilute nitric acid, the solution being transferred to the 

volumetrie flask after each boiling. After the cobalt wire 

had dissolved, the solution was made up to volume with 

distilled water. From this solution measured aliquote were 

removed and used to determine the oo60 disintegration rate. 

(iii) Ohemical separationsl 

The object of a chemical separation procedure is to 

obtain the nuclide of interest in a radiochemically pure form 

free from contaminating activities. Since the amount of a 

particular radioactive nuclide formed in fission is small, a 

known amount of the inactive element is added as a carrier 

for the radioactive species. Exchange between carrier atoms 

and active atoms is ensured either by mixing or by performing 

a series of oxidation-reduction cycles. The element of 

interest is now isolated by specifie precipitations, solvant 

extraction or ion•exchange separations. To ensure removal of 

contaminating activities, repeated cycles of these operations 

are performed in the presence of 1 hold-back 1 carriers for the 

suspected contaminants, interspersed with scavenging 

precipitations. The 1 hold-back 1 carriers act as inactive 

diluants for the contaminating radioaetivities. The 



scavengers form precipitates which co-precipitate with or 

adsorb the contaminants. Finally, the element of interest 

is brought into solution and made up to a known volume. The 

detailed procedures used are given in the discussion of 

activities isolated (to follow). 

(iv) Ohemical yield determinations: 

Since the separation procedures used were seldom 

quantitative, it was necessary to determine the amount of 

inactive carrier recovered, and bence the amount of radio-

activity recovered. The amount of carrier added was 

equivalent to either 5 or 10 milligrams of inactive ions. 

The amount of carrier recovered was seldom more than 50- 60~ 

of the amount added - sometimes much lees. Sensitive 

methode for determining the concentrations of the solutions 

were therefore necessary. Spectrophotometric procedures 

were used wherever feasible - a Beckman DU spectrophotometer 

being used tor transmittance measurements. Standard methode, 

as given by Sandell(
48 ), were generally employed. For cases 

where spectrophotometric methods did not exist or were not 

sufficiently accurate, titratione with EDTA (ethylene diamine 

tetra acetic acid){
49 ) were used. Quantitative precipitations 

were employed as a last resort. The particular method used 

for a given element is described in the discussion of 

activities isolated {to follow). 



- 44 -

4. AOTIVITY MEASUREMENTS 

A. Preparation of Sources 

The technique described by Pate and Yaffe(,a) vas 

used for the preparation of films on which active sources 

were mounted for ~ -disintegration rate measurements. These 

films are made of VYNS resin (a copolymer of polyvinyl 

chloride and polyvinyl acetate) and possess excellent 

chemical resistance and mechanical etrength. The films 

were rendered conducting by evaporating gold on to them while 

they were under high vacuum. The films used bad a 

auperficial density of between 10 - 15 ~gm per om2 , while 

the gold layer deposited was between 5 - 10 ~gm per cm2 

thick. Just before use, the centre portion of the film waa 

treated with a dilute solution of ineulin to make it 

hydrophilic. The bulk of the insulin was removed before 

pipetting on to the film a measured aliquot of a fission 

product solution. The size of an aliquot was so chosen as 

to give an adequate counting rate. Severa! sources for eaeh 

fission produet wers prepared at the same time and dried under 

an infra-red lamp. When the bulk of the solution had 

evaporated, the sources were rotated by hand under the lamp 

so that the whole area of the source remained vet up to the 

end of the evaporation. 

Sources for measuring gamma radiations were prepared 

by pipetting 2 ml aliquote of the fission produet solutions 
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into small glass vials whieh were then sealed. 

B. Radiations Emitted 
----------~~--~-

As discussed before, the fission products decay by 

the emission of ~- partiales as a result of the excess 

neutrons that these nuclides poasess due to their mode of 

formation. A free neutron is known to decay into a proton 

with the emission of a ~- partiale and a neutrino, thus 

+ ~0 
-1 

. .., 
ln a parallel manner, in J!>- decay, the proton number is 

inereased by one, the maas number remains constant, and a 

neutrino is a1so emitted 

XA--+ XA 
Z Z+ 1 + 

0 

-1 f.> + .., • 

~- decay may lead to a nucleus in an excited state or in its 

ground state. The excited nucleus deexcites to its ground 

state by emission of gamma rays, which may proceed directly or 

through intermediate excited levels. Thus one or more gamma 

rays may be emitted which are identified with the ~- decay 

process. The excited states usually have a very short lifetime 

and the gamma rays are then said to be in coincidence with tbe 

~- emission. Excited states with measurable balf-lives exist 

howeTer. These are called nuclear isomers, since they have 

the same atomic number and mass number as the ground states 

but differ in their radioactive properties. Gamma-ray 



- 46 -

emission to the ground state, called isomerie transition, is 

then neither in coincidenee with the ~ ray emission nor with 

the ether gamma rays. An alternative to gamma-ray emission 

is internal conversion. In this proeess an extranuclear 

electron is emitted with an ~nergy equal to the difference 

between the gamma-ray energy and the binding energy of the 

electron in the atom. 

The disintegration rates of fission products 

decaying by ~ - emission or conversion electron emission were 

measured on a 4 W proportional counter. 

measured on a scintillation spectrometer. 

O. 4 lT Oounting 

Gamma rays were 

The main advantage in using a 4 1T counter is its 

high geometrical efficiency and insensitivity to scattering 

effeots. The counter is insensitive to ionizing events, 

other than the initial one, which ocour within the resolving 

time of the counter and electronic cirouitry. This means 

that the counter will respond only once when a beta partiels 

passes through the counting gas. Other accompanying 

phenomena, such as coincident gamma radiation, scattered 

radiation in the counter and secondary radiation, all cause 

ionization which occurs within the resolving time of the 

counter. Gamma transitions leading to isomerie states, 

however, give rise to delayed gamma rays and conversion 

electrons which will be recorded as separate events. In 
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this case, data from decay schemes will be required to 

caleulate the number of these extra events occurring per 

primary disintegration. 

To calculate disintegration rates from the 4 ~ 

counter data, the following have to be taken into aceount: 

(a) failure of the counter to respond once to every 

beta disintegration, 

(b) corrections for absorption in the aouroe mount, 

(c) corrections for absorption in the source material 

itself, and 

(d) statistical eounting errors. 

(i) Equipment: 

The 4 rr counting equipment used is similar to that 

described by Pate and Yaffe('9 ). The counting chamber is 

shown in Fig. 6. It consiste of a cathode made of two brase 

hemispheres, 7 cm in diameter, and two anodes in the form of 

loops of 1 mil tungsten wire connected to thicker copper 

leads. The anodes are insulated from the cathode by large 

cylindrical stepped teflon insulators. The two halves of the 

cathode are machined to fit snugly when placed together and 

to allow the positioning of an aluminum film mount at exactly 

midway between the two anodes. In addition, gas inlet and 

outlet hales are provided. A block diagram of the 4 rr 

counter and associated electronics is shown in Fig. 7. The 

positive anode voltage is supplied by a Niehols high voltage 

supply (AEP l007B), while the cathode is kept at ground 



- 48 -

Figure 6 
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BLOOK DIAGRAM OF 4 lT 
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potential. The anodes are connected in parallel to a 

pre-amplifier (Atomic Instrument 205-B), from which the 

output is fed into an Atomic Energy of Canada Limited 

amplifier-discriminator (AEP 1448). Counting rates were 

recorded on a Marconi scaling unit (AEP 908). Power is 

supplied to the pre-amplifier by a Lambda regulated power 

supply (model 28) and to the other units from a line voltage 

regulated power supply through a Sola constant voltage 

transformer. 

(ii) Counter characteristicsl 

The counter vas operated in the proportional region 

at atmospheric pressure with O.P. methane as the counting 

gas. A gas flow-rate of approximately 0.5 ml per second was 

maintained during measurements. The counter was flushed for 

several minutes after inserting a sample before counting 

be gan. The high voltage characteristics of the counter for 

radioactivities of varying maximum ~ - ray energies are shown 

in Fig. 8. Pig. 9 illustrates the effect of varying the 

bias setting on the high voltage characteristics of the 

counter. Pate and Yaffe('9 ) have stated that if an increase 

of 200 volts in polarization potential or a 10 v decrease in 

diacriminator bias causes no change in the counting rate 

observed, then the 4 n counter is responding with maximum 

efficiency. On this account, a polarization potential of 

2700 volts and a discriminator bias setting of 15 were chosen 

as the operating conditions for the counter. 
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Figure 8 
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Figure 9 

EFFEOT OF VARYING THE BIAS SETTING 

ON THE HIGH VOLTAGE OHARAOTERISTIOS 

OF THE 4 Tr OOUNTER 
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(iii) Oounting corrections• 

(a) Resolution !osses: 

Oounters operated in the proportional region have 

smaller reeolving times than those operated in the Geiger 

region. Oonsequently, higher counting rates can be 

tolerated. But, resolution losses occur due in large part 

to losses in the associated electronics of the counting 

system, and to a lesser extent for reasons connected with the 

discharge mechanism in the counter. Pate and Yaffe(;9) have 

suggested that resolution losses are best determined 

empirically. !he method consiste in preparing a series of 

P;2 sources of increaeing strengths, starting with counting 

rates at which resolution lossee are known to be insignificant. 

The activity of tbese sources is measured, then secondary 

sources prepared from these by lamination. !he activities 

of the laminated sources are determined and resolution losses 

obtained from the difference between the observed counting 

rates of the laminated sources and the sum of the individual 

counting rates. By repeating this process, a series of 

values for resolution losa at increasing observed counting 

rates is obtained. Fig. 10 shows a log-log plot of 

resolution losses vs. observed counting rates obtained with 

the counter used. At a eounting rate of 1 x 105 counts per 

minute, the resolution loss is 1.8%. Losses due to absorption 

in the laminated films and self-absorption were assumed to be 

negligible because of the high energy of the P;
2 ~- rays -



- 54 -

Figure 10 

RESOLUTION LOSS CORRECTION FOR THE 

4 1T COUNfER 
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1.71 Mev, because of the high specifie activity of the P;
2 

solution and beeause very thin films were used. 

(b) Source-mount absorptiont 

The energy spectrum of a ~ ray forms a continuous 

distribution of particle energies with average energy 

one-third the maximum energy. The softer components of this 

energy spectrum will be absorbed in the film mount. fhus 

the fraction of particles absorbed beeomes larger for ~ rays 

of decreasing maximum energies. Pate and Yaffe( 40) have 

developed an 'absorption curve method' for correcting for 

absorption in the source mount. In this method a source is 

prepared on a film of known thickness and the counting rate 

measured. The counting rate is again measured after 

laminating on to the back of the original mount,a film of 

known superficial density. By repeating this procedure, the 

counting rate is determined as a function of increasing mount 

superficial densities. Extrapolation baek to zero thickness 

gives the disintegration rate of the source. A series of 

curves are prepared in this way for ~ emitters of increasing 

maximum energies. These eurves are reproduced in Fig. 11 

where the transmission, that is the ratio of the observed 

counting rate to the disintegration rate, is plotted as a 

function of inereasing beta maximum energies tor souree 

mounts of increasing superfieial densities. Interpolations 

from these curves were used to determine source-mount 

absorption corrections in this work. The total superficial 
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Figure 11 

SOUROI-MOUNT ABSORPTION CORRECTION 

FOR A 4 ~ PROPORTIONAL OOUNTER 

Pate and Yaffe(40) 
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densities of the gold-coated VYNS films used in this work was 

between 15 and 25 J.L g per cm2 • 

(c) Self-absorptions 

Pate and Yaffe( 42 ) and Yaffe and Fishman(50) have 

studied the self-absorption of ~ -emitting nuclides of 

increasing maximum beta energies. Their method was based on 

the preparation and measurement of radioactive sources of 

increasing source superfieial densities. The sources were 

prepared by distilling an organic compound of the radioactive 

element of interest on to thin gold-coated VYNS films, under 

high vacuum. The apparent relative specifie activity of 

each source is obtained by relating its specifie activity to 

the extrapolated specifie activity at zero source superficial 

density. Ourves were then drawn of the apparent relative 

specifie activities vs. ~ end-point energy at varying source 

superficial densities. These curves, reproduced from Yaffe 

and Fishman(50), are shown in Fige. 12 and 1~. Corrections 

for self-absorption used in this work were interpolated from 

these curves. Binee the nuclides investigated in this work 

generally decayed by the emission of more than one ~-ray, 

the correction for each beta ray was weighted according to 

its percentage abundance and the sum of these weighted values 

used as the correction factor. 

(d) Statistical counting errorsa 

Since the emission of radiation is a random 

phenomenon, the measurement of emission rates is governed by 
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SELF-ABSORPTION OORREOTION FOR A ---------· 
4 lT PROPORTIONAL OOUNTER 

Pate and Yaffe( 42 ) 

Yaffe and Fishman(50) 
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Figure _22 

SELF-ABSORPTION CORRECTION FOR A -----
4 '11' PROPORTIONAL OOUNTER 

Pate and Yaffe{42) 

Yaffe and Fishman{50) 
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statistical laws. If the duration of a measurement is small 

compared to the ha1f-1ife of the radioactivity measured, then 

the rate of emission is given by 

mt Vm 
R + (S' • 

- R t 

where R • rate per unit time, 

tS • standard deTiation, 
R 

m • total counts registered, 

t • duration of measurement. 

In this work a ratio t .[ii/m ~. 01 wae maintained. Thua, by 

registering at least 10,000 counts during a counting period, 

the standard deviations of the counting rates were kept 

~ !' 1%. 

D. Scintillation counting 

(i) Equipmentt 

Gamma rays were measured on a scintillation 

spectrometer which is shown diagrammatically in Fig. 14. 

The deteetor is a hermetieally sealed unit supplied by the 

Harshaw Ohemical Company consisting of a ,. x ,. sodium 

iodide crystal, activated with about 0.1% thallium iodide, 

optically coupled to a Du Mont 6;6; photomultiplier tube. 

The latter was operated at a voltage of 1100 volts obtained 

from a Baird Atomie (model ;18) high Toltage supply. The 

ouput pulses from the photomultiplier tube are ted through a 

Hamner Electronics Oo. preamplifier (model N-;51) to a 

variable gain liner amplifier (Baird Atomic, model 215). 
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Figure 14 

BLOCK DIAGRAM OF THE -------·---------
SCINTILLATION SPECTROMETER 
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!he amplifier is coupled to a lOO channel pulse height 

analyser (Computing Deviees of Canada Limited, type AEP-22~0) 

through a cathode follower. !he data collected by the pulse 

haight analyser can be viewad on a cathode ray tube or can ba 

recorded on a Westronics recorder (modal 2705) which accepte 

analog signale. Also, after the analog signale are converted 

to decimal form by means of a decimal ecaler (O.D.O.,type 450), 

the data can be printed on a Victor digitmatic printer 

programmed by a print control unit (C.D.C., type 460). !he 

analyser is provided with a microammeter on which resolution 

losses during measurement are indicated. !hase losses are 

due to the dead time of the analyser which lies between ~5 and 

1~5 I.A. sec., depending on the pulse height. Resolution losses 

do not cause distortion in the gamma-ray spectrum but cause a 

reduction in its overall height. 

(ii) Measurement of gamma rays& 

Gamma rays interaet vith matter in the following 

ways a 

(1) the Photoelectric affect- the energy of a gamma-ray 

photon is transferred to an electron of an atom or 

molecule which is then ejected with a kinetic energy 

equal to the difference between the photon energy 

and the binding energy of the electron. 

