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INTRODUCTION 

1. The Fission Proceee 

The eplitting of a nucleus into roughly equal parte ie 

termed nuclear fission. Althougb ternary and quaternary 

fission evente have been reported (1), theee would be 

extremely rare. Ueually fission impliee binary fission and 

this meaning will apply throughout this theeis. 

The fission process wae first discovered in 1939 by 
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Hahn and Stras.smann ( 2) who etudied the products formed when 

natural uranium wae bombarded with low-energy (thermal) 

neutrons. Since then fission bas been produced by 1rradiating 

with protons (3), deuterone (4), alpha particlee (5), carbon 

ions (6), gamma rays (7), and even with n- mesons (8,9). 

Lighter elements auch as mercury, gold, and platinum (10) 

have been shown to undergo fission at higher bombarding 

energies. In general, 1t is found that the fiss1onab111ty of 

a nucleus decreasee witb decreaeing atomic number, and 

1ncreasee w1th increaeing energy of the incident particle. 

Most important ot: the fission reactions ie that produced 

by neutrons. The speciee u232, u233, u235, Pu239, Am241 , and 

Am242 undergo fission with either fast or thermal neutrons, 

whereas the fission of Th232, Pa231 , u238 , and presumably 

ether heavy nuclides require fast neutrons. 

It 1s of interest to note t hat ehortly after the 

discovery of fission, spontaneoue fission was detected 



2 

experimentally in uranium (11). Later it was found to occur 

in ether heavy nuclides (12). This phenomenon was shown not 

to be due to cosmic radiation, or to any other known external 

cause. 

A general survey of the early work done on fission was 

given in 194o by Turner (13), and then in 1951 by Whitehouse 

(14), Coryell and Sugarman (15). More recently high-energy 

fission was reviewed by Spence and Ford (16), and low-energy 

fission by Glendenin and Steinberg (17). In this thesis we 

shall be concerned only with the low-energy (thermal) neutron 

fission of uranium 233. 

uranium 233 is a radioactive nuclide which decays by 

alpha particle emission with a half-life of 1.62 x 105 years. 

It does not occur in nature, but can be produced artificially 

by neutron bombardment of thorium 232, followed by ~- decay 

processes (18). 

nl ---> 0 

~-

-------> 
23.3 m. 

~-

-------> 
27.4 d. 

When u233 is placed near a thermal-neutron source, some of 

the nuclei absorb neutrons to form a highly excited compound 

nucleus (u 234). This then de-excites (< lo-14 seconds) i n 

either of two ways. It may get rid of its excess energy 

through gamma-ray emission, forming the nuclide u 234 • This 

nuclide decays by alpha emission with a half- life of 2.48 x 

105 years. 



u233 + - nl ---> ( u234) ---> 92u234 + y 92 . 0 92 

The other alternative for de-excitation of the compound 

* nucleus is by splitting apart into fragments • 

3 

92u233+ onl ---> (92u234) ---> Zlx~l + z~~2 +V' onl + Q + Y' 
Al 

where z1X1 is a primary light fission fragment, 

xA2 is a primary heavy fission fragment, 
Z2 2 
~ is the total number of prompt neutrons 

released in the fission process, 

Q is the kinetic energy of the fragments and 

the neutrons released, and 

Y is the electromagnetic energy released in 

the fission process. 

The primary fission fragments xf1 and X~2 are so formed 

that the eum of the maas numbere plue the integral number of 

neutrons emitted must, for a given pair, be equal to the 

maas of the compound nucleus. 

V' + Al + A2 = 234 

Also the eum of the nucl ear charges of the compl ementary 

fission fragments must be equal to the nuclear charge of 

the fiesioning nucleus. 

* The probability of a nucleus capturing a neutron and 
de-exciting by Y-ray emission ie called the neutron capture 
cross section (~c), whereas the probability of de-exciting 
by undergoing fission ie the neutron fission cross section 
(Of) • With U 233 both modes of de-e-xcitation occur. The 
sum of ~ and cr equal e the neutron absorption cross 
section t~bs.), which gives the total probability of 
U 233 interacting with a neutron. 
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Zl + Z2 : 92 

The most probable mode of thermal neutron fission leads 

to two fragments with unequal masses, i.e., asymmetric 

fission (15,19). Physical and chemical etudies on the 

products produced in fission have resulted in the identifi­

cation or elements ranging from Z : 30 (zinc) to Z = 65 

(terbium), and covering the maas range 72 to 161. 

The heavy uranium nucleus which undergoes fission 

centaine a greater neutron-tc-proton ratio than the stable 

nuclides with masses corresponding to the nuclei into which 

it splits. Therefore, the primary fission fragments have an 

excess of neutrons. They attain nuclear stability by a series 

of ~- decay processes during which the mass number remains 

constant. 

--,--> Z+ly_A 
~-

--,--> 

Thus, each primary fission fragment gives rise to a decay 

chain which ends with a stable nuclide. All the products 

formed in fission, including both tbose formed directly and 

those formed from decay of primary fragments, are termed 

fission producta. 

2. Fission Yields 

Of prime interest in the study of the fission process 

is the probability of a given nuclide being formed in 

fission. This 1s known as fission yield. Since decay chaine 

are produced following fission, it is obvious that all 
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membere of a particular chain, except the firet, may be 

formed in two ways; either by decay of a parent nuclide, or 

as a primary fragment. Therefore, two types of fission yielde 

can be defined. The total or cumulative fission yield ia the 

percentage of fission events which produce the nuclide in 

question by direct formation and through decay of ita pre­

curaors. The independant fission yield is the percentage or 

fissions which produce the nuclide in question by direct 

formation as a fission fragment. 

3. Charge Distribution in Thermal-Neutron Fission 

Independant fission yield meaaurements provide infor­

mation on the primary nuclear charge division in the fission 

procesa. Such meaaurementa involve: 

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

a given maas number bas the greatest probability of 

be1ng a primary fission fragment. 

(b) A quantitative measure of the variation of charge 

among fission producta of the same maas number. 

Independent y1elds are difficult to measure. At the beginning 

of a chain where the yields are large, the half-lives of the 

nuclides are very short. Close to the end of a chain where 

the balf-lives are conveniently long, the yields are usually 

very amall. 

There are three methode which may be used to measure 

independant yields. 



{1) Ieolate a given fission activity as quickly as 

possible to minimize formation from ~- decay of a 

parent. By correcting for what growth doee occur 

from a parent, an independant yield can often be 

determined. 

6 

(2) Determine the cumulative yield of two successive 

membere of a chain and obtain the independant yield 

of the latter member as the difference between the 

two. 

(3) There are formed in fission eeveral nuclidee of one 

charge higher than a etable nuclide of the eame maas 

number. Independant yielde of theee "ehielded" 

nuclidee can be measured eince they ehould only 

occur in fission as primary fragmente. Their for­

mation by ~- decay in the chain is blocked by the 

preceding stable member. 

The various poesibilitiee for charge distribution in 

low-energy fission were reviewed by Glendenin (21,22). By 

aeeuming that the charge distribution curve ie the eame for 

different masses, Glendenin wae able to collect the known 

independant yielde for various massee and establieh a nuclear 

charge distribution. It appeare as if a redistribution of 

charge takes place during the fission process. The most 

probable split resulta in an egual charge displacement for 

the light and heavy fragments from the most etable charge 

for their respective masses. 



7 

(ZA- ~)light fragment = (ZA- ~)heavy fragment 

The charge (Zp) for which the yield of a given chain of maas 

A is a maximum, can be obtained from 

where ZA is considered to be the value of the most stable 

charge for nuclides of maas A, 

V is the average number of neutrons emitted per 

fission, and 

A' and Z' are the maas number and charge of tbe 

fissioning nucleus. 

A modification to the Glendenin hypothesis was proposed 

by Pappas (23). It bad been shown that the prompt neutrons 

emitted in fission were not emitted from the compound 

nucleus, but from the fission fragments after the occurrence 

of the fissioning act (24). Pappas pointed out that the 

charge distribution must be decided at the moment of fission 

and that the primary fragments must be considered just after 

their separation, rather tban after the emission of prompt 

neutrons. In addition, Pappas suggested that the ZA values 

* used should be those corrected for shell effects • Cense-

quently, the most probable primary charge (Zp) for a given 

maas A would be obtained from 

* Nuclear shell structure and its effects on fission are 
discussed later. 
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~: ZA- 0.5(ZA + Z(A'+l-A) -Z') 

where Zp, A', A and Z' are as before, but ZA and Z(A'+l-A) 

values are taken from the curvea of maximum stability as 

given by Coryell et. al. {25,26). The resulta of Pappaa are 

aimilar to thoae of Glendenin except alightly different ~ 

values are obtained at ahell boundariea. A further modifi­

cation to the equal charge diaplacement hypothesia bas been 

given by Kennett and Thode (27). They propose that ahell 

effecta ahould alao be conaidered in the evaluation of Zp• 

This waa done by poatulating a ~ which would yield the 

maximum energy releaae in the fission proceaa. They have 

calculated (Z - Zp) for aeveral modes of fission near cloaed 

ahell configurations and reported that Zp waa ahifted near 

ahell cloaurea. The maximum energy releaae condition, 

however, predicta ahorter chain lengths in the light 

fragmenta than in the heavy fragments. It bas been auggeated 

(28) tbat the difference in chain lengtha might reault from 

an asymmetric charge distribution near shell closurea in 

both the light and heavy maas region. 