(2) the Compton affect - the photon collides with an 

electron, transferring only part of its energy to 

the electron, and is itself scattered in the process. 
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The electrons ejected thus have a variety of 

energies up to a maximum knovn as the Compton Edge. 

(;) Pair production - If the photon energy is greater 

than 1.02 Mev, the photon may be totally converted 

into a positron-electron pair. The positron is 

soon annihilated with the emission of two gamma 

rays, each of 511 kev energy, which in turn may 

interact by processes (1) and (2) above. 

All of the three processes described may result 

from the interaction of a high energy gamma ray with matter. 

But the photoelectric effect is the primary mode of inter

action of low energy gamma rays, whereas the Compton effect 

oecurs primarily with gamma rays of medium energy. 

When a gamma ray strikes the Nai(Tl) crystal of the 

speetrometer, free electrons are liberated as a result of the 

processes described. The energy of these electrons is 

expended in the formation of light photons in the crystal 

about tvo light photons are emitted for every 100 electron 

volts of energy. These light photons are reflected by the 

housing of the crystal until they strike the cathode of the 

photomultiplier tube, causing a number of photoelectrons 

proportional to the number of light photons to be ejected. 

The number of these electrons is multiplied many times by the 

dynodes of the photomultiplier tube, resulting in an output 

voltage pulse which is proportional to the energy of the 

incident gamma ray. However, on account of the statistical 
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nature of the production of photoelectrons at the cathode of 

the photomultiplier tube, the output of this tube will be a 

statistic•l distribution of pulses. The photoelectric 

effect then resulte in a broad photopeak with the energy of 

the apex of the peak representing the incident gamma-ray 

energy. The Compton effect results in a continuum of 

energies ending at an energy somewhat lower than the photo

peak energies. In the case of pair production, if both the 

positron and the electron are stopped in the crystal, a 

photopeak will appear at an energy equal to the gamma-ray 

energy minus 1.02 Mev. If one or both of the annihilation 

gamma quanta are stopped photoelectrically in the crystal, 

peaks will appear at 511 kev or 1.02 Mev. On the other hand, 

if the annihilation quanta interact by the Compton effect, 

their continua will be added on to that of the original gamma 

ray. 

The lOO channel pulse height analyser sorts the 

amplified output pulses of the detector according to their 

amplitudes into one or more of its 100 channels, counting and 

storing the number of pulses in each channel. The output 

data of the analyser is thus a reproduction of the gamma-ray 

spectrum, as seen by the detector, from whieh the energy of a 

gamma ray can be obtained from the channel number of the apex 

of the photopeak and the observed counting rate from the sum 

of the counting rates in each channel under the photopeak. 

In this work the measured gamma-ray spectra were 
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used to identify the energies of the gamma rays emitted by a 

separated fission product and to plot peak height counting 

rates vs. deeay time to give a qualitative measure of the 

half-life of a particular gamma ray. The data obtained in 

this way were compared with published values serving as a 

check on the identification of a particular fission product 

and of the radioactive purity of a chemical separation. 
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ACTIVITIES ISOLATED AND RESULTS 

1. FLU!_DETERMINATI~ 

All irradiations were done in a No. 1 self-serve 

position in the NRX reactor at Chalk River. Binee in this 

position the contribution to the neutron flux of epithermal 

neutrons is small, it was assumed that the samples were 

subjected to a wholly thermal neutron flux. The flux 

values, given in Table I, were calculated from equation (27), 

1 - )\T) - Àt 
- e e x attenuation 

60 (47) 
The half-life of Co was taken as 5.26 years • The 

neutron flux is attenuated to 0.979 of its initial value by 

the 0.005• diameter cobalt wire. This value was calculated 

from equation (28), P. ;9, and is identical to the value 

quoted by Santry(5l) and agrees well with an experimentally 

determined value, 0.97, of Eastwood and Werner(5 2 ). The 

thermal neutron capture cross section used for Co59 was 

;7.; barns< 46 ). 

2. FISSION RATE DETERMINATIONS 

The Pu2;9 was in the form of turnings of a 

plutonium-aluminium alloy containing ;.81% by weight of Pu
2

'
9• 

The atom concentration of Pu
2

' 9 ~n the alloy was therefore 

N 0.5%• It was assumed that the attenuation of the neutron 
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Table I 

FISSION RATE DETERMINATIONS 

Thermal neutron Weight of 

Irradiation flux Pu239 Fission rate 
Unite of Units of 

1012 neutrons cm -2 -1 (mg) 109 fissions sec -1 sec 
---

A 1.880 1. 015 3·569 

B. 2.527 1.;;4 6.300 

0 1.292 0.345 0.8;4 

D 1.425 0.7;0 1.94; 

E 1.557 0.744 2.16; 

F 1.195 0.430 0.961 

G 1. 319 1.;57 ;.;45 

H 1.150 1.;28 2. 854 

J 1. 087 1.8;; ;.724 

KA 1.2;1 1.4;; ;.297 

KB 1.231 0.555 1.277 

LA 2.;6; 1.015 4.483 

LB 2.36:> 1. 049 4.6;1 
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flux in the sample of fissile material would be relatively 

small. The fission rates, given in Table I, for the 

plutonium samples were calculated from equation (26), P. ;8. 

R • N 2X9 I (J' f 
Pu -' 

The thermal neutron fission cross section used for Pu
2

; 9 was 

742 barns( 2 ). 

;. FISSION PRODUCT ACTIVITIES 

(a) Bromine 

Bromine was separated by the method of Glendenin 

et al. ( 5;). Bromate and iodate carriers were added to an 

aliquot of the fission product solution, which was then 

treated with H2S to ensure exchange between active bromine 

and the carrier. After oxidation to Br2 with KMn04 and 

extraction with 001
4

, several oxidation-reduction cycles were 

performed together with extractions into and out of carbon 

tetrachloride to purify the bromine. Finally, the bromine 

was reduced to Br- by a water solution o~ so2 , warmed to 

remove excess so2 and then neutralized with dilute lithium 

hydroxide solution. The active solution was made up to a 

volume of 10 mls. Chemical yield was determined according 

to Volhard's method. 

The gross beta decay curve, shown in Fig. 15, was 

resolved into a ;7-d. component, a 4.2-d. component and a 

;4-hour component. Since the only bromine activity expected 
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~- DEOAY OF BROMINE FRACTION -----------------
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to be present 
82 was Br which has a half-life of ;6 hours(54 ) 

gamma spectra were taken to try and identify the 

contamina ting activities. It was not possible to identify 

either of the longer-lived activities. Br 
82 

is a shielded 

nuclide and therefore occurs in very low yield. It decays 

by the emission of a 440 kev {lOO%) beta ray to an excited 

82 
1evel of Kr • Ooincident gamma rays have energies of 554, 

619, 698, 777, 827, 1044, 1;17, and 1475 kev respectively. 

The calculated fission yield is given in Table II. 

Table II 

FISSION YIELD DATA FOR Br82 (;4 -HOURS) 

Irradiation 

Observed activity 

Source-mount absorption 
factor 

Self-absorption factor 

Aliquot factor 

Ohemical yie1d 

Time after irradiation 

Decay factor 

Time in rea.ctor 

Saturation factor 

Saturation a.ctivity 

Fission rate 

Fission yield 

H 

147 c/m 

.997 

.992 

500 

77.24% 

2. 87 8 d. 

0.24;1 

2.1;; d. 

0.6495 

1.015 x 105 d/s 

2.854 x 109 f/s 

;.56 x 10-; % 

, 
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(b) Strontium 

The method of Glendenin(55) was used to separate 

strontium. Barium and strontium carriers were added to an 

aliquot of the fission product solution and their mixed 

nitrates were precipitated with fuming nitric acid. Barium 

was removed as BaCr04 from the mixed nitrates, after they bad 

been dissolved in water, leaving the strontium behind in 

solution. The strontium was purified by preeipitating the 

oxalate from ammoniacal solution, dissolving the oxalate 

precipitate in dilute nitrie acid and again preeipitating 

the nitrate. After being washed with ethyl aleohol, the 

nitrate was dissolved in water, was then transferred to a 

volumetrie flask and made up to volume. Aliquote were 

removed from this solution for 4lT" f.>- and Y-ray measurements. 

The chemical yield was determined by titration with EDTA in 

a 50% alcoholic solution, using phthalein complexone as 

indicator(49 ). 

The gross decay curve was resolved into two 

components (Fig. 16). The long-lived component was assumed 

to be Sr9° - y90 in equilibrium and the 50-d. component to be 

Sr89 whieh bas a reported half-life of 50.4 days(56 ). The 

strontium activities expected to be present as fission 

products occur in the following decay chaine: 

short --to Rb 89 
lived '7 S 89 ,a r ---=5=-=0~.~5-d~;~ 



- 72 -

Figure 16 

~- DECAY OF STRONTIUM ACTIVITIES 

1 - Long-lived activity aubtracted 
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short --+ Rb90 90 90 90 ( ) 
lived 2:7 ----+ X8Sr --+ X9y 64 ~ 40Zr etable / 2.7 m. / 28 y. / .j h. 

91 
40Zr (stable) 

The elapsed time between the end of bombardment and the time 

of separation was sueh that all of the Sr9l had decayed away 

when Sr was isolated. sr89 decays by ~- emission of 

89 . 90 
maximum energy 1.46 Mev (lOO%) to stable Y • Sr , which 

has a reported half-life of 27.7 years(57 ), emits a 0.54 Mev 

~- to form Y
90 

which itself decays by ~- emission with a 

half-life of 64 hours. No gamma rays were therefore 

expected in the Sr fraction and none was found. Since the 

sr90 half-life is so much longer than its Y90 daughter, at 

equilibrium the disintegration rates of parent and daughter 

are equal. On this account half the counting rate of the 

long-lived activity was assumed to be due to Sr9° and the 

fission yield was ealculated therefrom. Fission yield 

values for Sr89 are given in Table III and for sr90 in 

Table IV. 

( c) Yttrium 

Yttrium was separated from an aliquot of the 

fission product solution by the method of Ballou(5B). 

Carriers for cerium, yttrium, lanthanum and zirconium were 
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Table III 

FISSION YIELD DATA FOR sr
89 (50 DAYS) 

Irradiation 

Observed 
activity 

Source-mount 
absorption 
factor 

Self
absorption 
factor 

Aliquot 
factor 

Ohemica1 
yield 

Time after 
irradiation 

Decay factor 

Time in 
reactor 

Saturation 
factor 

Aetivity at 
saturation 

Fission rate 

Fission yield 

B 

1. 00 

1. 00 

2000 

14.44% 

0.7812 

0.0272 

1.076 x 10
8 

d/s 

6.~00 x 109 f/s 

1. 71% 

0 

4 
1.98 x 10 c/m 

1.00 

0.991 

125 

11~.406 d. 

0.20~~ 

1. 99~ d. 

0.0270 

1.496 x 107 d/s 

8. ~ ~64 x 1 0 
8 

f 1 s 

1.79% 

D 

4 
1.29 x 10 c/m 

1. 00 

0.995 

500 

67.27% 

125. ~79 d. 

0.1784 

1.994 d. 

0.0271 

~.~28 x 107 d/s 

1. 94 ~1 x 1 o9 
f' 18 

1.71% 
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Table IV 

FISSION YIELD DATA FOR Sr
90 

(27.7 YEARS) 

Irradiation B c D 

Observed 77 c/m 525 c/m 425 c/m activity 

Source-mount 
absorption 0.996 0.996 0.996 
factor 

Self-
absorption 0.999 0.956 0.971 
factor 

Aliquot 
factor 

2000 125 500 

Chemical 14.44% 50.65% 67.27% yie1d 

Time after 17.954 d. 11;.4o6 d. 125. ;79 d. 
irradiation 

Decay factor 0.9988 0.9922 0.9914 

Time in 2.005 d. 1.99; d. 1.994 d. reac tor 

Saturation 1.~74 :x lo-4 
l. ~66 :x 10-4 

l. ,67 x 10-4 
factor 

Activity at 8 
d/s 

7 
4.018 x 10

7 
d/s 1. ;o1 :x: 1 0 1.67; x 10 d/s saturation 

Fission rate 6.;oo x 109 f/s 
8 . 

8. ; ;64 x 1 0 f 1 s 1.94;1 :x: 109 f/s 

Fission yield 2. 07% 2.01% 2.07% 
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added to the solution from whieh yttrium and the Rare Earths 

were preeipitated as fluorides. After the fluorides were 

dissolved in a borie acid- ni tric acid mixture, cerium was 

removed, as reeommended by Boldridge and Hume(59), by 

oxidation with sodium bromate and precipitation of the iodate. 

The rare earths were removed from the supernate by 

preeipitating the potassium - rare earth carbonates. The 

yttrium, left in solution, was preeipitated as the hydroxide, 

dissolved in dilute hydrochloric acid and made up to a volume 

of 10 ml. Chemical yields were determined spectrophoto-

(48) 
metrieally using the sodium alizarin sulphonate method • 

The standard curve obtained is given in Fig. 17. 

Aliquote of the yttrium solution were mounted on 

VYNS films and measured in the 411"~proportional eounter. A 

half-life of 59 days (Fig. 18) was obtained (measured over 

five half-lives) which corresponded to Y91 with an adopted 

half-life value of 59 daye ( 54 ). Y91 decays to zr91 by ~
emission with maximum energies of o.;; Mev (o.o;%) and 

1.54 Mev (99.7%). The decay chaine ~or yttrium activities 

expected are 

short lived---+ Sr9° 
64 h. 

zr9° (stable) 

short lived 

28 y. 

y91m 

< 151 m. zr91 (stable) 

y91~ 
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Figure 17 

STANDARD CURVE FOR YTTRIUM ____ , 
SODIUM ALIZARIN SULPHONATE METHOD( 4B) 
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Figure 18 

(?- DEOAY OF Y
91 
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Since 4 ~ counting was done severa! days after separation, 

the Y91 m (51 m.) and t 90 (64 h.) had decayed away. An 

aliquot of the yttrium solution showed no gamma spectrum 

when analysed on the scintillation spectrometer. The data 

for the yield determinations of t 91 
are given in Table V. 

Table V 

FISSION YIELD DATA FOR t 91 (59 DAIS) 

Irradiation 

Observed activity 

Source-mount absorption 
factor 

Self-absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

G 

4 
1.28 x 10 c/m 

1.00 

1.00 

500 

16.6% 

92.656 d. 

o. ;;68 

2.1 ;6 d. 

0.0248 

7.69; x 10
7 

d/s 

;.;45 x 109 
f/s 

2.;o% 

J 

7.;0 x 104 c/m 

1.00 

1. 00 

1000 

57.1% 

;.944 d. 

0.9548 

2.056 d. 

0.02;9 

9. ;;a x 107 d/s 

;.724 x 109 
f/s 

2.51% 
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(d) Zirconium 

With slight modifications, a solvent extraction 

method due to Moore( 6o), which made use of the solubility of 

zirconium - TTA (2-thenoyltrifluoroacetone) complexes in 

xylene was used to separate zirconium. A preliminary 
(61) 

separation of barium fluozirconate was necessary since 

plutonium is extracted along with zirconium in this method. 