It appeara as if further independant yield etudies are 

required before the charge distribution in fission can be 

fully described. An overall picture of the charge distribution 

in low-energy neutron fission ia auch that for a given chain, 

the point of higheat yield would represent the most probable 

primary charge (Zp) for t hat maas number. The yie ld would 

decreaee in either direction in some sort of a aymmetrical 
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probability curve. The indication is that 

50 % of the total chain yield oc cure for z = Zp. 
25 % of the total chain yield oc cure for z • ~11, 

2 % of the total chain yield oc cure for z = ~!2, 
and much lese for the others. Consequently, the independant 

fission yield of the last one or two members of any chain 

may be small compared with the gross yield of the chain. It 

appears that for all fissile nuclides thus far investigated, 

a single charge distribution curve is applicable for low­

energy fission. 

4. Maas Distribution in Thermal-Neutron Fission 

The distribution of maas in fission can be studied by 

measuring the gross yields of the various fission product 

decay chaine. Although the maas yield is the sum of all the 

independent yields along a chain, the distribution of charge 

in fission indicates that the yield of any given mass usually 

may be found by measuring the abundance of a nuclide near the 

end of the chain. Maas identification is made by separating 

1nd1v1dual elements and determining the maas number either 

by using a maas spectrometer or by comparing the nuclide's 

decay characteristics with those of isotopes of known maas 

number. A semilogarithmic plot of cumulative yield of a 

given maas number as a function of maas, gives the charac­

teristic double-humped maas distribution curve. Broad maxima 

appear near maas 95 (light maas peak) and near maas 135 



(heavy mass peak). Between these maxima is a deep central 

minimum (trough), which shows the low probability of 

symmetric fission. The curve should be symmetric about the 

central minimum at a mass 

A + 1 -"(, 
2 

where A is the mass of the original nucleus, and~ is the 

10 

number of prompt neutrons emitted. The area under the curve 

equals 200 %, since two fission fragments are formed per 

fission. 

A review of the earlier yield-mass distribution 

measurements was given by Coryell and Sugarman (30). More 

recent data on maas distribution in fission bas been 

collected by Glendenin and Steinberg (31), and Katcoff (20). 

Figure 1 shows the mass distribution curves as given by 

Katcoff (March 1956) for the thermal-neutron fission of u233 

and u235 • 

5. Delayed-Neutron Emission 

Besides finding neutrons which were emitted at the 

instant of fission, there were also found a small number of 

neutrons, referred to as delayed neutroms, which continued 

to come from the uranium after the cessation of neutron 

bombardment (3~). The delayed-neutron emitters are actually 

~- emitters wh1ch decay to nuclides that are unstable with 

r e s pect to 1nstantaneous neutron ~mission. The precurs ors 

of the two longest 11ved emitters have been 1dentified on 



Figure 1 

Yield-Mass Data for the Fission of 

u233 and u235 by Thermal Neutrons. 

(Katcoff's Tabulated Values, March 1956) 
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the basis of chemical separations and obeerved half-livee as 

Br67- 54.8 seconde and r137_ 22.0 seconds (33). A 5.36 second 

emitter bas cbemically been shown to be an isotope of 

bromine. Studiee on the fission fragment range indicated the 

maas for this nuclide lay in the range 89 to 91 (60). Three 

other unidentified delayed-neutron emitters have been 

obeerved with balf-lives of 1.81 seconds, 0.48 seconde, and 

about 0.18 seconds. On the basie of yield measurements the 

firet bas been suggested to be r139 and the second Sbl37 or 

As85 (23). 

6. Nuclear Shell Structure 

Experimental and theoretical etudies have shown that 

certain numbers of neutrons and protons ineide a nucleus 

constitute etable configurations called closed sbells (34). 

Nuclei with 2, 8, 20, 28, 50, 82 and 126 neutrons or protons 

are eaid to possess stable closed ehelle. 

1. Fine Structure in Fission 

Early investigators (35,36) eupposed that the fission 

yield curve was a smooth function of maes. In 1947 Thode and 

Graham (37), and Stanley and Katcoff (38) found that certain 

measured yields were either too high or too low to lie on 

the smooth maas distribution curve. Since then other 

anomalous yields have been reported. These perturbations in 

the yield- mas s curve are referred to as " f i ne s tructure". 

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



Figure 2 

Fine Structure in the Yield-Mass Data 

(Katcoff's Tabulated Values, March 1956) 
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for u233 and u235. The yield values, as tabulated by Katcoff 

(20), suggest that fine structure occurs in the light and 

heavy maas peaks for both u233 and u235. On the basie of the 

stability of cloeed nuclear shells, Glendenin (21) explained 

the observed fine structure in terme of delayed-neutron 

emission. He poetulated that primary fission fragmente con­

taining one neutron in excess of a closed shell (i.e., 

centaine 51 or 83 neutrons) may emit this loosely bound 

neutron rather than undergo ~- emission. This process of 

extra neutron emission would result in a decrease in the 

yield of the maas of the shell-plus-one fragment, and an 

equal increase in yield at the maas of the closed shell 

fragment. 
A2 ~ A2 

y --..---> z 
Z2 Z3 

1" 1 
1 n 
1 0 

Al ~- :Al ~- Al 
x --.--> y --.--> z 

Zl Z2 Z3 

In general, nuclei with 51 or 83 neutrons might be 

expected to form the majority of the delayed-neutron emitters~ 

Wiles (39) then postulated that fission fragments having 

closed shells of 50 protons and 82 neutrons must be especial• 

ly favoured in the fission act 1tself. Pappas (23) extended 

post fission emission of neutrons to include nuclei with 83, 

85, 87 and 89 neutrons. 



8. The Determination of Fission Yields 

A. Physical Method 

15 

A thin foil of f1se1onable material 1e placed between 

two parallel-plate 1on1zat1on chambers. This ie irradiated 

with neutrons, and the ionization produced by oppoeitely 

directed fission fragment recolle is obeerved in each 

chamber. Assuming that the ionization produced by a fission 

fragment ie proportional to ite energy, it may be ehown that 

the massee of the recoil fragmente are in the inverse ratio 

of the ionization produced in each. Since the aum of the 

massee ie known, the individual massee of the fragmente may 

be calculated. After obeerving many fissions, the frequency 

of occurrence of a given maas may be determined. The double 

ionization chamber hae been uaed in the study of the fission 

process by Jentschke (19), Flammersfeld et. al. (4o), Deutsch 

and Rameey (41). The physical method provides only a quali­

tative description of the yield-mass curve. The yield 

meaeurements have rather large experimental errors, and mase 

resolution is poor eince it represente an average over 

several maas unite. 

B. Chemical Method 

A sample of fiesionable material is irradiated for a 

period of time and the total number of fissions ie meaeured 

in some manner. The sample ie then analyzed to determine bow 

many atome of a nuclide have been produced. The number of 

atome formed divided by the number of fissions which occurred, 
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gives a measure of the fission yield. The chemical method 

bas been found to give the beat information on fission yield 

measurements both for charge and maas distribution. Yield 

measurements may be accurately obtained and maas resolution 

is certain. The determination of fission yields requires two 

basic measurements; the number of fissions which have occurred, 

and the amount of the various nuclides produced in fission. 

(a) Fission Rate 

The fission rate can be measured either by counting the 

number of fission events occurring, or by "monitoring" the 

neutron flux to which the sample is subjected. 

(i) Fission Cottnting 

A fission-counter chamber is used in which a thin film 

and a thick sample of the fissile material are 1rrad1ated 

simultaneously. The fissions occurring in the film during 

the irradiation are counted in a pulse 1onizat1on chamber. 

The fission products, whose yields are to be determined, are 

chemically 1solated after the end of the irradiation from 

the th1ck target. Fission count1ng bas been used by Freedman 

and Steinberg (42), as well as Engelkemeir, Novey and 

Schrover (43). The only disadvantages of fission counting 

are that 1t is not possible to count for more than a few 

hours, nor is 1t possible to place a fission chamber in the 

high-flux positions of a nuclear reactor. 

(11) Fission Monitors 

The first systematic absolute fission yield measurements 
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by a chemical method were carried out by Anderson, Fermi, 

and Grosse (44). They irradiated manganese under identical 

conditions to the uranium sample. Radioactive manganese was 

produced by the reaction Mn55(nt)Mn56. A measurement of the 

manganese activity and a knowledge of the cross sections for 

the various reactions involved, enabled the fission rate to 

be calculated. 

Yaffe et. al. (45) have determined the fission rate by 

using the B10 (n«. ) Li 7 reaction as a flux monitor. Boron 

trifluoride was irradiated simultaneously in the same neutron 

flux as the uranium sample. The change in the B10 content was 

determined with a mass spectrometer by measuring the B10jB11 

ratio before and after the irradiation. Recently, workers (135) 

(136) have determined the number of fissions which occurred 

by measuring the depletion of uranium in a heavily irradiated 

sample. The indirect determination of fission rates by the 

us e of flux monitors, although simple and accurate, has 

seldom been used. 

(b) Isotopie Abuncl.ance Measurements of Fission Products 

The chemical method for the study of fission yields has 

been subdivided on the basis of the analytical procedure used 

to determine the no;mber of atoms of a fi ssion product formed. 

(i) Mass-Spectrom.etric Analysis 

The mass-spectrographic method has been applied to 

relative isotopie abundance measurements of the fission 

products. Fairly accurate relative chain yields were 

determined by measuring stable and very long-lived products 
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after the decay of essentially all radioactive members of 

the maas chain. The relative abundances could then be 

evaluated with the aid of radiochemically determined yields. 

The earlier mass-spectrometer yields were therefore no more 

accurate than the yields to which they were normalized. By 

using an isotope~dilution technique (46), maas spectrometry 

bas been adapted to the determination of absolute yields. 