Zirconium was recovered from the BaZrr6 preeipitate by 

dissolving it in dilute H'BO;-HNO' mixture, removing the 

barium as Baso4 and precipitating zirconium hydroxide. The 

hydroxide was dissolved in dilute HNO; and extracted into a 

xylene solution of TTA. The organic phase was scrubbed with 

1 M HNO; and the zirconium removed with 0.25 M HF. Barium 

fluozireonate was again precipitated and the zirconium 

reeovered as before. The precipitate was dissolved in 

dilute HNO; and made up to a volume of 10 mls. Ohemical 

yield was determined by developing the coloured zirconium -

'Thoron• [f - (0- arsonophenylazo)- 2 naphthol- ,,6 disulphonic 

(62) 
aci!7 complex • The standard curve obtained is given in 

Fig. 19. 

The gross ~- decay curve, shown in Fig. 20, was 

observed to increase to a maximum at about thirty days then 

to decrease into a long-lived tail. The amount of this 

background activity was estimated and subtracted from the 

gross counting rates to give the curve ehown in Fig. 21, 

where the zirconium activity is seen to die away with a 
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Figure 19 

STANDARD ABSORBANOE CURVE FOR ZIRCONIUM 

( 1 THORON 1 OOMPLEX) 
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Figure 20 

~- DECAY OF ZIRCONIUM FRACTION 
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Figure 21 

~- DECAY OF zr95 ACTIVITY 
-

(long-lived activity subtracted) 
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half-life of 65 daye. 95 
Zr arising from the following decay 

chain 

short-lived ---+ zr95 <Nib~~: h.) M/5 (stable) 
(65 d.) 95 ~ 

Nb 
(;5 d.) 

was the only zirconium activity expected to be detected in 

the fission product mixture. A gamma-ray spectrum of the 

zirconium fraction (Fig. 22) showed a prominent photopeak at 

728 kev whieh shifted to 767 kev as the decay was followed. 

The deeay of this gamma peak, shown in Fig. 2;, also 

increased to a maximum then died away with a 65-day half-life. 

The contaminating long-lived activity was not identified. 

95 (54) 
Zr decays with a half-life of 65 days by 

emission of ~- particles with maximum energies of ;60 kev 

(4;%), ;96 kev (55%), 885 kev (2%), and 1.1; Mev (0.4%). 

Ooincident gamma rays have energies of 760 and 726 kev. The 

,Nb95 daughter decays by ~- emission of 160 kev (99%) and 

9;0 kev (1%) maximum energies, with a 768 kev gamma ray in 

coincidence with the former. Disintegration rates to 

determine fission yields, given in Table VI, were obtained 

by extrapolating back to the time of separation where the 

Nb 95 daughter activity was nil. 
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Figure 22 

GAMMA-RAY SPECTRUM OF ZIRCONIUM 

FRACTION 
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Table VI 

FISSION YIELD DATA FOR zr95 (65 DAIS) 

Irradiation F G 

Observed activity 6.20 x 10; c/m 1.20 x 104 c/m 

Source-mount absorption 0.996 0.996 
factor 

Self-absorption factor 0.970 0.995 

Aliquot factor 285.7 

Ohemica1 yield 45.28% 

Time after irradiation 251.656 d. 

Decay factor 0.0684 0.2252 

Time in Reaotor 1.998 d. 2.1;6 d. 

Saturation factor 0.0211 0.0225 

Activity at saturation 4.675 x 107 d/s 

Fission rate 9.610 x 10
8 

f/s 

Fission yield 4.86% 5.18% 
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(e) Niobium 

Niobium was separated by a method due to 

Glendenin( 6 ~) in which Nb 2 o
5 

was precipitated from an oxalic 

acid solution with chloric acid. Purification from 

zirconium was achieved by adding Zr hold-back carrier in 

repeated precipitations of the Nb
2
o

5
• The final precipitate 

was dissolved in saturated oxalic acid solution and made up 

to a volume of 10 mls. Chemical yields were determined on 

the spectrophotometer by the thiocyanate method(
48

) in which 

the yellow niobium thiocyanate complexes are extracted into 

peroxide-free ethyl ether (standard curve, Fig. 24). 

The ~- decay curve, shown in Fig. 25, consisted 

of a single component which decayed with a half-life of ,6.5 

days measured over six half-lives. The gamma-ray spectrum 

contained one very prominent 758 kev photopeak (Fig. 26) 

which was seen to decay with a ;4.2-day half-life (Fig. 27). 

The decay chain for the niobium activities expected in 

fission is 

short-lived---+ zr95 <Nlb~;~ h.) Mo95 (stable) 
(65 d.) 95 ~ 

Nb ( '5 d. ) 

95m 
The 90-hour Nb was not detected. The niobium activity 

was separated at a time when any independently formed Nb 95m 

would have decayed away. Any Nb
95

m activity present would 

have come from the decay of zr95 in the amount of 2% of its 
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Figure 24 

STANDARD ABSORBANOE OURVE FOR 

NIOBIUM-THIOOYANATE COMPLEXES --------------
IN DIETHYL ETHER 
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Figure 26 

Nb95 GAMMA SPEOTRUM 
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Figure 27 

DEOAY OF 758 KEV GAMMA RAY OF Nb95 
-------

.. 
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disintegratione. Nb 95 deeays with a balf-life of 35 days(54 ) 

by the emission of 160 kev (99%) and 930 kev (1%) beta rays. 

A 768 kev gamma ray is in eoincidenee with the 160 ~- ray. 

In the~- dieintegration measurements for Nb95, 

very large absorption corrections had to be applied because 

of the amount of oxalic acid necessary to keep the Nb 2o
5 

in 

solution and because of the low energy of the 99% abundant 

~- ray. Since Nb 95 is only one charge unit away from 

stability, its independent yield will be extremely small and 

all the niobium activity results from decay of the zirconium 

parent during and after the irradiation up to the time of 

separation. Further, since < A 
95

, equation (22) 
Nb 

(P. ;6) will apply with the term for the independent yield 

omitted, that is 

Ry 
Zr95 - À T - A . t 

(NA) t 95(1 
Nb95 )e Nb95 - - e 

Nb95 ).. 95 À Zr 
Nb95 Zr 

- A T -
A 95J - .A 95( 1 - e 

zr95 .. )e Zr 
Nb 

where T ~ the irradiation time. 

t • time from end of bombardment to separation 

of Nb95. 

R • fission rate. 

YZr
95 

• fission yield for zr
9
5. 
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The yie1ds for zirconium were calcu1ated in this way and are 

given in Table VII, in whieh the above equation is expressed 

as 

(N À) 
95 

• Ry 
95 

x correction factor 
Nb Zr 

Table VII 

FISSION YIELD DATA FOR zr95 (65 DAYS) OALCULATED FROM 

Nb95 (;5 DAYS) DISINTEGRATION RATES 

Irradiation B 0 D 

Observed 
8.60 x 10

4 
c/m 1.;o x 10; c/m 1.70 x 10

4 
cqm counting rate 

A1iquot 1000 500 1000 factor 

Chemiea1 6;.2% 4;.;% 40.5% yield 

Self- 0.811 0.608 0.719 absorption 

Source-mount 0.987 0.987 0.987 absorption 

Nb 95 dis- 6 2.;44 x 105 9.857 x 105 d/s integration 2.8;2 x 10 d/s d/s 
rate 

Time after 41.027 d. 188.;;4 d. 6;.176 d. irradiation 

Time in 
reactor 

2.005 d. 1.99; d. 1.994 d. 

Correction 9.44 x 10-; 5·05 x 10-; -2 
factor 1. o;4 x 10 

Fission rate 6.;o x 109 
f/s 

8 
8. ;;64 x 10 f/s 9 

1. 94;1 x 10 f/s 

zr95 fission 4.76% 5·57% 4.91% 
yield 
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(f') Molybdenum 
(64) 

The method of Scadden was employed to separate 

molybdenum from the other fission products. Molybdenum 

carrier was added to an aliquot of' the fission product 

mixture. The ac id i ty was ad justed to IV 1 M and mol ybdenum 

precipitated with c( -benzoinoxime in ethanol. The 

precipitate was dissolved in fuming nitric acid and the 

molybdenum reprecipitated as before, after diluting and 

partially neutralizing the acid solution. The Cl( -benzoin-

oxime was destroyed by dissolving the precipitate in fuming 

nitric acid, adding perchloric acid and boiling down to 

H0104 fumes. Af'ter a ferric hydroxide scavenge was made, 

the molybdenum was precipitated as lead molybdate from the 

buf'fered solution. The precipitate was dissolved in dilute 

nitric acid and made up to 10 mls. Ohemical yields were 

determined speetrophotometrically on the coloured molybdenum 

thiocyanate complex extracted with a carbon tetrachloride-n

amyl alcohol mixture< 48 ). The standard curve obtained is 

shown in Fig. 28. 

Aliquote of the active solution, on being measured 

in the beta proportional counter, indieated an initial growth 

followed by decay with an average balf'-life of 68.2 hours 

lasting for about six half-lives (Fig. 29). Tbereafter the 

decay curve began tailing off, indicating the presence of a 

long-lived activity. The gamma-ray speetrum of an aliquot 

of the active solution showed gamma peaks at 110, '51, 76,, 
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Figure 28 

STANDARD ABSORBANOE OURVE FOR 

MOLYBDENUM THIOOYANATE OOMPLEX 
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Figure 29 

DECAY OF MOLYBDENUM ACTIVITY _______ , 
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and 920 kev (Fig. ,o). The peaks at ;51 and 76' kev decayed 

with a ha1f-life of 67.8 hours, whereas the 110 kev peak 

showed an initial growth then decayed with a similar half-

1ife (Fig. ;1). Mo 99 has a reported half-1ife of 67 hours(5
4

). 

It deeays by ft>- emission with maximum energies of 0.45 (14%), 

0.87 { l'V 1%) and 1.2; Mev (85%) to a 6-hour metastable state 

of Tc
99 

which in tu rn deeays by isomerie transitions to Tc 99 

(2.1 x 105 years). Gamma rays reported have energies of 2, 

40, 140, 142, 181, ;76, 741, 780, and 950 kev respectively. 

The 2, 140, and 142 kev gamma rays are assoeiated with the 

Tc 99m transitions. A gamma-ray speetrum given by Heath( 65) 

99 99m of an equi1ibrium mixture of Mo and Tc shows gamma peaks 

at 0.04, 0.14- 0.18, 0.;6, and 0.75 Mev. 

The decay chain involving Mo 99 is 

short-lived 

99m 

~ Mo99 <Tlc(6 h.) 

(67 h.) ~ 
Tc99 ~ 

(2.1 x 105 y.) 

99 
Ru (stable) 

It would be expected that conversion electrons from 

the Tc99m transitions would contribute to the observed counting 

rate. Since the eomplexity of the decay scheme did not allow 

ca1culation of this contribution, in order to obtain the Mo 99 

eounting rate at separation time, the earlier part of the deeay 

eurve was extrapo1ated back to zero time, as shown in Fig. ,2. 

Fission yield data for Mo99 are given in Table VIII. 
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Figure ~0 

Mo99 GAMMA SPECTRUM 
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Figure ;1 

DEOAY OF GAMMA RAYS FROM 

MOLYBDENUM FRACTION ------
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INifiAL PORfiON OF Mo99 DEOAY OURVE 
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Table VIII 

FISSION YIELD DATA FOR Mo99 {68 HOURS) 

Irradiation B c E H J 

Observed activity {c/m) 2.73 x 105 3.64 x 103 7;.246 x 10 4 6.05 :x 104 4.i.73 x. 104 

Sounce-mount absorption 1.00 1.00 1.00 1.00 1.00 factor 

Self-absorption factor 1.00 1.00 1.00 1.00 1.00 

Aliquot factor 5000 500 1000 1000 1000 .... 
0 
1\) 

Chemical yield {%) 48.5j 16.1 25. 34, 13.2 6:. 5i 

Time after irradiation 4.752 18.435) 9·359 8.690 7.897 
{days) 

Decay factor 0.3144i 0.0112 0.1024; 0.1205 0.1462. 

Time in reactor (days) 2.005 1.993 2.007, 2.133 2.05Sl 

Saturation factor 0.3863 0.3845 0.3866 0.4051 0.3939 

Activity at saturation 
(d/s) 3.862 x 10 8 4.368 x 10111 1.2038 x 108 1.5648 x 108 2.10.60 x 108 

Fission rate {f/s) 6.300 x 109 8.3364 x 108 2..1633 x 109 2.854 x 109 3-724 x 109 

Fission yie1d (%) 6J.13 5.24 5·56, 5-418 5.66 
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(g) Ruthenium 

Ruthenium was separated from the other fission 

products by distilling off the volatile ruthenium oxide, 

Ruo4<66 ). Ruthenium(+,), iodide and bromide carriers were 

added and ruthenium oxidized to volatile Ruo4 with sodium 

bismuthate and perchloric aeid. The ruthenium oxide was 

then distilled into a sodium hydroxide solution from which it 

was precipitated by adding ethanol. Further purification 

was obtained by repeated precipitations of the Ruo4 from 

alkaline solution with ethanol. The final precipitate was 

dissolved in 6 M ROl and made up to 10 mls. Ohemical yields 

were determined by developing the strongly eoloured ruthenium

thiourea eomplex(
48 ). The standardization eurve is shown in 

Fig. ,,. 

The gross decay curve obtained from 4 n counting 

was resolved graphically into two components, one with a 

1.01-year half-life and the other with a '8-day half-life 

(Fig. ;4). A gamma spectrum of the ruthenium fraction showed 

a very prominent 508 kev gamma peak (Fig. ?5). The decay of 

this gamma peak, shown in Fig. ;6, could be resolved into a 

1.0-year half-life and a ;7-day half-life. The decay chaina 

of the ruthenium activities expected to be present are 

short-lived 

106 
Ru ----;. 

1. 0 y. 

lO?m 
Rb 

157 m. 

10? 
Rh (stable 

Rhl06 ---+ 
;o s. 

106 
Pd (stable) 
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Figure ;; 

STANDARD ABSORBANOE OURVE FOR --------· 
RUTHENIUM-THIOUREA OOMPLEX 
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(lJ - DEOAY OF RUTHENIUM FRAOTI ON 

0 Experimental points 

t Long•lived activity subtracted 
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GAMMA-RAY SPEOTRUM OF THE RUTHENIUM FRACTION 
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Figure ;6 

DEOAY OF 508 KEV GAMMA RAY OF 

RUTHENIUM FRACTION 
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Ru10' has a reported ha1f-1ife of ,9.4 days(
67

) and 

decays to Rh
10

'm by beta emission with maximum energies of 

100 (7%), 212 (89%), and 710 (IV'%) kev. The 212 kev beta 

ray is in coineidence with a 498 kev gamma ray whieh has an 

equivalent abundance. Rh
1

e'm decays to stable Rh
1
e' with a 

ha1f-life of 57 minutes by emitting a 4e kev gamma ray. 

106 le6 (54) 
Ru decays to Rh with a half-life of l.e year by 

emitting a ,9.2 kev beta particle. Rh
106 

is also beta 

active, having a half-life of ,e seconds and maximum beta 

energies of 2.e (;%), 2.4 (12%), ,.1 (11%), ~nd ;.5; (68%) 

Mev. Its most intense gamma ray has an energy of 51; kev. 

To determine the disintegration rate of Rule;, it 

is necessary to consider the conversion electron emission 

from RhlO;m (57 m.) which would be detected by the 4 n 

counter. The number of extra events counted per ~ -

disintegration of Rule; is given by 

o{T 
N- • ( x B.R.) + (e 

e 1 + D{T 

1 x------- x B.R.) 
1 + D{ T 

where 

conversion 
electrons 

unconverted 
gamma rays 

~ • total interna! conversion coefficient. 
'l' 

e = efficiency for detecting the unconverted 

gamma rays. 

B.R. • branching ratio. 

~T is calculated to be 484 from the following data o( - 4e K 
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o<. x. and o{L are the conversion 

coefficients for the K and L shells respectively. The 

efficiency for detecting the unconverted 40 kev gamma rays is 
(69) 

lese than 0.14% so that the second term can be neglected. 

Therefore 

The energies of these conversion electrons are given by 

the difference between the gamma-ray energy and the binding 

energy of the electron in the K or L shell. Strominger et 

aL( 70) give 23.2 and 3.4 kev for the K and L electron 

binding energies respeotively. This resulta in 9% of the 

conversion electrons having energies of 17 kev and 91% having 

37 kev ene rgy. Since these conversion electrons are mono-

energetic, they will be absorbed to a different extent in the 

source mount and in the source i tself than ~- rays of the 

same maximum energies. It was assumed that the absorption 

of conversion electrons was equivalent to the absorption of 

~- rays having maximum energies of twice the energy of the 

conversion electrons( 7l). If Ru103 and Rhl03m are 

represented by subscripts 1 and 2 respectively, then since 

,\
1 

<< À
2

, at equilibrium 

N1 À
1 

+ N
2 

)...
2 

= N
1 

).
1 

(1.993) 

that is 
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Put ting A1 • c 1 N1 A 1 and A2 • c 2 N2 À 2 , where A1 and A2 are 

the observed counting rates of Ru10~ and Rh10~m and c1 , c 2 

are detection efficiencies given by the product of the self-

absorption factor and the source-mount absorption factor, 

th en -
.. 

and 

clNl Àl + c2N2 À2 

cl Nl À1 

c 1 N1 A1 + 0.99' c 2 N1 À1 

0 1 Nl 1 

that is the oounting rate of Ru
10

' is given by dividing the 

observed counting rate of 
10' lO'm 

Ru + Rh by the factor 

02 
1 + 0.99; ëï• From this N

1 
A

1
, the disintegration rate, for 

10; Ru is given by 

10; 
Disintegration rates for Ru were caloulated in this way 

and fission yields computed as shown in Table IX. Using a 

similar computation, where now subscripts 1 and 2 refer to 



Table IX 
FiSSION Y[ELD DATA FOR Ru103 (38 DAYS) 

Irradiation A B; c D 

Observed counting rate (c/m) 2.58 x 104 7.62 x 104 1.52 x 104 7-35 x 104 

Correction factor 1.658 1.898 1.764 1.86.41 

Correetéd counting rate (c/m) 1-556 x 104 4,.015 x 10 4 8.617 x 103 3.943 x 104 

Source-mount absorption factor 0.966; 0.966} 0.966 o. 966) 

Self-absorption factor 0.909 0.976) 0.951 0.968 
~ 

Aliquot factor 2000 4000 500 2000 ~ 

~ 

Chemical yie1d (%) 80.0 61.0 39.8 84.6,, 

Time after irradiation {days) 129.715 60.985 117.184. 49.186.' 
Decay factor 0.1039 0.3449 0.1293 0.4238 
Time in reactor (days) 2.033 2.005 1.993 1.994: 
Saturation factor 0.0349 0.0344 0.0342 0.0342 

Activity at saturation (d/s) 2.035 x 108 8 3.922.x 10 4.440x 10 7 Ll463 x 108 

Fission rate {f/s) 3.5669 x 109 6.300 x 109 8.3364 x 108 1.9431 x 109 

Fission yie1d (%) 5.71 6.23 5·33 5-90 
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106 106 
Ru (1 yr.) and Rb (30 seo.), gives the following 

- el Nl À 1 + o2N2 À 2 

cl Nl À 1 

In this case, at equilibrium, since À 1 << À 2 , 

tberefore 
cl Nl À 1 + o2Nl À 1 c2 
----------------- • 1 + 

olNl Àl el 

(J. 106 
The J~- rays of Rh all have energies> 2 Mev and wou1d 

therefore be absorbed to a negligible extent. Thus c 2 • 1 

and 

and 
1 + cî 

The disintegration rate for Ru106 is therefore given by 

dividing the observed eounting rate of Ru
106 + Rh

106 
by the 

factor l + e 1 • 

Table X. 

Fi i . 1d d t ~ R 106 · i as on y1e a a ~or u are g1ven n 



Table X 
FISSION YIELD DATA FOR Ru106~· (1.01 YEARS) 

Irradiation A B c D 

Observed counting rate (c/m) 1.535 x 104 1.43 x 104 6.98 x 103 1.05 x 104 

Correction factor 3-433 2.312 2.912 2.527. 

Corrected counting rate (c/m) 4.471 x 103 6.185 x 104 2.397 x 103 4.155 x 103 

Source-mount absorption factor 0.934. 0.934 0.934 0.934 
Self-absorption factor 0.440 0.816 0 .. 540 0.700 .... 
A1iquot factor 2000 4000 500 2000 .... 

\Jf 

Chemica1 yie1d (%) 80.0 61.0 39.8 84 .. 6 

Time after irradiation (days) 129.715 60.985. 117.184. 49.186 

Decay factor 0.7836 0.8917: 0.8023 0.9117 

Time in reactor (days) 2.033 2.005 1.993 1.994. 
Saturation factor 0.00382 0.00376 0.00375 0.00375 

Activity at saturation (d/s). 1.514 x 10 8 2.647 x 10 8 3.310 x 107 7.312 x 107 

Fission rate (f/s) 3.5669 x 109 6.300 x 109 8.3364 x 108 1.9431 x 109 

Fission yie1d (%) 4.24. 4.20 3-97 3.7& 
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(h) Rhodium 

Following a method due to Ballou( 72 ) the pyridine 

complex of rhodium was extracted into pyridine from a 

strongly alkaline solution to separate rhodium from a fission 

produot a1iquot. Decontamination from tellurium is achieved 

by adding Te(IV) hold-back carrier along with Rh+' carrier 

before the extraction. The rhodium was reoovered from the 

pyridine layer by precipitating Rh2s, with H2S. The 

preoipitate was dissolved in aqua regia, ruthenium was removed 

by adding Ru+; carrier and distilling the ruthenium by fuming 

-with HC104 and finally halogens were removed by adding I 

carrier and again fuming with H0104. 

precipitated, dissolved in a minimum of aqua regia and made 

up to volume. Ohemical yields were determined spectro

photometrieally by the stannous ch1oride method( 7') which 

gave a standard curve as shown in Fig. ,7. 
The ~ - decay of the rhodium activity measured on 

the 4 Tf" counter showed a single component with a half'-life of 

;6 hours (Fig. ;8) measured over seven half-lives. The 

gamma spectrum contained one photopeak at ;15 kev (Fig. ;9) 

which decayed with a half-life of ;6 hours (Fig. 40). The 

105 
rhodium activity expeeted to be present was Rh , a member 

of the deeay chain 

short-lived 
105 

Ru --+ 
(4.5 h.) 

Rh105m 

l ;5 s. 

Rh 105 ----+> ( '6 h.) 

105 
Pd (stable) 
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RHODIUM STANDARD ABSORBANOE OURVE 

STANNOUS OHLORIDE METHOD(7') 
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Figure ~8 

~- DECAY OF Rh105 
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GAMMA-RAY SPECTRUM OF Rhl05 
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DECAY OF ,15 KEV GAMMA RAY OF 

RHODIUM ACTIVITY 
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Rh105 h as a half-life of '6 hours 
(54) 

and decays by the 

emission of 250 kev (10%) and 565 kev (90%) ~- rays. A 

'19 kev gamma ray is in coincidence with the 250 kev ~ - ray. 

Fission yield data for rhodium are given in Table XI. 

Table XI 

FISSION YIELD DATA FOR Rhl05 (,6 HOURS) 

Irradiation H J 

Observed activity 1.10 x 10 5 c/m ,.oo x 105 c/m 

Source-mount absortpion 0.997 0.997 
factor 

Self-absorption factor 0.99' 1.00 

A1iquot factor 1000 2500 

Chemica1 yie1d ,8.44% ,7.00% 

Time after irradiation 6.54' d. 2.800 d. 

Decay factor o. 0487 0.274' 

Time in reactor 2.1,, d. 2.056 d. 

Saturation factor 0.6279 o. 61 '2 

Activity at saturation 1.575 x 108 
d/s 2.014 x 108 

d/s 

Fission rate 2.854 x 1 o9 f/s ,.724 x 109 f/s 

Fission yield 5·52% 5.41% 
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(i) Silver 

The method of Glendenin( 74 ) was used to separate 

silver. Silver chloride was precipitated by adding silver 

carrier to an aliquot of the fission product solution which 

had been diluted so that the concentration of HOl was No.; M. 

ixchange between the carrier and any silver activity was 

ensured by gentle boiling and brisk etirring. After the 

AgOl was dissolved in ammonium hydroxide, purification was 

aohieved by performing two cycles of ferric hydroxide 

scavenging followed by precipitation of Ag2S, the silver 

sulphide being dissolved in nitric acid in between cycles. 

Silver is finally precipitated as AgOl which is dissolved in 

ammonium hydroxide and made up to a volume of 10 mls. 

Ohemical yields were determined by titrating with EDTA the 

Ni+2 liberated on reacting Ag+ with tetracyanonickelate ion, 

7-2 
.LJi(ON)4 , in 

indicator< 49 ). 

ammoniacal solution, murexide being used as 

The gross ~- decay curve was re sol ved into 

a 7.5-day component {Fig. 41) and a ;.14-hour component 

(Fig. 42). The gamma spectrum observed showed gamma peaks 

at 2;0, ;40, and 625 kev (Fig. 4;). The ;4o kev gamma ray 

was seen to decay with a half-life of 7.5 days (Fig. 44) 

while the 625 kev gamma ray decayed with a half-life of ;.2 

hours (Fig. 45). The silver activities expected to be 

present oecur in the following decay chaine 

ho t li d _____..A 
111 7 5 d ----+Od

111 
{stable). s r - ve ~ g • • 

21-h. Pd
112

----+ ;.2-h. Ag
112 ~Od 112 {stable). 
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Figure 41 

~- DECAY OF Aglll 
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Figure 42 

(J;>- DECAY OF Ag
112 

0 Experimental points 

t 7·5-day activity subtracted 
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Figure 4; 

GAMMA-RAY SPECTRUM OF SILVER FRACTION 
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Figure 44 

DEOAY OF ;40 KEV GAMMA RAY OF 

SILVER FRACTION -----



9~----~----~----~----~------~----~----~ 

w 

~ 2 

(.!) 
z 
1-
z 
:::> 
0 
(.) 

w 
> 
~ 
....J 
w 
a:: 

.2------~----~----~----~------~----~----~ 
0 5 10 15 

DE CAY 

20 25 30 35 
TIME CDAYS) 



- 125 -

Figure 45 

DEOAY OF 625 KEV GAMMA RAY OF 

SILVER FRACTION 
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Ag
111 

decays with a half-life of 7.5 days( 54 ) by ~
emission with maximum energies of 0.69 (6.2%), 0.79 (1.1%), 

and 1.05 (92.7%) Mev. Gamma rays in coincidence with (b-

emission have energies of 0.095, 0.247, and o.;42 Mev. Ag
112 

decays with a ha1f-life of ;.2 hours(5
4

). The deeay of 

Ag112 takes place through the emission of 15 beta rays of 

which the most abundant have maximum energies of ;.42 (18%) 

and 4.04 (56%) Mev. Reported gamma rays are as numerous, but 

the most intense has an energy of 615 kev. 

Fission yield data for Ag
111 

are given in Table XII. 

Binee the separation of silver had taken place when a11 the 

independently formed Ag112 had already decayed, the Ag112 

112 
aotivity resulta from the decay of 21-hour Pd • The 

fission yield of Pd 112 was therefore calculated from the 

Ag
112 

disintegration rate by applying equation (25) P. ;7, 

and is reported with the Pd
112 

data. 

(j) Palladium 

(75) 
A method due to Seiler was used to separate 

palladium from the other fission products. In this separation 

palladium dimethylglyoxime was precipitated from acid solution. 

Repeated scavenging with lanthanum and zirconium hydroxides 

and silver eh1oride provided further purification. The 

final dimethylglyoxime precipitate was dissolved by boiling 

with a small amount of aqua regia, whieh served to destroy the 

dimethylglyoxime, and made up to a volume of 10 m1s. Chemical 

yields were determined in a procedure similar to that used for 
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Table XII 

FISSION YIELD DATA FOR Aglll (7.5 DAYS) 

----------------------
Irradiation F Hl u: 

2 

Observed 1.50 x 104 c/m 1. 84 x 104 c/m 1.20 x 104 c/m activity 

Source-mount 
absorption 1.00 1.00 1.00 
factor 

Self-
absorption .989 1.00 1.00 
factor 

Aliquot 500 1000 1000 
factor 

Ohemical 62.50% :;o. 50% 22.09% yield 

Time after 10.:;78 d. :;.467 d. :;.467 d. irradiation 

Deeay factor o.;a:;:; 0.7259 0.7259 

Time in 1.998 d. 2.1:;; d. 2.1:;:; d. reac tor 

Saturation 0.1686 0.1789 0.1789 
factor 

Activity at ;.1292 x 106 d/s 7.7426 x 106 d/s 6.9715 x 106 d/s saturation 

Fission 9.6100 x 108 f/s 2.854 x 109 f/s 2.854 x 109 f/s rate 

Fission yield o. :;26 % o. 271 " o. 244" 
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(49) 
silver • 

!he gross ~- deeay curve was resolved into a 

21-hour component and a 12-hour component (Fig. 46). The 

early portion of the decay due to the 21-hour component was 

calcu1ated assuming that the later section of the decay 
112 

represented an equilibrium mixture of Pd (21 hours) and 

A gamma-ray spectrum of the palladium 

fraction (Fig. 47) showed gamma peaks at 20, 90, and 626 kev. 

The decay of the 626 kev peak L'ig. 48(al7 showed an initial 

growth, then fel1 away with a 21-hour ha1f-life. The decay 

of the 20 kev peak LFig. 48(bl7 could be resolved into a 

21-hour and a 12.5-hour component, while the 90 kev peak 

decayed with a half-1ife of 12.8 hours L'ig. 48(al7• The 

mass chaine for the palladium activities are& 

short-lived (stable) 

21 h. Pd
112

--?). Ag112 ~.2 h. _..._.. Od
112 

(stable). 

109 
The half-life reported for Pd varies from 12.7 hours to 

14.1 hours< 54 >. It decays to 40-seoond Ag109m by emitting 

( ~) Agl09m a 1.025 Mev NlOO~ maximum energy beta ray. 

decays by isomerie transition of 88 kev to Ag
109 

(stable). 

This gamma ray is highly eonverted whieh resulte in the 

emission of 20 kev Ag X-rays. Pd
112 

has a reported half-life 

of 21 hours(5
4

). It decays to Ag
112 

(,.2 hours) by the 
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Figure 46 

(>- DECAY OF PALLADIUM ACTIVITIES 

0 Experimental points 

1 21-hour activity subtracted 



~ 
Cl. 
(.) -

{!) 
z 
1-z 
::> 
0 
(.) 

10
3 

10
2 

0 

0 
0 

0 
0 

Pd1os~ 

t112 = 12 n. 