Under satisfactory conditions, fission yields determined by 

the isotope-dilution method are believed reliable to five 

percent (31). Unfortunately, many of the fission product 

maas chaine cannot be determined by maas-spectrometrie 

methode. This is true of chaine which decay to stable or 

long~lived members which are mono-isotopie, or are abundant 

in nature and lead to contamination problems. In addition, 

the bulk of the fission products are radioactive and are not 

conveniently studied by maas-spectrometrie methode. New 

techniques in maas spectrometry are now being developed 

which may permit analysis of auch nuclides as 50 d- sr89, 

40 d- Ru103 and 32 d- Ce141 (29). 

(11) Rad1ochem1cal Analysis 

The different nuclear species of each element present 

in the sample may be 1dent1fied by observation of the decay 

periode of the sample and by analysis of its radiation. The 

nuclides found have been previously characterized, thus 

enabling def1n1te maas assignments to be made. The number of 

atome or each nuclide formed is calculated from 1ts 
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dieintegration rate and ite half-life. Compared to the maee­

epectrometric method, fission yields determined radiochemi­

cally have been considered more susceptible to errors. The 

errors are aeeociated with the determination of dieinte­

gration rates, and inaccuracies in half-livee, decay schemas, 

analyeis of complex decay curves and chemical etoichiometry. 

Another possible source of error wo~ld be the direct for­

mation of the stable members of the chain which could not be 

determ1ned radiochem1cally. By far the most ser1ous error 

was introduced in the calculation of a dielntegration rate 

from the obeerved counting rate. Most of the publiehed 

radiochemical yields have been obtained by the use of end­

window Geiger countere. To obtain disintegration ratee of 

the fission product nuclides, 1t was neceesary to apply 

many absorption and scattering corrections. Such corrections 

at their beat accounted for most of the 10 to 20 % errors 

quoted for the fission yields. It was thererore realized 

that accurate fission yields could be obtained radiochemi­

cally only by the development of a more precise means for 

determining disintegration rates. 

(c) Relative Fission Yields 

Most 1nveetigators avoided the direct determination of 

the fission rate by measuring yields relative to that of 

another nuclide of known yield. If two nuclides, A and B, 

are separated from a sample of f1ss1onable material, the 

yields, YA and YB, will be related to one another by 



20 

Wbere NA and NB are the measured amounts of A and B produced. 

If yB is known from an absolute determination, the yield yA 

can be calculated. Yaffe et. al. (45) have measured the 

absolute fission yield of Ba140 for the thermal-neutron 

fission of u235. Tbeir value of 6.32 ~bas an accuracy of 

about four percent. Most of the u235 radiochemical yields 

were determined relative to Ba140 • Witb the exception of a 

few absolute measurements, mass-spectrometric yields bave 

been normalized to a radiochemical value determined relative 

to Ba140 • The same is true for the yields of u233 with the 

exception that no accurate yield bas been measured to which 

other yields could be normalized. 

9. Disintegration-Rate Determination by 4n-Count1ng 

Recent developments in 4n-counting techniques now make 

possible the accurate determination of disintegration rates. 

Pate and Yaffe (48-52) have performed a systematic study of 

4n-absolute p counting of solid sources and have reported 

that for moderate or high-energy emitters, an accuracy of 

! 0.5% may be obtained (53). The improved accuracy in the 

disintegration-rate determination was made possible by 

placing the radioactive material inside a gas-ion counter 

rather than external to it, as was the case with ap end­

window Geiger counter. The 4n-counting chamber commonly used 
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is divided symmetrically into two halves, each of which is a 

self-contained counter unit. The two halves are separated 

from one another by a film of conducting material. The 

source is mounted at the center of the film, the central 

portion of which is thin in order to reduce absorption of 

the radiation emitted. Thus the radiation entera one half­

counter directly without any intervening material, and the 

other half-counter through a thin layer of source-mounting 

material. Such a counter is sensitive to radiation emitted 

over an angle of 47t steradians and is said to have a "47t­

geometry". The counter is used as a "flow type 11 in which the 

counting gas is constantly replaced. The resolving time of 

the counter, i.e., the minimum time in which two consecutive 

ionizing events will be counted, can be made small <~ 5 

microseconde). This can be accomplished by operating the 

counter at a reduced voltage where the amount of ionization 

collected by the counter is directly proportional to the 

number of ions formed by the emission of the original ion­

izing event. The small resolving time makes possible the 

determination of high counting rates, yet still ensures that 

any event, subsequent to charged partiale emission which 

occurs within the resolving time of the counter, will not be 

registered separately. Scattering of radiation either by 

source material, source mount, gas or counter wall bas no 

effect on the observed counting rate. Secondary radiation 

auch as Y-ray emission or annihilation radiation following 



positron emission is not counted provided the secondary 

radiation occurs within the counter resolving time. The 

stability and sensitivity of 4n-counting leads to more 

accurate determinations of half-lives and decay character­

istics for active materials. In addition, sma.ller samples 

22 

may be measured with better statistical accuracy than with 

the conventional low-geometry counters. The only sources of 

errer still to be cons1dered 1n the calculation of a disinte­

gration rate from 4n-counting data are due to: 

1. Failure of the counter to respond once to every ion­

izing partiale arising from a nuclear disintegration 

which reaches the counter gas. 

2. Absorption of radiation by the material on which the 

source is deposited (source-mount absorption). 

3. Absorption of radiation by the source material 

itself (self-absorption). 

4. Statistical fluctuations in the disintegration rate 

of the source and in the background counting rate of 

the counter. 

All the above factors have been studied in this laboratory 

and the corrections when applicable can accurately be applied 

for the determination of disintegration rates. 

10. Present Work 

Fission data provide important information for many 

cognate etudies. Yield measurements have provided the basie 
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for much of the theoretical work in nuclear physics. Infor­

mation on the actual fission process can readily be obtained 

by a study of the resulting fission products. Data describing 

fine structure in fission provide information directly 

related to nuclear structure and stability. In addition to 

many theoretical problems, the yields of fission products 

are of practical importance in problems relating to the 

design and operation of nuclear reactors and processlng 

plants. Studies on fine structure make possible an identifi­

cation of the delayed-neutron emitters. The abundance of 

these neutron emitters is of great importance in reactor 

operation. Also the abundance of nuclides having high neutron 

cross sections is important since they act as reactor 

"poisons". Such problems as artificial nuclide production, 

shielding requirements, decontamination and waste disposal, 

require a knowledge of the distribution of radioactivity in 

fission. 

The thermal neutron fission yields for u235 have been 

investigated extensively. Although the data present an 

overall picture of the resulting maas distribution in 

fission, it is probably not accurate enough t o permit a 

detailed examination of the complete yield-mass curve. The 

large uncertainties in yield measurements make it difficult 

to determine whether the abnormal yields at certain mass 

numbers are significant or not. I n comparison, data r elating 

to the thermal-neutron fission yields for u233 are few and 
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inconsistant. Fine structure bas been reported, but in view 

of unconfirmed investigations, the uncertainties are probably 

greater than with the u235 etudies. One notable example of 

this is that although an enhanced yield at maas 134 bas been 

reported for u235 fission, there is apparently no observed 

fine structure in this region for u233 fission (54,55). This 

disappearance of fine structure would not have been predicted 

by any or the hypotheses postulated to explain fine structure 

in u235 fission. It bas been assumed that the mass-yield 

curves for u233 and u235 are similar in gross structure, but 

that the most probable yield of the light-mass fragment for 

u233 is displaced, while there is little change in the yields 

of the heavy fragments (31). Recent investigations indicate 

that the yields for u233 fission are displaced one unit 

lower in mass for both the light and heavy t'ragments (56). 

It was apparent. then that much more accurate fission yield 

measurements were required. 

The purpose of this thesis is to establish, radiochemi-

cally, accurate fisslon ylelds for various nuclides along 

the yield-mass curve. It was felt that by using 4~ ~-counting 

techniques and determining absolute r~ther than relative 

yields, the errors associated with radiochemical determi-

nations could be greatly reduced. In addition to indicating 

fine structure in fission, the absolute yields would enable 

all previously measured relative yields to be compared on 

the same basie. Fission etudies on u233 were chosen since so 
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few measurements have been made on its fission producta. It 

was also of interest to see if the fine structure for u233 

fission differed from that reported for u2 35 fission. 
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EXPERIMENTAL 

1. Preparation and Irradiation of Samples 

a) Fissile Material 

The uranium 233 was obtained on loan from Atomic 

Energy of Canada Limited in the form of a sulphate solu­

tion. An isotopie analysis of the sample was given as 

• • • 

• • • 

97.746% 

2.254 % 

A spectrographie analysis of impurities was given together 

with the limits of detection for elements looked for but 

not found. Results of the analysis are described later for 

each of the elements separated. 

It was desirable to convertthe uranium to the oxide, 

free from sulphur, to avoid the formation of long-lived 

activities produced by neutron capture. The uranium solu­

tion was first evaporated to dryness in a quartz crucible 

under an infra-red lamp. The crucible and its contents were 

placed in an oven and heated for several hours at 110° C., 

then at 350° c., and finally at 1000° c. until a constant weight 

was obtained. The final weight of the black oxide {u3o8 ) 

corresponded exactly to the amount of fissionable material 

loaned. 



Accurately ~>~eighed * amounts (2.JO to 6.18 rngm.) of the 

uranium oxide were sealed into thin quartz capsules for 

irradiation purposes. 

(b) Flux Nonitor 

Since absolute fission yields were to be measured, 
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the number of fissions which occurred in the uranium during 

an irradiation had to be known. It was decided that this 

could best be done raoiochemically by simultaneously irra-

diating the fissile uranium together with a meterial which 

would monitor the neutron flux. In choosing a flux monitor 

the following characteristics were desired. 

(i) A mono-isotopie element which could be obtained 

in pure form. 

(11) The element should have a significant accurately 

known thermal-neutron capture cross section. 

(iii) Upon capturing a neutron the element should form 

a radioactive nuclide whose decay characteristics 

are such that an accurate disintegration rate 

could be determined. 