2 

\ 
\ 

\ 

4 

DECAY 

CALCULATED Pd 112 

Pd'l2 + Ag112 
~ 

t112= 21n. 

\ 

\ 
\ 

\ 
\ 

\ 
\ 

\ 
\ 

6 8 10 

TIME <DAYS) 



Figure 47 

GAMMA SPEOTRUM OF PALLADIUM AOTIVITIES 
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Figure 48 

DECAY OF PALLADIUM ACTIVITY 

GAMMA RAYS 

(a) Decay of 625 and 90 kev gamma peaks 

(b) Decay of 20 kev gamma peak 
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emission of a beta ray of maximum energy 280 kev in 

coincidence with an 18 kev gamma ray. As mentioned before 

(P. 120) the most intense gamma ray exhibited by Ag112 has 

an energy of 615 kev. 
109 In determining the disintegration rate of Pd , 

it was necessary to take into account the conversion electrons 
l09m 

emitted by Ag • From the K-shell conversion coefficient 

10.;, and the K/LM ratio 0.84 for the 88 kev gamma ray(54 ), 

the total conversion coefficient, « , is calculated to be 
T 

22.6 which gives a value of 0.958 for the number of 

conversion electrons emitted per beta disintegrationJ 

N- • e 1 + D( 
• o. 958. 

T 

The detection effieiency for the 88 kev unconverted gamma 

rays is lese than 0.1%( 69 ). The energy of these conversion 

electrons is the difference between the gamma-ray energy and 

th 1 tron bi ding n r Strominger et et.< 7o) list the e e ec n e e gy. ~ 

following for Aga K electron binding energy 25.5 kev, L1 and 

and M1 electron binding energy ;.8 and 0.7 kev respectively. 

Therefore 44% of the conversion electrons have energies of 

tV62 kev and 56% of N 84 kev. The absorption determined as 

being equivalent to P., ... rays with maximum energies of double 

the conversion electron energies gives a detection efficiency 

of 0.964 for the Ag109m disintegrations while the Pd109 

1.025 Mev ~- ray is negligibly absorbed. 



So the.t 

~rved counting rate • 1 + (0. 958 x 0• 964 ) 

Pdl09 counting rate 

• 1. 924. 

109 Fission yield date. for Pd are given in Table XIII. For 

Pd
112 

it was necessary to consider the growth of 1g
112 which 

contributes to the equi1ibrium counting rate. At equi1 i brium 

the ratio of the disintegration rates is given by 

N A 112 
Ag 

NA 112 
Pd 

using the relation À= 0.69,/ti and substituting the values 

for the half-lives gives 

N À 112 
Ag 

N À 
Pdll2 

.. 1.180. 

Now putting A • eNA , where A is the observed e.ctivity and 

c is the detection efficiency, 

A 112 + A 112 
Ag Pd 
--~----------- .. 

A 
Pdl12 

• 1 + 

A 112 + c 112N À 112 
Ag Pd Pd 

c NA 
Pdll2 Pd112 

c Agll2 NA Agll2 
------c 

Pdll2 NA 112 
Pd 



c 112 
• 1 + 1. 180 _.;;,;A;.Jiijg~....-_ 

c 
Pdll2 

Since the efficiency for detecting Ag112 is 1.00 and for 

Pd
112 

is 0.991, 

A 
Pdll2 

observed counting rate ------2.191 

112 Fission yield data for Pd are given in Table XIV. 

Table XIII 

FISSION YIELD DATA FOR Pdl09 (12 HOURS) 

Irradiation 

Observed activity 

Source-mount absorption 
factor 

Self-absorption factor 

Aliquot factor 

Chemica1 yield 

Time after irradiation 

Deeay :f'aet.or 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

LA 

4.7, x 104 c/m 

1.00 

1.00 

50 

18.2~ 

,.848 d. 

o. 0048, 

1.590 d. 

0.8896 

5.052 x 107 d/s 

4.48' x 109 t/s 

1.1;% 



Table__g,y 

FISSION YIELD DATA FOR Pd112 {21 HOURS) 

OALOULATED FROM Ag112 DAUGHTER 

Irradiation LA Hl H2 

Observed 4 
c/m 2.614 x 10, c/m 1.6;0 x 10' c/m activity ;.28 x 10 

Source-mount 
absorption 0.999 1.oo 1.00 
factor 

Self-
absorption 0.992 1.00 1.00 
factor 

Aliquot 50 1000 1000 factor 

Ohemical 18.16% ;o.5Q% 22.09% yie1d 

Time after ;.848 d. ;.467 d. ,.467 d. irradiation 

Decay factor 0.0475 o. 06;9 o. 06;9 

Time in 1.590 d. 2.1;; d. 2.1;; d. react.or 

Saturation 
0.7161 0.8157 0.8157 factor 

Activity at 
4.425 x 106 

d/s 2.740 x 106 
d/s 2. ;6o x 106 

d/s saturation 

Fission rate 4.48; x 109 f/s 2.854 x 109 f/s 2.854 9 x 10 f/s 

Fission yield o. 099% o. 096% o.o8; 0 /o 

---- ---



(k) Cadmium 

Cadmium was separated from an aliquot of the 

fission product solution by the method of Glendenin(76 ). 

This coneieted of repeated precipitations of cadmium sulphide 

interspersed with ferric hydroxide and palladium sulphide 

scavenging precipitations. The final CdS precipitate was 

dissolved in a small amount of dilute hydrochlorie acid 

which, after boiling to remove H2S, was transferred to a 

volumetrie flask. The solution was then made up to volume 

from whioh aliquots were removed for disintegration rate 

determinations and gamma-ray measurements. Chemioal yield 

determinations were made by titrating aliquote of the 

solution with EDTA using Eriochrome Black T (+ methyl red) 

as an indicator(49 >. 
The gross beta-decay eurve was resolved graphically 

into a 4'-day component (Fig. 49) and a ;;.4-hour component 

(Fig. 50). The cadmium activities expected to be present 

occur in the following decay chain: 

115 Sn (stable) 

y) 

115m 115g The half-lives for Cd and Cd have been reported as 
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Figure 49 

BETA-DEOAY OURVE FOR A SEPARATED 

CADMIUM S.AMPLE -
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Figure 50 .......... 

ANALYSIS OF EARL! PORTION OF 

CADMIUM BETA-DEOAY OURVE 
------------------------

0 Experimental pointe 

1 Long-lived activity subtracted 
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(54) 
4; days and 2.; days (55.2 hours) respectively • A 

gamma-ray spectrum (Fig. 51) taken several hours after the 

separation showed an x-ray to be present, together witb gamma 

rays of energies 255, ;;;, and 527 kev. This was almost 

identical to a gamma spectrum for 54-hour Od11 5 - 4.5 hour 

In115 (in equilibrium) given by Heath( 65) and compared well 

witb gamma rays for Od 11 5 listed in the Nuclear Data 

Sheets(54 ). The;;; kev gamma ray was observed to grow and 

then to decay with a half-life of 54 hours, while the 527 kev 

gamma ray decayed with a eimilar half-lite (Fig. 52). The 

ll5m absence of gamma rays characteristic of Cd was due to the 

very small amount of this activity present in the sample and 

to the fact that about 97% of the beta disintegrations(54 ) 

lead directly to the ground etats of In11 5. 

Yield determinations for Cdll5m are straightforward 

and are given in Table XV. Since Cd
115

g decays to 

metastable Inll5m (4.5 hours), the measured disintegration 

rate had to be corrected for the additional eounts registered 

as a result of conversion electron emission. From the data 

(77) qK • 0.8;, K/L1M = ;.85 , the total internai conversion 

coefficient, ~ , is calculated to be 1.05. 
T 

From this the 

number of conversion electrons is given by 

and the number of unconverted gamma rays is therefore 0.488. 
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Figure 51 

GAMMA SPEOTRUM OF A SEPARATED -----
CADMIUM FRACTION -----·--
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Figure 52 -

GAMMA DEOAY OURVES FOR THE 

SEPARATED OADMIUM PRAOTION 



(!) 
z 
1-z 
::::> 
0 
(.) 

8~------------~--------------~------------~ 

527Kev. 

5 
DECAY TIME 

10 15 
( DAYS) 



- 142 -

'.rabl e XV 

FISSION YIELD DATA FOR Odll5m (4, DAYS) 

Irradiation _____ , __ 
Observed activity 

Source-mount absorption 
factor 

Self-absorption factor 

Aliquot factor 

Ohemical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

80 c/m 

1. 00 

1.00 

500 

24.1% 

,.29 d. 

0.9484 

2.07 d. 

0.0,29 

8.8765 4 x 10 d/s 

,.297 x 109 f/s 

2.69 x 10 _, % 

117 c/m 

1.00 

1. 00 

500 

24.2% 

,.29 d. 

0.9484 

2.07 d. 

0.0,29 

1.2896 x 105 d/s 

,.297 x 109 t/s 

,.91 x 10 _, % 

----



- 14; -

115m 115 
Since In decays 94.5% by isomerie transition to In and 

5·5% by 840 kev f.>- emission to Sn115, the observed fl
disintegration rate is re1ated to the Cdll5 disintegration 

rate by 

Observed D.R. • Cd
115 

D.R.,Lï+ (0.512x 0.945)+ 0.05i7 

Therefore 

Od115 D.R. + In115m D.R. = Cdll5 D.R.(1.5;9) 

The efficiency of the 4 ~counter for the ;;5 kev unconverted 

gamma rays is lees then 0.14%( 69) and the contribution due to 

these may therefore be neglected. At equilibrium, the 

disintegration rates of Cdll5 and Inll5m are related by 

N2 À 2 À2 
- 1.09; • 

Nl À l À2 - Àl 

Here the subscripts 1 and 2 refer to Cd115 and In 
ll5m 

respectively. Putting A • eN A , where A is the observed 

counting rate and c is the detection efficiency 

cl Nl A 1 + c 2N2 À 2 

cl Nl A 1 
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c1 is 1.00 and c2 is given by the product of the factor 0.5;9, 

calculated above, and the absorption factor of the conversion 

electrons which was estimated to be 0.996. 'l'he re fore 

115 115m 'l'he observed counting rate for Cd + In was divided by 

this factor to give the Cdll5 counting rate. Fission yield 

data for Cdll5 are given in 'l'able XVI. 

!!ble XVI 

FISSION YIELD DATA FOR Cd115
g (5;.4 HOURS) 

Irradiation 

Observed activity 

Source-mount absorption 
factor 

Self-absorption factor 

Aliquot factor 

Chemical yield 

'l'ime after irradiation 

Decay factor 

'l'ime in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

-------------------------
5·7 x 10; c/m 

1.00 

1.00 

500 

24.1% 

;.29 d. 

o.;648 

2.07 d. 

0.4714 

1.1468 
6 

x 10 d/s 

;.297 x 109 f/s 

;.48 x 10-2 % 

1.00 

1.00 

500 

24.2% 

;.29 d. 

o.;648 

2.07 d. 

0.4714 

1~02PO 
6 

x 10 d/s 

;.297 x 109 t/s 

;. 09 x 10-2 % 



- 145 -

(1) J.ntimony 

The separation of antimony was achieved by 

precipitating metallic antimony with chromous chloride 

(Or01
2

)(
78

). Exchange between carrier and the antimony 

activity was assured by adding Sb+; carrier to an aliquot of 

the fission product solution, oxidizing Sb+; to Sb+; with 

bromine water then preeipitating metallic antimony. Further 

purification was obtained after dissolving the precipitate in 

aqua regia by precipitating the sulphide with H
2
s. The 

final precipitate was dissolved in a minimum of HOl, boiled 

to remove excess H2S, then made up to volume. Ohemical 

yields were determined by precipitating metallic antimony 

with ehromous ehloride and weighing. 

The gross (?- deoay curve was resolved graphieally 

{Fige. 5; and 54) into the following eomponentsa 

(1) a long•lived activity eonsiderably above the 

background counting rate, 

(2) a 61-day activity assigned to Sbl24, 

(;) a 12.8-day activity assumed to be Sb 
124 

' and 

(4) a ;.7;-day activity assumed to be 
127 

Sb • 

The isobaric decay chains for these masses are 

124 124 
Sb (60 d.) Te (stable) • 

. Sb126m (19 m.) 

sn
126 

(2 x 10
15 

7•) / 10.99 ~'te126 
(stable). 

126 / 
Sb (12.5 d.) 
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Figure 5' 

GROSS ~- DEOAY OU~~ 

ANTIMONY AOTIVITIES -----· 

0 Experimental points 

t Long-lived activity subtracted 
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Figure 54 

ANALYSIS OF ~- DECAY OF 

ANTIMONY ACTIVITIES 

x Experimental points 

0 Long-lived activity subtracted 

1 61-day activity aubtracted 

t 12.8-day activity aubtracted 
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Snl27 ---t> Sb127 

(1.9 h) (91 h) 

... 148 -

'l' l27m 

(105 d.~ 
0.98 ~1127 

(otable). 

Tel27 
(9., h) 

A gamma-ray spectrum of the antimony fraction, 

shown in Fig. 55, gives photopeaks at 215 kev, 461 kev, 677 
127 

kev, and 775 kev. Sb decays with a half-1ife of 91 

(54) 
hours by the emission of r.>- rays with energies of 800 

kev ('5%), 860 kev (10%), 1.11 Mev ('5%), and 1.50 Mev (20%). 

Ooincident gamma rays have energies of 58 kev, 240 kev, 456 

kev, and 764 kev. Twenty percent of the decays lead to 

127m 
metastab1e fe which bas a half-life of 105 days, while the 

remainder 1ead to Te127 with a half-life of 9., hours. The 

metastable state decays 98.5% by 

by emission of a 7;0 kev ~ ray. 

emission of energies 270 kev (1%) 

isomerie transition and 

126 -
Te decays by ~ 

and 695 kev (99%) with 

coincident gamma-ray energies of 58, 215, ;6o, and 418 kev 

respectively. Sb 126 is a shielded nuclide since its parent 

sn126 bas a half-1ife of 2 x 1015 years. It decays lOO% by 

the emission of a 1.9 Mev beta ray with a half-life of 60 

days(5
4

). Ooincident gamma rays have energies of 415 kev, 

124 
665 kev, and 695 kev. Sb is a shielded nuc1ide which 

(54) IJ..-
decays with a half-1ife of 12.5 days by 1J emission with 

energies of 51 kev (2%), 225 kev (11%), 621 kev (51%), 
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Figure 55 

GAMMA SPEOTRUM OF ANTIMONY FRACTION 
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As would be expected, the gamma spectrum is quite 

complex, but its most intense gamma ray has an energy of 

124 
Disintegration rate determinations for Sb and 

Sb126 are not complicated. Fission yield data for these 

nuclides are given in Table XVII. For Sb
127 

it was 

necessary to take into account the amount of the Te
127 

activity which wou1d be in equilibrium with its parent. 

From growth and decay considerations 

NA 127 
Te 

N À 127 
Sb 

À 127 
Te -------~~------- .. 1.116. 

From a consideration of actual activities measured on the 4tt 

counter 

where subscripts 1 and 2 refer to Sb
127 

and Te
127 

respectively, 

A is the observed activity and c the detection efficiency, so 

the.t 

Since only 80~ of the Te
127 

activity assumes equilibrium with 

Sb
127 

- the ether 20~ results from the isomerie transition 
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Table XVII 

FISSION IIELD DATA FOR ANTIMONY AOTIVITIES 

---
Sb

124 
(61 d.) sb 126 ( 12. 8 d • ) Sbl27 (;.7; d.) 

Irradiation F F ., 
--

Observed 
4.90 x 102 c/m 1.40 x 10, c/m 1.585 x 104 c/m activity 

Source-mount 
absorption 1.00 1. 00 1.00 
factor 

Self-
absorption 0.991 1. 00 1. 00 
factor 

A1iquot 2000 2000 2000 factor 

Ohemical 9;.o% 9;.0% 9;.0% yield 

Time after 5.671 d. 5-671 d. 5·671 d. irradiation 

Deeay factor 0.9;76 0.7;57 o. ;487 

Time in 1.998 d. 1.998 d. 1.998 d. reac tor 

Saturation 0.0224 0 .. 1026 o. ;1 01 factor 

Activity at 
8.4;8 x 105 d/s 6.6;2 x 105 d/s 5·254 x 106 d/s saturation 

Fission rate 9.610 
8 

x 10 f/s 9.610 
8 

x 10 f/s 9.610 
8 

x 10 f/s 

Fission yield 8.78 x 10-2% 6.90 x 1 o-2% 0.55% 

--
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from Te
127

m (105 daye) - and bo~h Sb
127 

and Te
127 ac~ivi~ies 

are negligibly absorbed in ~he source mount and the source 

material, then 

The observed counting ra~e of the combined activities vas 

127 
divided by this fac~or to give the counting rate of Sb • 

Fission yield data for Sb127 are given in Table XVII. 

(m) Tellurium 

Tellurium was reoovered from a fission product 

aliquot by preoipitating tellurium metal with so2 in acid 

solution(79). A preliminary removal of selenium was 

+4 effected by adding Te carrier and fuming with HBr. 

Further decontamination was achieved by scavenging wi~h 

terrie hydroxide. The tellurium was finally recovered as 

the metal, dissolved in nitric acid and made up to volume. 

Ohemical yields were determined by precipitating the metal 

and weighing. 

The tellurium ac~ivi~ies expec~ed to be presen~ 

occur in the following mass chains 

Tel27m (105 d.) 

Sb
127 

{91 h.) 1 
127 

I (stable) 

Te127 9.~ h.)~ 



129 
Sb 

129m 
Te 
,,, d.) 

1129 129 
Xe (stable) 

(4.6 h.) 

/

(1.7 

Te129 

17 
x 10 y.) 

(72 m.) 

Short-lived 
1,2 1,2 

---+) Te --~) I ---~ 
(77 h.) (2., h.) 

The gross ~- decay curve, as shown in Fig. 56, was reso1ved 

by estimating the 105-day tai1 and subtracting this from the 

experimenta11y determined counting rates. 

129m 
component appeared which was taken to be Te • On 

subtracting the 1onger-lived activities, as shown in Fig. 57, 

a ,.27-day activity remained which was assumed to be Te
1

'
2 

1,2 
and I in equilibrium. 

1,2 
The amount of Te in this 

equilibrium mixture was calculated from the growth and decay 

equations as discussed before, and the Te
1

'
2 

disintegration 

rate was determined from this. A gamma-ray spectrum of the 

tellurium fraction is given in Fig. 58. An X-ray and 

prominent photopeaks with 2'1 and 675 kev energies could be 

discerned with lees intense gamma peaks at 51,, 788, 96,, 

and 1156 kev respectively. The 2~1 kev peak was seen to 

decay with a half-life of ,.4 daye, while the 675 kev peak 

showed an initial growth followed by decay with a similar 

half-life (Fig. 59). 
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Figure 22 

~- DEOAY OF TELLURIUM FRACTION 
----------------------

x Experimental points 

0 105-day activity subtracted 
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Figure 57 

------·-----

0 Experimental points 

• Longer-lived components subtracted 

1,2 
Oalculated Te decay 



155a 

50------~------~------~------~-----.------~ 

x 

~ 
a. 
0 -
w 
~ 
a:: 

0.1 
0 

\ 
\· 
\ 

\ 
\ 

\ 
\ 

5 

\ 
\ 

\ 
\ 

\ 

Tel32 

-r.e
132+ 1132 

t 3 27d 

\ 
\ 

H ) 1/2: • ' y 
\ 

10 

\ 
\ 

DECAY 

0 

0 

\ 
\ 
.\ 

15 

TIME 

0 

0 

\ 
\ 

\ 

20 25 

(DAYS) 

30 



- 156 -

Figure 58 

GAMMA-RAY SPEOTRUM OF TELLURIUM ------------------
FRACTION 
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Figure 59 

DEOAY OF 2~0 AND 675 KEV GAMMA RAYS FROM 

SEPARATED TELLURIUM SAMPLE 
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1;2 
Te decays to I 

1;2 
with a half-1ife of 78 

hours ( 54 ) by the emission of a 220 kev (lOO%) beta ray which 

bas a 2;0 kev gamma ray in coincidence with it. I1;2 decays 

vith a bal:f'-1ife of 2.4 hours by ~- emission (diacussed 

under iodine) with ooincident gamma-ray emission of which 

the more intense rays have energies of 520, 670, 777, 960, 

and 1160 kev respective1y. 
1;2 

Fission yield data for Te are given in 

Table XVIII. 

(n) Iodine 

1odine was separated from the other fission 

products by the solvent extraction method of Glendenin and 

Metcalf(ao). 1odide carrier vas added and a preliminary 

oxidation of I- to 104- {periodate) vas performed by laClO 

in alkaline solution. Exchange between active iodine and 

the carrier is ensured by heating or alloving oxidation to 

proceed at room temperature followed by reduction to 1 2 vith 

hydroxylamine bydrochloride in acid solution. The iodine is 

then extracted with carbon tetrachloride followed by 

extraction with water containing NaHso,. Another oxidation-

reduction cycle folloved in which NaN02 vas used to oxidize 

I- to 1 2 and so2 for the reduction of 1 2 to 1-. The 

solution vas thon boi1ed to remove excess sulphur dioxide 

after which the 1- was neutralized with a dilute lithium 

hydroxide solution and made up to a volume of 10 mls. 



Table XVIII 

FISSION YIELD DATA FOR Te132 (78.5 HOURS) 

Calculated from I 132 (2~4 h. ). 
Irradiation H J B D 

Observed activity (c/m) 8.31 x 104 3.125 x 105 3.79 x 105 1.553 x 105 

Source-mount absorption 0.992 0.992 1.00 1.00 factor 

Self-absorption factor 0.990 0.960 1.00 0.998 

Aliquot factor 5000 2000 5000 2000 

Chemical yield (%) 51.93 85.25 93.44 89.21 

Time after irradiation 6.973 8.027 6.159 8.382 
(days) 

Decay factor 0.2281 0.1825.- 0.2644. 0.16:36; 

Time in reactor (days) 2.133 2.056 2.005 1.994. 

Saturation factor 0.3636 0.3531 0.3515 0.3500 

Activity at saturation 8 1.636 x 10 
. (d/s) 

1.988 x 108 3.625 x 10 8 1.015 x 108 

Fission rate (f/s) 2.854 x 109 3.724 x 109 6.300 x 109 1.9431 x 109 

Fission yie1d (%) 5-73 5·34 5·75 5.22 

..... 
\JI 
\() 
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Ohemica1 yie1d was determined by oxidizing the I to 1 2 from 

an aliquot of the solution, extracting with a fixed volume of 

(81) 
001

4 
and measuring the absorbance at 517 m • The 

standardization curve for this method is given in Fig. 60. 

Sources for beta disintegration determinations were 

prepared by pipetting aliquote of the lithium iodide solution 

on to gold-coated VYNS films and drying them under an infra-

(82) . 
red lamp. Kjelberg et al. have used this techn~que in 

preparing iodide sources for 4 lr counting. The lithium 

iodide continuously re1eased the xenon formed by the decay of 

iodine activity and no measurab1e evaporation losses of 

iodine aetivity were found. The decay curve was resolved 

graphieally into an 8.05-day component, a 2'-hour component, 

and a 2.4-hour component, as shown in Fige. 61 and 62. These 

were taken to be 8.05-day r 1
'

1
, 21-hour r 1

'', and 2.4-hour 

r 1
'

2
• The decay chaine for these masses are 

Short-lived ~ r 1
'' (stable) 

( 21 h. ) 
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Figure 60 

STANDARD ABSORBANCE CURVE FOR IODINE 
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Figure 61 
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ligure 62 

x Experimental points 

0 8.05-day activity subtracted 

t 2~-hour activity subtracted 
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1}1 (54) 
I decays witb a balf-life of 8.05 days by ~ emission 

of maximum energies 250 kev (2.8%), }}0 kev (9.1%), 608 kev 

(87.5%), and 810 kev (0.7%). Its more intense gamma rays 

bave energies of 284, }64, 6}8, and 724 kev respectively. 

I 1 ' 2 decays witb a balf-life of 2.4 bours by emission of~

rays witb maximum energies of 800 kev (21%), 1.04 Mev {15%), 

1.22 Mev (12%), 1.49 Mev (12%), 1.61 Mev (21%), and 2.14 Mev 

(18%). Twenty-seven gamma rays are listed for I
1

'
2

, but the 

more intense bave energies of 520, 670, 777, and 960 kev. 

I 1 33 decays with a half-life of 21 bours(S+) by the emission 

of~- rays with maximum energies of 650 kev (9%) and 1.4 Mev 

(91%). Its most intense gamma ray bas an energy of 530 kev. 

A gamma spectrum of the iodine fraction, taken ~6 hours after 

separation, showed gamma peaks at 350, 5}0, and 678 kev 

Thirteen days later only a }60 and a 655 kev 

The }60 kev peak was 

observed to decay with a half-1ife of 8.00 days (Fig. 64) 

while the 5'0 and the 678 kev peaks decayed with balf-lives 

of 21 hours and 2.4 hours respective1y (Fig. 65). Fission 

yield data for Il}l are given in Table XIX and for I 1'' in 
. 1}2 

Table XX. Since the independently formed I (2.4 hours) 

had decayed away when the iodine separations were performed, 

this activity resulta from the decay of Te
1

'
2 

(77 hours) and 

was used to calculate the fission yield of Te132 (reported 

in Table XVIII). 
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Figure 6' 

GAMMA SPEOTRUM OF IODINE FRACTION --------·-----------

(a) 6 hours after separation 

(b) l' days after separation 
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Figure 64 
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Figure 65 

DECAY OF 5,0 KEV AID 678 KEV GAMMA RAYS 

OF IODINE FRACTION 
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Table XIX 

FISSION YIELD DATA FOR Il3l (8.05 DAYS) 

Irradiation B D E F 

Observed activity (c/m) 2.50 x 105 1.575 x 105 1.08 x 105 1.30 x 105 

Source-mount absorption 0.998 0.998 0.998 0.998 factor 

Self-absorption factor 0.993 0.991 0.997 0.991 

A1iquot factor 5000 2000 5000 2000 ..... 
0\ 
()0 

Chemica1 yield (%) 93.44 89.21 94.08 96.26 

Time after irradiation 6.159 8.382 3·337 2.318 
(days) 

Decay factor 0.5885 0.4860 0.7503 0.8191 

Time in reactor (days) 2.005 1.994 2.007 1.998 

Saturation factor 0.1585 0.1578 0.1587 -· 0.1580 

Activity at saturation 8 7.757 x 107 8.072 x 107 3-516 x 107 2.412 x 10 
(d/s) 

Fission rate (f/s) 6.300 x 109 1.9431 x 109 2.1633 x 109 9.610 x 108 

Fission yie1d ( %) 3.83 3·99 3~73 3.66 
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Table XX ---
FISSION YIELD DATA FOR I

1
'' (2, HOURS) 

Irradiation 

Observed activity 

Source-mount absorption 
factor 

Self-absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Aotivity at saturation 

Fission rate 

Fission yield 

1.00 

1.00 

5000 

94.08% 

,.,,7 d. 

0.0924 

2. 007 d. 

1.184 x 108 d/s 

2.16'' x 109 f/s 

-------· 

F 

2.25 x 105 c/m 

1.00 

0.998 

2000 

96.26% 

2.,18 d. 

0.1912 

1.998 d. 

0.7598 

9.6100 x 10
8 

f/s 
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{o) Oesium 

Oesium activity was separated from an aliquot of 

the fission product mixture by the method of Glendenin and 

Nelson{B;). After adding inactive cesium carrier, a silico-

tungstate precipitation was performed whieh was specifie for 

cesium. The precipitate was dissolved in sodium hydroxide 

and the cesium converted to the perchlorate by boiling the 

solution with 70% H0104• Upon diluting the resulting 

solution, silica and tungstic acid were precipitated and 

removed by centrifugation. The supernate was again fumed 

with perchloric acid from which, after cooling, the cesium 
--

perchlorate was precipitated by the addition of absolute 

alcohol. The cesium perchlorate was dissolved in water and 

the resulting solution scavenged by precipitating ferric 

hydroxide with NH40H from the heated solution. After 

removing the ferric hydroxide, the supernate was boiled with 

a small amount of sodium hydroxide to remove ammonia 

completely. From this solution the cesium was precipitated 

as perchlorate. The precipitate was washed seTeral times 

with absolute alcohol, dissolved in water, and made up to 

volume. 

From this solution, lOO À aliquote were removed for 

4 ~ ~- counting and a 1 ml aliquot was used for analysis on 

the multichannel pulse height analyser. The remainder of 

the solution was used for chemical yield determination. This 

was done by precipitating the cesium as the chloroplatinate 
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and weighing. 

fhe cesium activities expected to be present arise 

from the following decay chainsa 

08136 _ _...,1,,.c.......ad.._. ---+.:!. B·al36 { table) 
55 '56 

8 

1 1 X 137 0 136 37. Sbo rt- i ved --
5
7,

4 
e -~,55 s 

(3.9 m) (30 y.) 

137m 
Ba. 

56

1 
(2.6 m) 

137 
56

Ba (stable) 

The gross ~- deca.y of the cesium activity is shown 

in Fig. 66. The curve wa.s resolved grapbically into two 

componentsa 

(1) a long-lived component whicb bad a counting rate 

considerably a.bove background, and 

(2) a 12.9-day component. 

The latter activity was assumed to be Cs
1

36 whieh bas a 

reported half-life of 12.9 days( 84 >, while the former wa.s 

assumed to be Cs137 in equilibrium with Ba137•. Os137 has 

a reported half-life of 29.68 years(47 ). A gamma-ray 

spectrum of the cesium activity taken 8 hours a.fter separation 

is shown in Fig. 67(a). Gamma rays of energies 54, 1;5, 24;, 

;24, 660, 848, 1088, 1270, 1456, and 196; kev respectively 

characterized the gamma epectrum. A subsequent gamma 
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Figure 66 

~- DECAY OF CESIUM ACTIVITY 

0 Experimental points 

t Long-lived activity subtracted 
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Figure 67 

GAMMA SPEOTRUM OP CESIUM 

(a) 8 hours after separation 

(b) lOO days after separation 
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spectrum LJig. 67(bl7, taken 100 days after separation, 

showed only a 662 kev gamma ray. A comparison of these 

gamma spectra with Os 1 ~6 and Cs 1 ~7 gamma spectra given by 

Heath( 65) and the Nuelear Data Sheets(54 ) is shown in 

Table XXI. The deeay of the 1~5, 848, and 1088 kev gamma 

rays was tollowed on the multichannel analyser. These were 

observed to die away with a half-lite of 12.~ days as shown 

in Fig. 68. 