Two elements which adequately met these requirements were 

co59 and Au197 (see Table 1). The use of cobalt as a fission 

*All weighings in this work were performed on a six decimal 
place Sartorius MPRS microbalance. 
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monitor would requ1re only a very small correction for 

radio-active decay if counted soon after the irradiation. 

On the other hand, the cross section for gold is probably 

more accurately known, since the cobalt cros8 section was 

determined relative to that of gold. In the present work 

cobalt was chosen as the flux monitor. It was felt that 

the cobalt cross section was sufficiently accurate. Ir a 

a better value for the cross section were determined later, 

it could easily be applied to the results obtained. 

TABLE 1 

Characteristics of Thermal-Neutron Flux Mon1tors 

Element 

Isotopie Mass 

Isotopie Abundance 

Thermal-Neutron 
Cross Section 

Neutron Reaction 

Half-Life 

~ End-Point Energy 

Cobalt 

59 

lOO % 

* 
J6.J barns 

59 ·- 60 
Co (n1()Co 

C 60_ 4 o -5.2 -years 

J06 Kev. 

Gold 

197 

lOO % 

* 
98.7 barns 

Aul97(ni)Aul98 

Au198 = 2.68-days 

963 Kev. 

The monitor mater1al was Johnson and Matthey "spec. 

pure", 0.005 in. cobalt wire. From 1.0 to 1.5 mgrn. amounts 

of the cobalt wire were accurately weighed and sealed 1nto 

* o-co59 was taken as 36 .J bary~7 (57) after correcting for 
the more recent value of <t'Au = ·98.7 barns (58). 
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thin quartz tubes. 

(c) Irradiations with Neutrons 

For each irradiation two quartz capsules containing 

the flux monitors and one containing the fissionable ura­

nium were wrapped individually in a layer of aluminQm foil. 

The three were placed together in an aluminum irradiation 

container which was then sealed. Irradiations were carried 

out in a number three, self-serve position of the NRX reactor 

at Chalk River, Ontario. After an irradiation period of 

24 hours, the material was allowed to "cool" for about 36 

hours before being treated. 

Since the purpose of these experimenta was to obtain 

thermal-neutron fission yields, it was necessary to deter­

mine what fraction of fissions may have been caused by the 

presence of high-energy neutrons. To do this, two separate 

experimenta were performed. The first involved a irradiation 

in which the quartz vial containing the fissile uranium was 

completely encased in about 1/2 mm. thickness of cadmium foil. 

Cadmium strongly absorba low-energy neutrons. Its thermal­

neutron capture cross section is 2.4 x 103 barns. Conse­

quently, thermal neutrons were prevented from reaching the 

uranium sample when it was surrounded with cadmium. Any 

fissions which occurred in the shhelded sample must have been 

caused by the presence of fast neutrons. A correction factor, 

if applicable, is called the fast fission factor. In a second 
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experiment two capsules were irradiated, each of which 

contained a knm•rn amount of the cobalt wire. One capsule 

was surrounded by c~droium foil. The effect of this irra-

diation was to e.ctivate one monitor with thermal and fast 

neutrons, and the other shielded monitor 1-l)'i th fast neutrons 

only. 

2. Chemical Procedures 

(a) Dissolution of Irradiated Samples 

(i) Fissile Material 

Great care was taken in dissolving the irradiated ura-

niuro. To reduce the loss of volatile halogens, the quartz 

capsule was placed in a small beaker an<'!. covered wi th a warm 

n1tr1c acid solution. Before the vial was crushed, one 

milligram each of appropriate inactive lons was added. The 
+ ++ +++ lons used were comblnations of Cs , Ba , I~ and I- which 

served to reduce the adsorption loss of act1v1t1es on the 

surfaces of glassware. Adsorption lasses were further reduced 

by applying a water repellent coating of Desicote* to all 

glass which was to come 1nto contact with the concentrated 

fission produce solution. Aftèr ·the sample had dissolved, it 

was decanted into a volumetrie flask. To r ecover recoll 

fission products which may have been embedded in the quartz, 

the finely crushed remains of the vial were washed several 

* Desicote is an organe-silicon compound produced by Beckman 
Instruments, Inc., Fullerton, Callfornia. 
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times t-ri th small portions of ni tric a cid. The washings 

were added to the d1ssolvet1 sample whlch was then made up 

to a k:no~m ~olurne. Measured aliquots of this solution W"3re 

removed for the chemtcal separation of the fission products. 

(11) Flux Monitor 

The . vial containing the flux monitor was opened and the 

cobalt wire Nas transferred to a volumetrie flask. A few 

drops of hot concentrated nitric acid were added and the wire 

dissolved. Enough water tt!as then added to make a known 

volume of solution. Measured al1quots of the solution were 
60 

used to determine the disintegration rate of the Co formed. 

(b) Chemical Separations Involving Carrier Techniques 

The weight of a product formed in fission is much too 

small to allow chemical separations by ordinary analytical 

methods. Usually an inert "carrier" element ls added to carry 

along the activities through the various chemical procedures. 

In this work a measured amount (from 10 to 20 mgm.) of the 

element, whose yield was s ought, was added to an aliquot of 

the 1rrad1ated sample . Chemlcal separ a tions were of the semi-

micro type which involved analytical methods adap ted to the 

n e eds of radiochemistry. The us e of organic or organo-metallic 

precip1tants and sol vent extraction t echniques made tt possible 

to pick out rapidly only the particular element of interest. 

Complete chemical exchange is essentia l between the inactive 

ca rrier and the ac t ive element. This pr esents no probl em 

when the element t o be s epara t ed has only one valence state. 

For elements s uch as lodine or t ellurium whlch hav e several 

ox idation s t a t es , a series of oxida tion-reduct ion cycle s a re 
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performed to get all of the activity and carrier into one 

valence state. After complete exchange has occurred, the 

carrier is separated. High chernical recovery is desirable 

only so that enough carrier plus acti~ity 1s obtained to 

rnake possible accu~ate courtting of act1vities and determi­

nation of the amount of the carrier recovered • . The percent 

recovery of the carrier represents the percent recovery of 

the active species. In the separation of fission products, 

decontamination from ether elements must be good. Repeated 

cycles of precipitations or extractions make possible radio­

chemically pure separations. The addition of soluble carriers, 

isotopie with the impurities, reduces the amount of undesired 

activities carried down by co-precipitation or adsorption. 

These "holdback" carrie~s merely act as inactive diluents. 

Further purification can be obtained by the use of scaven­

gers. These are no~-specific carriers which show a great 

tendency tc coprecipitate or adsorb. Th~ lower the concentra­

tion of impurity, the greater is the scaveng1ng effect. In 

practice, the scavenger and carrier for the element to be 

separated are added. Precipitation of the scavenger then 

removes most of the trace impurities leaving the carrie r and 

act1v1ties of interest in solution. 

(c) Chem1cal Y1elds 

The us e of carriers in the chemical separation of 

fission products is generally advisable. It ensures a cor­

rection will be made for the loss of any activity which 

occurs during the separation procedures. There are several 

factors t.<J"hich control the amount of carrie r us ed in separations. 
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Accurate disintegration-rate determinations require the 

counting of smurces with high specifie activity, i.e., 

sources with high counting rates but with low solid content. 

Since the radiation emitted might be absorbed in the source 

material itself, it is desirable to use "weightless" sources. 

Therefore, the maximum amount of carrier used in separations 

is limited by self-absorption considerations. The minimum 

amount of carrier used is also limited. The least amount of 

carrier which would permit easy gravimetrie determinations 

is usually 10 to 20 mgm. Smaller amounts of carrier could be 

used if other methods of separation were employed, such as 

ion exchange, chromatography, or solvent extraction. The 

limiting factor then becomes the ability to determine 

accurately chemical yields at the reduced concentrations. 

Although special instrumental methods have been developed 

for the accurate micro determination of sorne elements, no 

such methode are ~own for many of the fission products. 

Usually the accuracy obtainable by gravimetrie analysis in 

the semimicro region 1s at least as good as that possible 

in the micro region. After considering.the various factors 

involved, it was decided that gravimetrie chemical yields 

would be determined. Although the amount of carrier required 

in the separations would not produce "weightless" sources, 

self-absorption corrections, when applicable, anuld be accu­

rately applied. In the procedure used a fission-product 
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element was separated, dissolved and made up to a known 

volume. Small aliquote of this solution were removed 

periodically to be counted. Larger aliquots were also re­

moved and the carrier precipitated. The chemical yield of 

the carrier was determined by collecting, drying and weighing 

the precipitate on porcelain micro filtering crucibles. The 

weight of carrier recovered was compared to the weight of a 

measured aliquot of the original carrier solution which had 

been precipitated, dried and weighed under identical condi­

tions. The chemical y1eld for each separation was determined 

in triplicate. All carrier stock solutions were standardized 

periodically. 

J. Source Mounting 

One of the errors in the determination of disintegration 

rates by 4~- counting may be due to absorption of radiation 

in the material used to support the active source. The amount 

of absorption may be reduced by the use of films of very low 

superficial density. Pate and Yaffe {48) ha ve described a 

material and technique su1table for the fabrication of thin 

films with good chemical and mechanical stability. Their 

procedure was adopted for the preparation of thin source 

mounts. Films were made from VYNS resin (polyv1nyl-chloride­

acetate copolymer) and mounted on aluminum rings 1 mm. thick. 

The diameter of the mounted films was either 2.5 cm. or 5.0 cm. 

Each film was made conducting by the gold coa ting of one side 

by distillation from a tungsten filament heated to about 
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1200° c. and at a pressure less than one micron of mercury. 