Os
1

'
6 decays to Ba

1
36 by the emission of beta rays 

with maximum energies ot 347 kev (92.6%) and 657 kev (7.4%). 

Gamma rays from excited levels of Ba
1

' 6 are in coincidence 

with these P->- rays and with one another. Disintegration 

rate calculations are therefore straightforward. Details of 

the fission yield calculations are given in Table XXII. 

Os1 ;7 decays to a metastable state of Ba137 as 

illustrated in the decay seheme below& 

1~7 
Os (29.7 y.) 

1.18 Mev 
5% 

514 kev 
95% 

662 kev 
Ba_l37m (2.6 m.) 

Ba1; 7 (stable). 

The 662 kev gamma ray is internally converted and a correction 

has theretore to be applied tor the conversion electrons and 

the delayed gamma rays of this isomerie transition. The 
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Table XXI 

OOMPARISON BETWEEN GAMMA RAYS OF Oa136 AND 08137 --- ---
OBSERVED AND FROM THE LITERATURE --

Gamma-ray energies (kev) 

Nu cl ide Observed Heath( 65) Nuclear Data Sheets (54 ) ------------
Oal36 30 {X-ray) 

54 67 67 

87 86 88 

135 160 {+ 170) 152 153 

170 162 

200 

24; 230 

270 270 265 

324 ;4o 337 335 

848 820 8;o 822 

1088 1040 1065 1041 

1270 1230 1255 1245 

Sum Peaks 

1456 1400 1410 1410 

1963 1860 1900 

2090 

2240 

24;o 2350 

2490 2490 

08137 32 Ba K X-ray K X-ray 

662 662 662 
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Figure 68 

DEOAY OF GAMMA PEAKS OF CESIUM ACTIVITY --------------------
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!able XXII 

FISSION YIELD DATA FOR Cs1; 6 (12.9 DAYS) ----- -----
---·-----------------------
Irradiation J 

------·--- ---·---------
Observed activity 

Source-mount absorption 
factor 

Self-absorption factor 

Aliquot factor 

Ohemical yield 

Time after irradiation 

Decay factor 

!ime in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

0.995 

0.965 

''' 
;4.2% 

8.656 d. 

0.6281 

2.056 d. 

0.1046 

;.;45 x 106 
d/s 

;.724 x to9 
:f'/s 

8.98 x 10 .. 2 % 

--

4.946 x 10; c/m 

0.995 

0.960 

125 

;9.8% 

25.004 d. 

0.2610 

2.079 d. 

0.1117 

9.828 x 105 d/8 

1.277 9 x 10 t/s 

7. 70 x 10-2 % 
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number of conversion electrons per disintegration of Os1 ' 7 

is given by ~T/(1 + 

from o{ lC • o. 0976, 

o(T) which is calculated to be 0.1066 

ol L / o( M' N • '• 85 ( 85 ) C1( 1 o{ • 5· 66' K L 

and o(T = c<lC + ~L + 

unconverted gammas is 0.89,4. 

Os
1

' 7 is then given by 

From this the number of 

The disintegration rate of 

where 0.95 is the branching ratio and 0.0018 is the estimated 

detection efficiency of the 4 tr counter for the unconverted 

gamma rays. 

'thus 
1,7 

Observed D.R. • 1.1028 x Os D.R. 

Since the observed disintegration rate is the sum of the Os
1

' 7 

and the Ba1 '7m disintegration rates, then 

NA 1; 7 • 0.1028 NA 1 x.7 • 
Ba m Os / 

But 

where the subscripts 1,2 refer to Os1 '7 and Ba1 ' 7m 

respectively, the A's are the observed counting rates, and 

the o 1 s the detection efficiencies of the 4 'TT" counter 

determined from the total absorption in the source-mount and 

the source itself. 

Therefore 
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1~7 and the Cs counting rate is given by 

Obaerved c~1ing rate 
Al = 

1 
+ 0.1028 c2 

cl 

bence the Os 1 ~7 disintegration rate is given by 

The disintegration rate for Os 1 ~7 wae determined in this way 

and fission yields calculated as ehown in Table XXIII. 

Table XXIII 

FISSION YIELD DATA FOR Os137 (29.7 YEARS) 

-------------------Irradiation J 
------------------------------------------------
Observed activity 

Source-mount absorption 
factor 

Self-absorption factor 

Aliquot factor 

Chemieal yie1d 

Time after irradiation 

Decay factor 

Time in reaetor 

Saturation factor 

Aetivity at saturation 

Fission rate 

Fission yield 

1.700 x 103 c/m 

0.998 

0.975 

3~3 

~4.2% 

8.656 d. 

0.9995 

2.056 d. 

1.~15 x 10-
4 

8 
2.157 x 10 d/s 

3-724 x 109 f/s 

5·79~ 
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(p) Barium 

Barium was separated from the fission product 

mixture by the method of Glendenin(55). After the addition 

of carriers, barium and strontium vere isolated by 

precipitation of the nitrates with fuming nitric acid. The 

barium was then separated from strontium by precipitating 

BaCro4 from a buffered solution of the mixed nitrates. 

Further purification is achieved by repeated precipitations 

of Ba01 2 with an HCl-ether mixture. The final Ba01 2 

precipitate was dissolved in water and made up to a volume of 

10 mls. Ohemical yields were determined by titration with 

EDTA in a 50% alcoholic solution using o-cresolphthalein 

complexons as indicator(49 >. 
The activity of the prepared sources was measured 

as soon as possible after a separation. The counting rates 

were seen to increase to a maximum at about four days then to 

decrease with a half-life of 12.8 daye, as shown in Fig. 69. 
140 

This indicated the presence of 12.8-day Ba activity. The 

maas 140 decay chain is 

140 140 140 
short-lived---+Ba (12.8 d.)---+La (40 h.)---+Ce (stable). 

From the standard growth and decay equations, it can be shown 

that the growth of the lanthanum daughter activity is linear 

with respect to time for the first few hours after a 

separation. This allows back extrapolation to the time of 

separation, of a plot of the barium and lanthanum.counting 
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Figure 69 

~- DECAY OF B 140 140 l-' a - La 
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rates versus time, when no lanthanum is present. As a check 

on this extrapolation, the initial Ba140 counting rates so 

obtained were used in growth and decay equations to ca1cu1ate 

the barium and lanthanum counting rates at 1, 2, '' and 4 hours 

after a separation. The calculated rates agree quite closely 

with the observed counting rates as shown in Pig. 70. 

Ba140 decays with a half-life of 12.8 days(54 ) to 

La
140 

by the emission of ~- rays of maximum energies 480 kev 

(25%), 600 kev (10%), 900 kev (5%), and 1.01 Mev (61%). Gamma 

rays in coincidence with ~- emission have energies of ,o, 

118, 132, 162, 304, 422, 436, and 5'7 kev respectively. La
140 

also decays by ~- emission with maximum energies of 8'0(12%) 

kev, 1.10 (26%), 1.38 (45%), 1.71 (10%), and 2.20 (7%) Mev. 

There are 23 gamma rays in coincidence with ~- emission of 

which the more intense have energies of 329, 486, 816, 926 kev, 

1.60 and 2.54 Mev respective1y. A gamma-ray spectrum of the 

barium activity LJig. 7l(al7 about one hour after separation 

showed prominent peaks at 139, 290, 424, and 520 kev with lees 

intense peaks at 847 and 1609 kev. In a second spectrum 

taken nine days after separation Lfig. 7l(bl7 the low energy 

peaks were seen to shift to 115, 280, and 485 kev; peaks at 

828 and 1658 kev were more intense, and a prominent but low 

intensity peak showed up at 2588 kev. The decay of peaks at 

115-139 kev, 280-290 kev, 485-524 kev, 828-847 kev, and 1609-

1658 kev showed initial growths fo11owed by decay with a half-

lite of 12.8 days, as shown in Fig. 72. 

140 for Ba are given in Table XXIV. 

Fission yie1d data 



Figure 70 

LINEAR GROW!H OF La
140 

0 Experimental points 

1 Averages 

t Calculated from growth and 
decay equations 

Least squares analysis 
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Figure 71 

Ba140 - La140 GAMMA SPECTRA 

(a) One hour after separation 

(b) Nine days after separation 
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Figure 72 

Ba
140 

- La
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GAMMA-RAY DEOAY 



10~----------~------------~------------~-------

<.!> 
z 
..__ 
z 
::> 
0 
() 

Lù 
> 
..__ 
4 
_J 

w 0.1 
a: 

20 40 
Tl U 1=' t n/\VC.. l 



Table XXIV 
FISSION YIELD DATA FOR Ba14° (12.8 DAYS) 

Irradiation A B D E F 

Observed activity (c/m) 2.182 x 105 7 .. 9499 x 104 4.2243 x 104 6.1151 x 104 3.8453 x 104 

Source-mount absorption 1.00 1.00 1.00 1.00 1.00 factor 
Self-absorption factor 0.999 1.000 1.000 0•994 0.994 

Aliquot factor 2500 5000 5000 1000 1000 . 
Chemical yield (%) 62.36 42.45 40.72 32.01 38.41 .... 

()) 
0\ 

Time after irradiation 6.2-33 16.205 2.652 24.196 22.475 
(days) 

Decay factor 0.7136 0.4159 0.8662 0.2698 0.2962 

Time in reactor (days) 2.033 2.005 1.994i 2.007 1.998 

Saturation factor 0.1043 0.1029 0.1024 0.1030 0.1026; 

Activity at saturation 
(d/s) 

1.953 x 10 8 3.6467 x 10 8 9.7465 x 107 1.153 x 108 5-523 x 107 

Fission rate (f/s) 3.567 x 109 6.300 x 109 1.9431 x 109 2.1633 x 109 9.610 x 108 

Fission yield (%) 5.48 5-79 5.02 5·33 5·75 
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(q) Oerium 

Oerium was iaolated from the other fission producte 

by oxidation with BrO~- in nitric acid and precipitating 

Oe(I0~)4 with HI0~(59). Repeated cycles of this operation 

vere performed to separate cerium from the other rare earths. 

Purther purification was achieved by reducing Oe+4 to Oe+~ 

and precipitating Zr(Io,)4. The cerium was finally 

precipitated as the hydroxide, dissolved in a minimum of HOl 

and made up to a volume of 10 mls. Ohemical yields vere 

determined by the alizarin sulphonate method(
4 B) which gave a 

standardization curve as shown in Fig. 7,. 
The gross r.>- decay curTe (Fig. 74) was reso1 ved by 

aubtracting an estimated background activity from the experi-

mental counting rates. A ,,_day component and a ,5.4-hour 

component appeared (Fig. 75). The background activity as 

drawn had a half-life of about two years and by trial and 

error was resolved into a long-lived activity conaiderably 

above background and a 285-day activity. The ,,_day nuclide 

was assumed to be Oe141 and the ;5.4-hour activity to be 

Oe
14

'. The estimated 285-day activity was taken to be Oe
144

• 

The iaobaric chaine involved are: 

141 141 141 
Short-1ived---+,.8 h. La _____...,, d. Ce ---+(stable) Pr 

144 144 15 144 
Short-1 i ved ---+ 280 d. Oe ____... 17.4 m. Pr __.,. 5 x 10 y. Nd • 

A gamma-ray spectrum (Fig. 76) of the cerium activities showed 
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Figure 7; 

STANDARD ABSORBANOE OURVE FOR CERIUM ---------·--------
(Sodium Alizarin Sulphonate method) 
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Figure 74 

~- DEOAY OF CERIUM FRACTION 

0 Experimental points 

1 'Background' activity subtracted 
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Figure 75 

- 141 14~ 
~ DECAY OF Oe AND Ce / 

x Experimental pointe 

0 Long-lived activity eubtracted 

1 ,,_day activity eubtraeted 
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Figure 76 

GAMMA SPECTRUM OF CERIUM FRACTION 
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photopeaks at 1;8 kev, ;oo kev, 500 kev, 738 kev, and 938 

kev. The decay of the photopeaks was not fo11owed. 

Ce141 decays with a ha1f-life of ;; days(54 ) by 

beta emission with maximum energies of 4;2 kev (70%) and 580 

kev (;O%). A 145 kev gamma ray is in coincidence with the 

4 ;2 kev f;- ray. Ce 14; decays wi th a reported hal f-1 ife of 

;4 hours(54 ) by emitting ~- rays of energies 0.22 Mev (6%), 

0.52 Mev (12%), 0.72 Mev (5%), 1.09 Mev (40%), and 1.;8 Mev 

{ ;7%). Gamma rays with energies of 290 kev, 350 kev, 660 kev, 

and 720 kev are the more abundant of the ten gamma rays 

reported. Ce144 bas a reported ha1f-1ife ot 285 daysC54 ), 

decaying by J?- emission with energies of 186 kev {20%), 

240 kev (8%), and 320 kev (72%). The most intense coincident 

Pr144 , the daugbter gamma ray bas an energy of 134 kev. 
144 activity of Ce , decays with a ha1f-life of 17 minutes by 

~- emission with maximum energies of 800 kev (1%), 2.29 Mev 

(1.3%), and 2.98 Mev (97.7%). Fission yield calculations 

for Ce141 and Ce143 are straightforward and are given in 

Table XXV. For Oe144 it is necessary to take into account 

the contribution of the Nd144 (17 min.) daughter activity. 

Because À 144 << 
Ce 

rates are equal. 

À 144 at equilibrium, the disintegration 
Pr 

Furthermore, since absorption into the 

source mount and source materia1 was negligible, the observed 

counting rates are equal. The necessary correction was made 

144 in determining the Ce disintegration rate in order to 

calculate the fission yield (Table XIV). 
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'l'able XXl - -
FISSION YIELD DATA FOR CERIUM NUCLIDES 

Irradiation 

Observed 
activity 

Source-mount 
absorption 
factor 

Self
absorption 
factor 

Aliquot 
factor 

Chemica1 
yie1d 

'l'ime after 
irradiation 

Decay factor 

'l'ime in 
reactor 

Saturation 
factor 

Aetivity at 
saturation 

Fission rate 

Fission yie1d 

Ce141 ( ;; d.) 

J 

1.00 

1. 00 

5000 

0.9241 

2. 056 d. 

2.276 x 108 d/s 

;.724 x 109 t/s 

6.11% 

1.00 

1.00 

5000 

;.756 d. 

0.1712 

0.6194 

1.59; x 10
8 

d/s 

;.724 x 109 t/s 

4.28% 

ce144 
(285 d.) 

J 

6.70 x 10
2 

c/m 

1.00 

1.00 

5000 

0.9909 

o. 0050 

1.52; x 10
8 d/s 

;.724 x 109 t/a 

4.09% 
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(r) Rare Earths 

vere 

and 

The rare earth activities, europium and neodymium, 

separated by a combination of the methods of Nervik(S6 ) 

Smith and Hoffmann( 87 >. Isolation and purification of 

the rare earths as a group vas made after adding europium 

and neodymium carriers by precipitating the rare earth 

fluorides then, after dissolution, by eluting on a Dovex-1 

anion exchange column with concentrated HOl. Prior to the 

elution, scavenging precipitations of Zr;(P04}4 and BaS04 
' 

were performed. After elution, the rare earth hydroxides 

were precipitated then dissolved in a small amount of 

concentrated HOl. Separation of europium from neodymium was 

achieved by elution at room temperature on a Dowex-50 cation 

exchange column vith a o.; M ~-hydroxy-isobutyric acid 

solution adjusted to pH 4.1 with concentrated NH
4

0H. The 

individual rare earths vere then precipitated as the 

hydroxides,dissolved in a minimum of dilute hydrochloric acid 

and made up to volume. Chemical yields were determined on 

the spectrophotometer by the sodium alizarin sulphonate 

method( 48 ). 