Superficial densities of films and gold deposits were deter­

mined by optical transmission measurements at 600 m~ 

with a Beckman Model DU Spectrophotometer. The method 

and calibration curves used to relate optical transmission 

to film and gold thicknesses were those of Pate and Yaffe 

(48). Superficiel densities of films used ranged from .5 

to 14 pgm./cm.2 Each film had a gold coating of about 

.5 pgm./cm. 2 

Active sources were mounted on films by evaporating a 

measured aliquot of a fission product solutton under an infra~ 

red lamp. A more evenly spread deposit was obtained by 

rendering the film surface hydrophilic by treatment with a 

dilute insulin solution. Under these conditions deposits 

were distributed uniformly over an area of about 1 cm. 2 in 

the center of the film. The use of 20, 50 or 100 A calibra­

ted micro pipettes together with the above technique perœitted 

source mounting which was reproducible to within the statisti­

cal counting errors (usually( 0.5 %). 

Gold-plated films, when observed by reflected light tnmm 

the reverse side to that coated, have a red-purple coloration. 

Occasionally it was noticed that upon evaporation of a source 

mater1al, a transparent circle resulted where the source had 

been depos1ted. These sources gave erratic counting rates. 

By applying an additional ))Ugm./cm.2 of gold to these sources, 

normal counting rates were obtained. It was found advisable to 

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

layer. 
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4. Counting of Active Samples 

For an identification and determination of fission 

product act1v1ties a complete knowledge of nuclear decay 

schemes is required. As discussed earlier, low-energy 

neutron fission leads to tha formation of nuclldes with an 

excess of neutrons. The active nuclides decay mainly by 

the emission ofp-particles. Beta-decay processes usual1y 

leave nuclei in excited states. The nuc1ei give up their 

excitation energy and return to the ground state by the 

emission of V radiation. Frequently the transition does not 

proceed direct1y from an upper state to the ground state, but 

may go in severa1 steps invo1v1ng lntermediate excited states. 

This effect gives rise to the emission of more than one Y-ray. 

Usua1ly the excited states have a very short 1ife time 
-14 

(,.., 10 seconds) and the Y-ray emis sion is saièl_ to be in 

coincidence with the p- emission. States which have detect­

able half-lives are ca11Ad nuclear isomers. The~ transitions 

from these states are isomerie transitions. Nuc1ear isomers 

have the same e.tomic nurnber as wAll as mass number but differ 

in their radioactive properties. Isomerie states ether than 

the grou.nd state are designated by a superscript rn (for 

metastable). In addition to fi-and Y-ray emission, one ether 

decay process is possible with the fission products. Gamma-

ray emission may be accompanied or even replaced by the 

emis sion of interna.1-conversion electrons (e-). Internal 

conversion is an alternative process for the de-excitation of 
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a nucleus. It can be thought of as the emission by an 

active atom of one of its extranuclear el~ctr6ns rather 

than a V-ray. ~he kinetic energy of the ej~cted electron 

is equal to the differencB between the '1 energy 9.nd the 

binding energy of the 8lectron. The ra~1o .of the rate of 

the internal conversion process to the rate of '1-ray 

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

It was ther8fore realizeèi that any combination of~-, e-, 

and Y radiations would occur amoung the proàucts to be 

stud1ed. To count the~- and e radiation a 4TT- propor­

tional counter was used. The Y radiation was measured by 

means of a Y-ray scintillation spectrometer. 

A. 41T-Counting 

(a) Equipment 

The 4TY-counting equipment used in this work was 

essentially that described by Pate and Yaffe (49). Figure 3 

shows the counting chamber whlch cons is ted of t\'T O hemisphe-

r1cal brass cathodes of 7 cm. diameter and two ring shaped 

anodes of 0. 001 in. diameter tungsten wire, Both anodes \'rere 

insulated from th~ cathodes by large teflon insulators. A 

Nichols high voltage supply (AEP l007B) ~es used to apply a 

large positive potential to the anodes, wh i le the cathodeB were 

kept at ground potential. The anoë!es of the cl':ac1ber TJJere 

connected in parallel to an Atomic Instrument pre-aœplif ier 

(205-B). The output from thi s wa s fed into an Atomic Energy 

of Canada Ltd. a~nplif1er-d1scrirn1nator (AEP 1448). The 
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Figure 3 

4~- Counting Chamber 
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overall gain of the a!llpllfying system was JO,OOO 

and a bias voltage up to 50 volts could be applied to 

the output signal by the discriminator. Counting rates 

were recorded on a Marconi scaling unit (AEP 908). Other 

auxiliary equipment 1ncluded a Sola constant voltage tr:ans­

former and a Lambda regulated pm•rer supply (model 28). 

Figure 4 shows a block diagram of the assembled equipment. 

The counting chamber was operated in the proportional region, 

the counting gas used being c. P. methane ~t atrnospheric 

pressure. After insertion of a sample, the counter was 

flushed for several minutes at a rapid flow rate ana then 

at a rate of ahout 0.5 ml. of methane per second as ~easured 

by a simple flowmeter. 

(b) Counter Characteristics 

High voltage characteristic curves were obtained for 

all fission product activities studied in this work. Figure 

5 shows curves for a series of sources with increasing 

maximum~- energy, taken at a constant discriminator bias. 

Standard deviations on the measured quantities lie within 

the areas of the points (t~is applies to all graphs which 

follmAJ v.nless otherwis'3 stated). The plateaus obtaLned were 

at least 400 volts long and had a slope less than o.l% per 

100 volt s . For disintegration-ra te measurements a polar1-

zation potential of 2600 volts was chosen. Typical discri-

minator bias characteristic curves are shown in Figure 6 for 

nuclides of different maximum~- energies. These results 

were taken at a polarization potential of 2600 volts. 
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Figure 4 

Black Diagram of 4n-counting Assembly 
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Figure 5 

H1gh Voltage Character1st1cs of 

the 4n-Counter for p- Radiation 

of Increas1ng Maximum Energy. 

2.26 Mev - (Ba-La)140 

1.46 Mev - Sr89 

1.17 Mev- Ra D+E 

Jl7 Kev- Co6o 

160 Kev - Nb95 
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Figure 6 

Discriminator Bias Characteristics for 

~- Radiation of Increasing Maximum Energy 
.. 

at a Po1arization Potentia1 of 2.6 KV. 

1.17 Mev- Ra D oi- E 

317 Kev- co60 

160 Kev- Nb95 
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The constant counting rate up to a bias of 50 volts 

ehows the absence of low amplitude spurlous pulses (5J). 

Dlscrimlnator bias settings of 20 and 30 volts were 

chosen for general counting of the fission produce acti­

vities. The stability of the counter was checked daily by 

following the decay of a long-llved Ra D + E standard source. 

The countlng chamber was enclosed ln a lead castle 

wlth walls 1 1/4 in. thick. The background countlng rate 

varied between 42 and 60 counts per winute. 

(c) Counting Corrections 

(1) Resolution Losses 

Although the reduceà resolvlng time of proportlonal 

counters permits higher counting rates to be measured, it is 

necessary to know at what counting rates resolution losses 

occur and what is the magnitude of such losses. Due to the 

variety of processes which may cause resolution lasses in 

proportional counters, Pate and Yaffe have suggested that this 

loss i f best deterrnined emplrically ( 49,53). A modification 

of the multiple source technique ca n be used t o dete rmine 

resolution losses. A s erie s of p3 2 sources was prepared on 

thin f i lms and counted. The c ounting rates wer e low enough 

so tha t resolution l osses could b e lgnoreà. The p32 source s 

were then laminateà and the countlng rates were a gain wea­

sured. The lamln3t es were still s o thin that absorption 

los ses we r e neglig i ble . The differences between the counting 
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rates of single and laminated sources represent a reso-

lution losa at that counting rate. A ulog-log" plot of 

the resolution loss as a function of the observed counting 

rate is given in Figure 7. The loss at 105 counts per 

minute was found to be only 1.8 %. 
(11) Source-Mount Absorption 

The use of very thin films as source mounts usually 

requires no correction for the absorption of source radia-

tion. However, with weaker ~ emitters the absorption loss 

may be important and an accurate correction factor must be 

known. Pate and Yaffe have proposed an "absorption curve" 

type method for determining accurate source-mount absorption 

(50). The source material is mounted on the thinnest film 

available, and the counting rate is measured as a function 

of increasing mount thickness. The dis1ntegrat1on rate can 

be obtained by extrapolating to zero mount thickness. In 

the present work the superfioial density of film plus gold 

ranged from 10 to 19)Ugm./cm2 • Pate and Yaffe have pre­

sented a set of curves which give source-mount absorption as 

a function of~ energy and film thickness. A replotting of 

their values in the region 0 to 50pgm./cm.2 enabled source­

mount absorption corrections to be made in this work. A~­

emitter with a maximum end-point energy of 176 Kev shows 

only a 0.9% absorption loss in a film 20jlgm./cm.2 thick. 



Figure 7 

Resolution Correction for the 

41'\"-Counter. 
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(iii) Self-Absorption 

By far the largest error introduoed into disinte­

gration rate determinations of solid samples by 4~-counting 

is the absorption of radiation in the source material 

itself. As expeoted, self-absorption effeots become more 

important as source thiokness increases and as the energy 

of the emitted radiation decreases. Self-absorption 

losses would be small for sources of moderate or high­

energy ~ radiation with high specifie activity. A preli­

minary study on self-absopption corrections for 4n-counting 

was made by Pate and Yaffe (52,53). They realized that 

accurate self-absorption corrections could be accurately 

applied only to thin uniform source deposits. Consequently, 

they used a technique whereby active nuclides were formed 

into organic compounds which were then distilled, under 

vacuum, on to thin VYNS films. Counting rates were obtained 

as a function of deposit thickness. The observed specifie 

activity for each deposit was plotted agaihst source super­

ficial density. Extrapolation of the curve to zero source 

thickness enabled the absorption correction to be determined. 