(i) Neodymiuma 

The ~- decay of the neodymium fraction, shown in 

Fig. 77, was seen to die avay vith an 11-day half-life, then 

to tail off into a long-lived activity. The neodymium 

aotivity expected to be present at the time of separation 
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Figure 77 

~- DEOAY OF Nd147 
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occure in the decay chain 

147 147 147 11 Short-1ived--+Nd (11.1 d.)___.Pm (2.6 y.)~Sm (l.;xlO y.) 

The time required for the Pm147 daughter to reach maximum 

activity, calculated by the following equation( 44 ) 

t • 
!Il 

ie 72 daye. From the decay curve this time vas I"'J 44 daye. 

It was therefore concluded that some other long-lived 

activity vas present, in an amount estimated to be 4% of the 

147 
counting rate of Nd at separation time. This vas 

subtracted from the Nd 147 counting rate for the disintegration 

rate determination. A gamma-ray spectrum of the neodymium 

fraction, shovn in Fig. 78, showed photopeaks with ;;, 9;, 

;oB, 416, ;;o, and 685 kev energies. This compared we11 

with a gamma-ray spectrum given by Heath( 65) for Nd147. The 

;;o kev peak was seen to decay with a half-life of 11.5 days 

(Fig. 79). Nd 147 decays with a half-life of 11.4 days(54 ) 

by ~- emission with maximum energies of 212 kev (;%), ;68 

kev (20%), and 810 kev (77%). The most intense gamma ray 

for Nd
147 

has an energy of ;;2 kev. Fission yield data for 

Nd147 are given in Table XXVI. 
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Figure 78 ---

GAMMA-RAY SPECTRUM OF 

NEODYMIUM AOTIVITY 
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Figure 79 -

DECAY OP 5,0 KEV GAMMA RAY OF Nd147 
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'rab1 e XXVI 

147 
FISSION YIELD DATA FOR Nd (11 DAYS) 

---
Irradiation LA LB 

Observed aetivity 1.42 x 105 c/m 1.;a x 105 c/m 

Source-mount absorption 0.997 0.997 factor 

Self-absorption factor 0.985 0.985 

Aliquot factor 100 50 

Obemical yield 58.56% 65.;2% 

Time after irradiation 42.414 d. 57.605 d. 

Decay factor o. 0691 0.026; 

'rime in reactor 1.590 d. 1.590 d. 

Saturation factor 0.095; 0.095; 

Activity at saturation 6.207 x 107 d/s 7.101 x 107 d/s 

Fission rate 4.48; % 109 f/s 4.6;1 9 x 10 f/s 

Fission ;yield 1.;8% 1.5;% 
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(ii) Europium: 

The ~- deeay of the europium activity was resolved 

into a 71.5-day component and a 15.,-day component (Fig. 80). 

The activities expected to be present were Eu
1

55 and Eu
1

5
6 

from the following ieobaric chainet 

Short-lived -~>Eu155 (1. 7 y.)-~) Gdl55 (stable) 

Binee, at the end of the counting period, 120 daye, the Eu
1

5
6 

activity would have decayed through N8 half-lives, its 

contribution to the counting rate would be negligible. It 

would seem then that an activity with a half-life between 

15 daye and 1.7 years, in addition to the 1.7-year Eu155 , 

remains in the europium samp1e. A gamma-ray spectrum of 

the europium activities is shown in Fig. 81. Photopeaks 

with energies of 45, 9,, 624, 806, 1160, and 1940 kev 

respectively are consistent with gamma-ray spectra of Eu155 

and Eu156 shown by Heath( 65). Eu156 decays with a half-

life of 15.4 days(54 ) by the emission of 500 kev (60%) and 

2.4 Mev (40%) beta rays. Its gamma-ray spectrum is very 

156 complex. Fission yield data for Eu are given in 

Table XXVII. 
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Figure 80 

DEOAY OF EUROPIUM AOTIVITY 

0 Experimental points 

1 Long-lived activity subtracted 
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GAMMA SPEOTRUM OF EUROPIUM AOTIVITY ---------
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Table XXVII 

FISSION YIELD DATA FOR Eu156 (15., DAYS) -----

Irradiation LA LB 

Observed ~ctivity 1.16 x 104 
c/m 9.62 x 10; c/m 

Source-mount absorption 0.998 0.998 
factor 

Self-absorption t'ac tor 0.998 0.996 

Aliquot factor 100 50 

Ohemical yield 64.22% 57.;4% 

Time af'ter irradiation 42.414 d. 57.605 d. 

Decay factor 0.148; 0.0748 

Time in reactor 1.590 d. 1.590 d. 

Saturation factor o. 0691 0.0691 

Activity at saturation 2.949 x 106 
d/s 2.721 x 10

6 
d/s 

Fission rate 4.48; x 109 
f/s 4.6,1 9 

x 10 f/s 

Fission yield 6.58 x 10-
2

" 5.88 x 10-2 % 

----
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4. ERRORS 

The errors in these experimente were as tollows: 

(a) Systematic errors 

These errors arise in weighing, dilutions, pipetting 

and in chemical yield analyses. A sensitive microbalance was 

used tor all weighings, while ealibrated volumetrie glasaware 

and mieropipettes were used for dilutions and pipetting. 

Chemical yield determinations were done either spectro-

photometrically, by titration or by weighing. A. Beckman DU 

spectrophotometer was used in making the absorbance 

measurements, while in the titrations calibrated pipettes and 

microburettes vere used. The estimated errors from the 

above causes were lese than ! ,%. By using very thin films 

the source-mount absorption errors were kept to ± 0.2%. In 

order to make self-absorption losses as small as possible, 

5 to 10 milligrams of carrier were added before the ebemical 

separations, the amount used depending upon the reported 

efficiency of the separation scheme employed. Errors 

associated with self-absorption loeses were assessed at 0.1 

to 2%, depending upon the energy of the ~- radi•tions. The 

loss of activity due to fission recoil was assumed to be 

negligible because of the low concentration of plutonium in 

the alloy used. 

(b) Statistical errors 

ror all measurements on the 4 ~ proportional 

4 
counter, more than 10 counts were recorded per counting 
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periodt so that these errors were ~ 1%. Only those 

prepared sources whose counting rates agreed within 1% 

vere used for disintegration rate determinations. 

(c) Exter~error! 

These arise in the deeay schemes and deeay 

constants of the nuclides of interest and influence the 

fission yields when used. Eaeh fission yield was determined 

using the observed half-life and the deeay scheme, as 

discussed. 

In connection with saturation activity calculationst 

the pile power was constant during all the irradiations. 

The calculated fission yields depend upon the ratio 

of the capture cross section for cobalt and the thermal 

. 2;9 
neutron fission cross sect1on for Pu • The values used 

for tbese were obtained from the literature. Where several 

values were obtained for a fission yield, an average value was 

calculated assuming equal statistical 1weights 1 for the 

iniividual values. The error quoted for the average fission 

yield is the standard deviation. 

Wbere a single determination of a fission yield was 

made an error of! 5% is quoted, while for two yield values 

the calculated average is given with the limite of the two 

values as the quoted error. 



- 206 -

~USSION 

The absolute fission yields obtained in this work 

are presented in Table XXVIII, together with estimated 

isobaric yields and literature values for the masses measured. 

The isobaric yields were determined by calculating Zp 

according to the equal charge displacement hypothesis for 

the maas numbers concerned, then by interpolation on the 

charge distribution curve (Fig. ') of Glendenin et al. (l
2

) to 

obtain the fraetional cumulative yield. The fission yield 

was then corrected to give the isobaric yield. For the 

shielded nuclides, the same procedure applies except that the 

fraetional chain yield is interpolated from the charge 

distribution curve. Corrections were only necessary for 

I
1 '3 in addition to the shielded nuclides. 

The agreement with other radioohemically determined 

yields is in general good. The yield values in co1umn 5 are 

good to! 10-20%(
25 >. The agreement with mass spectro-

metric data is good on the rising and falling wings of each 

peak but very poor at the maxima of the peaks. The Mo
99 

yield of 5.61% is some 1% lower than the yie1d obtained by 

interpolation from the mase spectrometrie data. This 

interpo1ated value is, however, a reflection of the very high 

100 
yield, 7.05%, obtained for Mo • It was not possible in 

this work to determine radiochemically the yield at mass 100 

since the isobaric chain is 
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Table XXVIII 

ASBOLUTE THERMAL NEUTRON FISSION YIELDS FOR Pu239 
-------This work 

Ab solute Estimated A B A (4) 
yield iso barie (1) (2) B (3)(5) 

Nuclide % yield % %. " %. --
Br82 + o.oo;;6 - 0.0002 o.;;6 
Sr89 1.74 ± 0.05 1.74 1.71 1.8 1.71 (;) 
Sr90 2.05 ± 0.04 2.05 2.16 2.;1 (4) 
y91 2.41 t 0.11 2.41 2.59 (zr91) 2.8 2.45 (sr91)(;) 
zr95(Nb95) 5.06 ± o.;;;; 5.06 4.99 (Mo95) 5·6 
Mo99 5.61 t o.;;;; 5.61 6.44* 6.1 
RulO!i + 5-79- o.;7 5-79 5.6; 5·5 
Rh105 5-47 :t 0.06 5-47 5·50* ;.7 
Rul06 4.04 ± 0.22 4.04 4.5, 4.7 
Pdl09 1.1; t o. 06 1.1; 1.0 
Ag111 0.28 ± 0.04 0.28 0.27 
Pdll2(Agll2) + 0.093 - o.oo; o.o9; 0.10 
Cdll5m o.oo; ± 0.0006 o.oo; o.oo; 
Cd115 + o.o;; - 0.002 o.o;; 0.045 
Total Cd115 o.o;6 o.o;6 o. 041 * o. 048 
Sbl24 0.088 t o.oo4 
Sbl26 o.o69 t o.oo; 
Sbl27 + o.55 - o.o; 0.55 
I131 ;.8o ± o.l4 ;.8o ;.77 ;.6 
Te1;2(11;2) + 5·51 - 0.27 5·51 5.26 4.9 
I1;; 5·53 ± 0.06 6.14 6.90 5·0 
csl;6 o.o8; ± o.oo7 6.;o 6.62 
csl;7 5.4o :t: o.;9 5-40 6.48 5·8 6.50 (4) 
Bal40 5.47 t o.;2 5.47 5.58 5· ;6 
08141 6.11 t o.;1 6.11 5·23 4.9 
Cel4; 4.28 ± 0.21 4.28 4.56 5-1 
08

144 4.09 ± 0.20 4.09 ;.84 ;.7 ;.6 (5) 
Nd147 + 1.46 2. 8(Pm147 )(4); 1.46 - o.o8 1.99 

2. 2 (5) 
Eu156 + 

0.10 (5) o. 062 - o. 004 0.062 o.o8 0.12 --------
*Interpo1ated yields 

A Maas spectrometrically determined yields 
B Radiochemically determined yields 

(1) Fickel and Tomlinson (;5,36) 
(2) Steinberg and Glendenin (25) 
(;) Bartholomew, Martin and Baerg (27) 
(4) Anikina et al. (37) 
(5) Bunney et al. (26) 
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lOO lOO 
' m. Nb ---+ stable Mo • 

Di i t i 1 ~ Il;,, Osl36, Os137, screpanc es in he y e ds o~ 

141 
and Ce occur in the heavy peak. The chain yie1d for 

masses 1;' and 1;6 depend upon the fraotional yields 

1nterpo1ated from the charge distribution hypothesis and 

wou1d reflect the uncertainties involved in determining Zp. 

The Os1 ; 7 yie1d of Fickel and Tomlinson(;6 ) bas been 

obtained using 26.6 years for the half-1ife of this nuelide. 

A recently reported value for this ha1f-life is 29.68 

years( 47). The Oe141 yie1d reported in this work is the 

result of a single determination and eannot be regarded as 

confirmed. 

Independant yie1ds for four shielded nuolides have 

been measured. These are for Br82 , Sb124, Sb126, and Os1 '6. 

Of these, only the Os1 36 yield has been measured previously. 

The value obtained, 0.08;%, is in good agreement with a value 

of 0.089% obtained by Glendenin and reported by Steinberg and 

Glendenin(
24

) and a value of 0.08;5 obtained by Grummitt and 
( 88} 124 126 Milton • When the independent yields for Sb and Sb 

are converted to chain yie1ds according to the EOD hypothesis, 

the values obtained are several ordere of magnitude toc high 

when plotted on the mass distribution ourve. This seems to 

be in accord with the proposa! of Kennett and Thode( 17 ) that, 

for masses A = 128 to A • 1;2, Zp remained near 50. The 

influence of the 50 proton shell wculd be expected to be 

pronounced in the case of antimony which bas Z = 51. 
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In Fig. 82 the mass distribution eurve obtained in 

this work is shown in which the isobaric yields are plotted 

as a function of the maas number. Also inoluded are the 

resulte of the mass spectrometrie determinationa(,5,,6 ) at 

masses where the yields differ. The mass distribution is 

seen to be symmetrical about mass 118 with the two maxima 

representative of asymmetric fission. The width at half 

height is approximately 16 mass unite for both peaks. The 

peak to valley ratio is rv 160. The sum of the yields in the 

light peak is 97%, while that of the beavy peak is 9,%. The 

yields in eaeh peak should sum up to lOO%. The difference 

is seen to be mainly in the yields at the top of the peaks, 

which have not been measured radiochemically since the maas 

spectrometrie data for either peak sum up to lOO%. 

The 4~ ~- measurement technique was shown to be a 

very sensitive and accurate method for determining the 

absolute yields of the fission products. Nuelides which 

decay by ~- emission or coincident r.>- - y emission were 

very accurately measured in this way. The etrong absorption 

of very low energy ~ - rays and conversion electrons place 

limitations, however, on the use of this technique when 

measuring nuclides which decay in these ways in that the 

corrections necessary are dependent upon decay scheme 

constants sucb as ~- branching ratios and interna! conversion 

c oef:fi ci ent s. These are seldom as accurate as one would 

desire. 
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The isobaric yields determined from the measured 

absolute yields are in the final analysis dependent upon 

charge distribution hypotheses which can hardly be said to 

be a consistent body of theory. 
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Figure 82 

MASS DISTRIBUTION OURVE FOR Pu
2
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SUMMARY 

Radiochemical techniques have been used to measure 

the absolute yields for 24 nuclides and the independent 

yields for four shielded nuclides resulting from thermal 

neutron fission in Pu2 '9. Disintegration rates and half

lives were accurately determined by means of 4trbeta 

proportional counting techniques. Further identification of 

the nuclides was obtained from gamma-ray scintillation 

spectrometry. 

All irradiations were performed in a self-serve 

position at the NRX reactor at Ohalk River, Ontario, where 

the neutron spectrum is predominantly thermal. The flux 

intensity was monitored by irradiating at the same time known 

weights of 1 spec pure' very thin cobalt wire. 

The fission yields measured were found to agree 

with other radiochemical data from the literature but to be 

lower, especially at the maxima of the mass distribution, 

than mass apectrometrically determined yields. 
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