Fishman and Yaffe (59) have extended the etudies on self­

absorption in 4~-counting and have prepared corrections for 

several nuclides of different maximum~- energies. The 

self-absorption data of Pate and Yaffe and Fishman and Yaffe 
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have been combined and are shawn in Figures 8 and 9. 

All self-absorption corrections used were obtained from 

these curves. The accuracy 1nvolved in using such 

absorption corrections depends on many fa.ctors. Small 

errors in the determinations of source thickness appear to 

produce very large errors ln the chosen absorption factor 

for the weaker ernitters. Although no limit has yet been set 

on the analytical errors involved in source thickness measu­

rements, it was felt that errer effects would be swall for 

thin sources of moàerate or high-energy emltters. 

The process of~ emission produces a continuous dis­

tribution of partlcle energies. Often nuclides decay by the 

emission of more than one ~- energy so that several ~ spectra 

are produced. Absorption corrections were taken for each 

maximum ~ energy and weighed according to its abundance in 

emission. Figures 8 and 9 seem to indicate that self­

absorption effects are similar for different nuclides with 

the same maximum ~- energies. 

(iv) Statistical Counting Errors 

Nuclear disintegration is a random phenomenon subject 

to methods of stat1stical analysis. The st~tistical dependa­

bility of a measured counting rate can b~ given in terms of a 

standard deviation. If the counting time is short compared 

with the half-life of the activity being measured, the standard 

deviation for a reasonably large number of counts can be shown 

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



Figure 8 

Self-Absorption Correction for a 

4~-Proport1onal Counter. 

Source Thickness as a Function of 

~End-Point Energy. 

Pate and Yaffe (52) 

Fishman and Yaffe (59) 
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Figure 9 

Self-Absorption Correction for a 

4W-Proportional Counter. 

Source Thickness as a Functton of 

~End-Point Energy. 

Pa te and Yaffe (52) 

Fishman and Yaffe (59) 
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Thus if 10,000 counts are recorded in one minute, the 

expected standard deviation is Alo,ooo =lOO. The 

counting rate can then be written as 10,000 ! lOO counts 

per minute. 

B. Scintillation Counting 

(a) Equipment 

50 

The ~ scintillation spectrometer used is shown in block 

diagram in Figure 10. The detecter consisted of a sodium 

iodide-thallium activated crystal which was viewed by a 

Du Mont Type 6292 photomultiplier tube. A cathode follower 

ooupled the output signal into a modified Atomic Energy of 

Canada Ltd. amplifier-discriminator {AEP 1448). The amplified 

pulses were fed into a single-channel differential pulse height 

* analyzer. The analyzer operated by accepting only those 

pulses with a narrow range of amplitudes called the channel 

width. The acceptance channel was made to scan the entire 

region of pulse amplitudes by rotating an analyzer bias poten-

tiometer. The output from the pulse analyzer operated a 

Measurement Engineering Ltd. counting-rate meter (AEP 1902-A). 

The output from the counting-rate meter was plotted against 

the analyzer bias voltage by a Speedomax Chart-recording 

potentiometer. This was done indirectly and was made possible 

since both the analyzer bias voltage and the chart drives moved 

with respect to time. 

* Atomic Energy of Canada Ltd. Automatic Scanning Kicksorter 

(AEP 2209). 



Figure 10 

Black D1agram of ~-Ray 
Scintillation Spectrometer 

.51 
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The peaked responses in the pulse height scan are known as 

photoelectric peaks and each peak occurs at a pulse height 

proportional to the incident 1{energy. In general, the 

maximum photopeaks are measured and qualitative identification 

of the ~ emitters is made possible by compa~ing the voltage 

of the photopeaks with a calibrated eurve for the instrument. 

Quantitative estimates of the various ~-emitting nuclides 

can be obtained by measur1ng the areas under the respective 

photopeaks and oompartng them with areas under the photo­

peaks obtained. from standards of known disintegration rates. 

Since the shape of photopeaks approximates a Gaussian distri­

bution, the area under each photopeak is proportional to 1ts 

peak height. In this work peak positions were measured to 

determine ~energies. Peak height3 were measured and 

plotted against time to obtain 1(half-lives. The purpose 

of scintillation co~ting was to aid in the identification 

of fission product nuclides and establish radiochemical 

purity of separations. 

(b) Spectrometer Characterist1cs 

The scintillation spectrometer was operated at a channel 

width two per cent of full scale. The change in photopeak 

position with voltage applied to the photomultiplier tube 

was determined using sources of known ~energies. In 

Figure 11 tenergy is p~otted against photopeak position 

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



_Figure 11 

High Voltage Characteristic Curves 

for the Scintillation Spectrometer 
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the photopeaks are very close together. Increasing the 

voltage causes the photopeak to spread out. In addition, 

higher voltages result in a nonlinear relationship 

between ~ energy and observed photopeak position. The 

ab111ty of the crystal and the pulse analyzer to resolve 

photopeaks is termed resolution. This factor can be 

determined experimentally from the followlng relationshlp. 

Resolution (%) = wldth of peak at 1/2 of peak height x lOO 
distance of peak from origln of scan 

The per cent resolution is usually quoted for the cs137 861 

Kev V-ray. In Figure 11 the resolution varied from 17.0% 

at 800 volts to 7.0% at 960 volts. In choosing an . operating 

voltage three conditions were deslred. 

(1) Good resolution. 

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

(111) Scan range extending to 1.5 Mev. 

On the basis of these factors an operating voltage of 880 

volts was chosen as a compromise. Figure 12 shows a complete 

energy calibration curve for the Y-ray scintillation 

spectrometer at 880 volts. From a measured peak position and 

this curve an unknown ~ energy could be determined. 



Figure 12 

Y-Ray Scintillation Spectrometer 

Energy Calibration Curve 
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(c) Counting of Active Y Sources 

The standard Y sources as ~rell ss the fission product 

activities were counted as 2 ml. aliquots of solution. The 

srnall screw-top glass vials which were used to hold the acti­

vities were placed at measured positions above the crystal 

detecter. Since all counting rates were measured relative 

tc Y standards, the only correction factor required was for 

variations in geometrical efficiency. By altering the source 

geometry, counting rates were kept below 20,000 counts per 

minute where resolution losses were found tc be small. 

Scans of the fission product activities were interspersed 

with those of the Y standards. 

5· Equations used 

The following is an abbreviated derivation of the 

equations used in this work for the determination of abso-

lute fission y1elds. 

(a) Fission Yield 

Under neutron irradiation the rate of depletion of 

uranium is g iven by 

dU == -U I ~ • • • 
dt abs 

1) 

Th us U = U0 exp (-I ~abs T) , • • ( 2 ) 

whe re u is the number of atoms of uran ium present at 

any time T durif.lg an irradiation, 

Uo is the number of a toms of uranium ini t ially 

present, 

I is the thermal-neutron flux, and 
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~ is the thermal-neutron absorption cross section. 
abs 

The rate at which fission occurs is 

. . . . 
where rr is the thermal-neutron fission cross section 

f 
for uranium. 

In terms of the uranium present initially 

(~~1 = -U0 I crf exp(-I ~bs T) 
f 

The net rate of formation of a fission product during an 

irradiation 1s 

dN = - (d:Q.\ Yf - >..N , 
dt dt{ 

. . . . 

(J) 

(4) 

(5) 

where Yf is the fission yield of the nuclide in question, 

N is the numher of atoms of the nucli0e in question 

present at any time T, and 

À is the disintegration constant of the nuclide. 

In terms of the uranium initially present equation (5) 

be cornes 

dN = Yf U0 I crf exp (-I ~abs T) -ÀN 
dt 

Integrsting and multiplying through by À gives th9 dis-

integration rat e for the fission product activity. 

N~ = Xf U
0 

I crf [ exp (-I ~bs T) - exp(-ÀT)] 

.k-I cr 
abs 

. . . . 

Since (I o- ) is very small (<J x 10-?in this work) 
e.bs 

(6) 

( 7) 



exp(-I cr- ) = 1. and equation ( ?) simplifies to 
abs 

56 

N). = Yf U
0 

I Of(l- e:sp(-~T)). • • (8) 

If we represent the fission rate by R, 

then R = U0 I Of 
and NA = R Y (1- exp(-AT )] • 

. . . . 

. . . . 
(9) 

( 10) 

Equations (8) or (10) are the ba.s1c equations used in the 

calculation of absolute fission yields. As the irradiation 

time becomes long compared to the half-life of the fission 

product activity, NA approaches a maximum limiting value 

R Yf. Then 

N~ = R Yf = (N"-)max [1-exp(-).T)]. . . . . (11) 

The limiting value (N~) max is known as saturation 

activity. Un~er such conditions activities present during 

an irradiation can be compared one with anothar, since the 

number of a toms of an ac ti vi ty beiYJ~ formed per mü t time 

equals the number of such atoms disintegrating per unit 

time, irrespective of its half-life. 

For the decay cha in 

A ------~ B -----~ C 

the yield of A will be g iven by equation (10). If A were 

the first memb e r of the chain, this yield would represent 

the independent as well as the total yield for nuclide A. 

The yield of B will be given by 

. . . . (12) 
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where YA is the cumulative yield of A which includes the 

sum of the independent yields of any precursors of A plus 

the independant yield of A, and {Yi)B is the independant 

yield of nuclide B. The disintegration rate of B formed 

independently during an irradiation of time T is 

• • • • (13) 

However, B also grows from A during the irradiation. The 

disintegration rate of B formed from the decay of A 

during the irradiation is given by 

At a time t after the irradiation these amounts have decayed 

exponentially, so that 

(N~)~ at t = (N,\) i exp (-ÂBt) (15) B • . . • 

and (NA)~ at t = (N À) A exp (-ÀBt) . • (16) 
B 

From the end of the irradiation un til the ti me t, B con-

t1nues to grow from A. 

Therefore, the total disintegration rate of B after an 

irradiation t1me T and a deoay time t is 

+ 



+ B YA ~B [1-exp(-)AT)] ~xp(-AA t)-exp(-~Bt)J 
À B-,\A 

• 
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. (19) 

When rearranged, equation (19) becomes 

(N~) = R yAf,\A[i-exp(-,\BTÙ exp{-,\Bt)-~B[l-exp{-~ATB exp(-,AAt)} 
B -

ÀA-lB 

• • (20) 

The first part of equation (20) is the disintegration rate 

of the amount of B formed from A during and after an irra­

diation, and need only be considered when the independant 

yield of B is small. 

In the present work the time between the end of the 

irradiation and the chemical separation was often very long 

compared to the half-lives of the precursors of B. Under 

these conditions A had decayed and equation (20) simplified 

to 

(N ,\)B=B {!A + (Yi >J [1-exp{-)BT~ exp {-JBt) 

or (N~)B= R YB[l-exp(-ÀBT)] exp(-~Bt) • 

Similarly the disintegration rate of nuclide D would be 

given by 

(N~)D = B YD [l-exp(-~T)] exp(-)0t) • 

• (21) 

• ( 22) 

• ( 23) 

By dividing equation (22) by equation (23) and rearranging, 

the yield of B is obtained in terms of the two disintegration 

rates and the yield of A. 



yB= YA (N~)B [1-exp(-ÀAT)] exp(-ÀAT) 

(N~)A (1-exp(-ABT)] exp(-ABT) • • 
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• ( 24) 

When a value for the fission yield of A has been obtalned 

from an absolute measurement, the yields of other products 

may be determlned relative to it. Such relative fission 

yield measurements do not require a knowledge of fission 

rates. 

(b) General Growth and Decay Equations 

The following is a summary of the general equations 

used for calculating radioactive growth and decay for 

variouf members of a decay chain. A complete derivation of 

these equations can be found in reference (61). 

Let us consider decay chain 

p ----~ Q ----~ R ----~ 
À 1 "2 ~3 

where P, Q and R represent the numbe r o~ atoms of each 

member present at any time t, and X1 , ~2 , and À3 are the 

decay constants for P, Q and R respectively. 

Then dP = -~P 
dt 

and (PXl) = (P0 A1 ) exp(-À1t) 

• • • (25) 

• • • ( 26) 

where P
0 

i s the number of atoms of P originally present. 

Also ~ =Àl.P - A2Q 

and (À2Q) = (P0 À1 ) 

• • 

• 

• (27) 

• ( 28) 

The dislntegration rate of the third member i s g iven by 

( RÀ3 ) = ( P 
0
A1 ) [a exp ( -A1 t) + b exp ( -À2 t) + c exp ( -À3 t )1 

• • Î29) 
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(c) Neutron Attenuation 

The neutron flux lntensity at the surface of a sample 

being lrradiated will dlffer from the flux intensity at any 

position inside the sample. It is therefore necessary to 

correct the flux value for any attenuation which occurs ln 

the sample. The flux intensity at the surface I 0 will be 

related to the intenslty I inside the sample at a thickness 

d by 

I = I 0 exp ( -N~o- d) 
A 

• • • (JO) 

where N is Avagadro's number, 

~ is the density of the sample, 

~ is the total neutron cross section, and 

A is the atomic 

The neutron attenuation 

weight of neutron absorbing rnaterial. 
I 
- is usually calculated for half of Io 

the sarnple thickness in the case of a ~on-directional flux. 

(d) Neutron Flux 

At the end of an irra~lation the disintegration rate of 

an active nucllde produced by a neutron capture reaction is 

given by 

• • (Jl) 

where No is the number of atoms of a nucl1de present 

lnitlally, 

T 1s the duration of the irradiation, 

I 1s the thermal-neutron flux, and 

es-c is the thermal-neutron capture cross section of 

the nuclide belng 1rrad1ated. 
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As in equation (11), saturation actlvity is g1ven by 

( N).) = · Nk = N I 
max 1-exp(-ÀT) 0 O"c • • • • (J2) 

Thus a measured disintegration rate, corrected for decay 

and saturation bombardment, enables the neutron flux to 

be determ1ned. It should be noted that the use of equa-

t1ons (Jl) and (11) to evaluate absolute fission yields 

depends on the ratio of two cross sections ~ 1 ~c• 
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ACTIVITIES ISOLATED AND RESULTS 

1. Flux Determinations 

After an irradiation, the cobalt monitor was dis­

solved, made up to a known volume, and counted nirectly. 

The maximum concentration of cobalt used was 1.63 mgrn. 

per 10 ml. of solution. A source consisting of 20~ of 
2 this solution spread evenly over 1.0 cm. area corres-

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

60 
The~- -energy for Co is given es J08 Kev (62). There-

fore, the self-absorption correction to be applied to the 

counting rate is 0.994 and the source-mount absorption 

correction is 0.999. 
60 

To determine the amount of Co 

activity lost by reco1+ on to the quartz vial, a~-count-

ing rate of an irradiated monitor and its quartz capsule 

were measured on the scintillation spectrometer. The 

cobalt wire was removed and the ~-counting rate of the vial 

alone wàs measured (see Figure 13). The arnount of co60 

lost by r ecoil was found to be O.Jl %. A scan of the irra­

diated vial alone further indicated that no measurable 

activities were produced in the quartz material itself. 

The amount of neutron attenuation in the cobalt wire 

had been determined experimentally * and the value agreed 

with that calculated by rneans of equation (JO) on page 60. 

1 = exp (-Nï 0') 
I 0 A 

* We are grateful to Dr . R. E . Jervis, Chemistry Branch, Atomic 
Energy of Canada Ltd., Chalk River, Ontario, for making avai­
lable tous the results of this determination. 



Figure 13 

co60 Y Spectrum of an Irradiated 

Vial before and after the Removal 

of the Cobalt Flux Mon~tor. 
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The attenuation factor was 0.979 for a wire of 0.0064 cm. 

radius. The cobalt capture cross section used was 36.3 

barns (57, 58 ) • 

For each irradiation the value of the thermal-neutron 

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

on page 60. 

dn = I 0" N[l-exp(-.\T)] exp(-.\t) x 1 
dt attenuation • 

The half-life of co60 was taken at 5.24 years (63). 

TABLE 2 

THERMAL-NEUTRON FLUX VALUES 

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

Irradiation 
Number 

Flux 

A B C D E E ' F 

6.25 6.41 5-05 3-97 4.28 3-62 J.81 

In irradiation E' one of the monitors was surrounded by 

cadmium foil and activated on1y by epi-cadmium neutrons. 

A disintegration rate per mgm. of cobalt for the unshielded 

monitor was 1.31 x 109 dis. per second, and for the shielded 

monitor was 2.31 x 107 dis. per second. Therefore, 1.76 % 
60 of the total Co produced was caused by epi-cadwium 

neutrons. The fast neutron flux was not calcul~tèd since 

a cobalt capture cross section was not known for the range 

of neutron energies present. 
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2. Fission-Rate Determinations 

The rate at which the uranium sample underwent 

fission was calculated by means of equation (9) on page56. 

R = (U0 I O"f) x attenua.tion 

The value of the fission cross section used was 524 barns 

(64). In calculating the neutron attenuation in the ura-

nium it was necessary to consider the limits in which the 

uranium powder was spread out uniformly along the quartz 

tube or was heaped together at one end. For the heaviest 

sample used the attenuation f actor ranged from between 

0.975 and 0.989. The lightest sa~ple used had an attenu­

ation of from 0.986 to 0.997. The fission rate for each 

irradiation is given in Table J. 

TABLE J 

THERI"!A1-NEUTRON FISSION RATES OF u23J 
(In units of 1010 fissions per second) 

Irradiation 
Number A B c F 

Rate 1-599 2.270 2.885 1.464 0.722 2.587 

J. Fission Product Activities 

(a) Bromine 

The rnethod of Glendenin e t. al. (65) was us8a to 

separate bromine. An aliquot of the fission prodlJCt stock 

solution was anded to bromate and iodate carriers. Reduction 

with H~S was used to ensure complete exchange between radio­

brornine and the ca rrier. Several cycles of water-carbon 

tetra chloride extra ctions were performed to isolate the 



bromine. The use of NH20H.HC1 to reduce Br.2to Br- without 

reducing I 2 permitted removal of iodine activities. After 

purification, the bromine was reduced to bromide with a 

water solution of so2 , and made up to a volume of 10 ml. 

Three 2.0 ml. aliquote of the bromide solution were removed, 

made slightly acidic and warmed to remove the so2 • About 

0.5 ml. of 0.1 M. AgNo
3 

was added drop-wise to precipitate 

the bromide in each aliquot. The precipitates were allowed 

to digest before being filtered. A small quantity of warm 

water and alcohol was used to wash the precipitates. Before 

being weighed, each precipitate was dried for 20 minutes at 

110° C. and desiccated for one hour. The chemical yield was 

calculated from the weight of AgBr obtained. 

Exact1y 100 ~ aliquote of the bromide solution were 

mounted on prepared VYNS films. A drop of very dilute AgNo3 
solution was added to reduce oxidation and thus prevent the 

1oss of halogen act1v1ty by volat111zation. The decay of the 

bromine act1v1ty, as fol1owed in a 4~-proportional counter, 

1s shown 1n Figure 14. The observed ha1f-11fe of the decay 

was 34.5 hours. Because of the 1ow act1vity present no Y 

spectrum was obtained. 

The two 1ongest 11ved isotopes of brom1ne formed in 

fission are 36-hour Br82 and 2.3-hour Br83 (66). Since the 

bromine separation was carried out 40.6 hours after the end 

of the irradiation, there cou1d be no 2.3-hour activity present. 
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Figure 14 

(3- Decay Curve of Br82 
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All precursors of Br8J are known to be short lived. 

The observed activlty of )4.5 hours was therefore Br82. 

Since Br82 ls a shlelded nuclide produced only by direct 

formation, its fission yield constitutes an independent 

yield measurement. The possib111ty of obtainlng Br82 by 

the (nY) reaction of Br81 present as an 1mpur1ty does not 

exist. The uranium sample had originally been heated to 

l000°C. which would have removed most of any bromine impu­

rity origlnally present. None was detected in the spectro­

graphie determination. 

Reported studies on the decay scheme for Br82 show 

that the nuclide decays by the emission of 460 Kev ~­

radiation wi th '1 radiation in coincidence ( 67, 68) • It was 

only necessary to apply source-mount and self-absorption 

corrections to obtain a disintegration rate. All factors 

involved ln the calculatlon of the Br82 fission yield are 

given in Table 4. 

(b) Strontium 

A slight modification to the method of Glendenin (69) 

was used for the separation of strontium act1vit1es. The 

p~ocedure involved adding carriers of strontium and barium 

and precipitating bath of these as nitrates with fuming 

nitric acid. Ferric hydroxide scavenging was used for add1-

t1onal purification. Barium was removed by a chromate preci­

pitation in a buffered solution. Strontium was separated as 

the oxalate, dissolved in nitric acid and reprecipitated with 
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fumlng nltric acid. The nitrate precipitate was washed 

with ethanol before being dissolved in water and made up 

to lO ml. of solution. 

TABLE 4 

FISSION YIELD DATE FOE 36-HOUR Br82 

Irradiation B 1 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Tirne in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yleld 

553 counts per minute 

0.924 

0.995 

1250 

4J.7 % 
40.6 hours 

0.4577 

24 hours 

O.J700 

1.694 x 105 dis. per second 

2.270 x 1ol0 fissions per second 

(7.46 ! 0.17' x 10-4 % 

Chemical yields were determined by precipitating 

aliquots of the strontium solution as the oxalate under 

controlled conditions. The precipitates were weighed as 

SrC2o4.H2o after an alcohol-ethe r washing and vacuum 

desiccation. 
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Both 20 and 50k aliquots were removed per1od1cally 

from the strontium solution and their counting rates 

determineà in the 4n -counter. Each strontium separation 

showed the presence of a 50.0 to 50.5-day activity and a 

long-lived component (see Figure 15). One separation which 

was performed shortly afte~ the end of the irradiation 

exhiblted a 9.7-hour activlty in addition to the 50-day and 

the long-llved products (see Figure 16). Although large 

amounts of ~ activity were obtalned ln the strontium sepa­

rations, no Y photopeaks were observed on the scintillation 

spectrometer except when the 9-7-hour actlvity was present. 

Figure 17 shows the observed 550, 740 and 1020 Kev Y peaks. 

A plot of Y-counting rate vs. time in Figure 18 indicates 

tha t the 740 and 1020 Kev peaks also de ca y ~~i th a 9. ?-hour 

half-life. The initial growth and subsequent 9-7-hour decay 

of the 550 Kev peak displays the formation of a shorter-

lived daughter activity from the 9.?-hour parent. 

The observed 50-day P•activity was assigned as sr89 

which has a reported half-life of 50.4 days (?O). It was 

assumed that the long-lived component was Sr9° which was 

known to be produced in fi ss ion (71). The most recently 

r eported half-life of s r 90 is 27.7 years (72). Unques t ion-
. 91 

ably, the 9-7-hour activLty is tha t of Sr with a half-

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

nuclldes are : 



Figure 15 

Decay of sr89 in the Presence 
oo 

of Long-llved Sr' 

o Experimental .Points 

1::.. Longer-li ved Ac ti v 1 ty Subtracted 

72 



-

, ; . 

-
0 

0 
0 

0 

0 
0 

. LONG-LIVED__/' 
COMPONENT 

00 

Tl/t = 5 0.0-D --+ 

72a., 

10 1~------~------~------~--~~~------~ 
0 100 200 300 400 500 

DECAY TIME <DAYS) 



Figure 16 

Decay Curve of Sr9l 

0 Experimental Points 

A Longer-lived Activity Subtracted 
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Figure 17 

~ Spectrum of sr
91

-Y91 as Measured 

on a Scintillation Spectrometer 
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Figure 18 

Decay of the ~ Photopeaks Ob8erved 

On the Scintillation Spectrorneter. 
91 

740 and 1020 Kev = Sr 

550 Kev = Y91 
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short lived ----~ Sr89 
50-d. 

oo 
short lived ----~ Sr~ 

28-y. 

-----~ y99 
stable 

90 r7 90 -----? y -----~ Lr 
64 • .J-h. stable 

,7 
y9lm 

,,....... 
1 51-rn 

91........ 1 91 
----~Sr _ .._ 1 "1 _ 7""Zr short lived 

9·7-h --- t 91 _--- stable 
--?y -

58-d. 

sr89 decays by the emission of 1.462 Mev ~- (73), and 

sr9° emits a 0.541 Mev ~- to form y90 (74) whlch is also 

a ~- emi tt er. Consequently, the presence of sr89 and 

sr9° + y90 would not be expected to gi ve any "'6 spectrum. 

On the ether hand, sr91 decays by the emission of 2.7 (25 %), 

1.4 (25 %), and 0.8 (50%) Mev ~- particles together with 

0.?48 and 1.025 Mev '6-rays (70,75). In addition, about 

60 % of the sr91 disintegrations lead to a 51-minute isomer 

y9lm, and 40 % to 58-day Y91 • The yttrium is not present 

at the end of the strontium separation but g rows in as the 

Sr9l decays. The y9lm is shorter lived than t he parent 

sr91 so would grow in, reach a maximum value (transient 

equil1br1um), and decay w1th a half-life cha r a cte r1et1c of 

the parent. The ~energy of the isomerie transition y9lrn 

91 t oY i s 0.550 Mev. 

It was possible to resolve the gross decay curve of 
89 90 90 

Sr , Sr and Y into its cornponent s by fol l owing the 

decay until s r 89 was undetectable. I t was a s s umed t ha t the 

remaining activity was due to sr90 and Y90 in equilibrium. 
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This seems justified since no ether long-11ved stront1t~ 

isotopes are formed in fission. In addition, no contamt-

nation from ether elements appeared possible since shorter-

lived activ1ties of such elements were not detected. When 
90 90 in equilibrium, the disintegration rates of Sr and Y 

are equal. Therefore, one half of the observed residual 

counting rate, after applying absorption corrections, could 

be attributed ta the sr90 present. On this basis the 

fission yield of sr9° was calculated. As a further check on 

the yield, a separated strontium sample was allowed to decay 

and the yttrium which formed was separated and counted. 

From the amount of y90 obta1ned it was possible ta calculate 

the amount of sr9° present. A fission yield of sr9° calcu­

lated on this basis agreed with that in which sr9° was 

counted directly. 

The counting rate of 50-d sr89 was determined by sub-

tracting the amount of the long-lived activity observed. 

It is not possible to obtain the amount of sr91 

act1v1ty by direct analysis of the gross decay curve, due 

to the formation of y9l. However, from the following 

considerations it is poss ible to determine the amount of 

sr89 and sr91 present. At the end of the strontium separa-

tion there 1s no yttrium, therefore the total observed 

activity (NT0
) 1s 

NTo = s r89o + sr9lo + sr90 • 
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At a time later when the sr91 has completely decayed to 

form y9l, the total observed counting rate (N'T) is 

NT = sr89° exp(-~lt) + b 3 sr910 exp(-~3t) + (sr9°+y9°) 
ÀJ-~2 

where >.1 = À for sr89 , ).. 2 = À for sr91 and À:3 = À for Y91 

and t 

N1 is T 

= time from the end of separation until the time when 
0 1 90 90 1 

measured. Since NT, NT, (Sr +Y ) can be measured, 

it is possible to solve for sr89° and sr910 • Since the decay 

of sr91 involves delayed-"Cemission, i.e., '('emission from 

the y9lm state, it is necessary to know the efficiency of 

the counting unit for the detection of y9lm disintegrations. 

The important factors involved are: 

( 1) the -( -detection efficiency, 

(11) the amount of internal conversion, and 

(iii) the efficiency for detection of internal 

conversion electrons. 

The decay chains involved in the determination of the sr91 

disintegration rate are 

91 .60 
Sr ----j 
9.7-h. 

91 .40 
Sr ---7 
9·7-h. 

9lm 
y ----> 
51-m. 

91 
Y ---~ Zr 
58-d. stable 

y91 ---? Zr 
58-d. stable 

By means of growth and decay equations and starting with 

pure sr91 , the relative counting rates for sr91 , y9l and 

y9lm were calculated for various decay times. The 

calcula t ed rates were then compared to the observed r ela­

tive counting rates at the same decay times. The observed 

relative counting rates were obtained by dividing the 

observed counting r a te at time t by the counting rate 
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obtained by extrapolatlng the initial portion of the 

strontium decay curve to the time at which the separa-

tion had ended. This extrapolation procedure is justi-

fied if counting had begun soon after the separation, 

before y9lmreached equilibrium Nith sr91 • The calculated 

and observed values are given in Table 5. 

Tfl.SLE 5 

DECAY DATA FOR THE MASS 91 CHAIN 

netay ti}e 
Relative activitl 

sr91 + y91 y9 rn Observed · hours 

0 1.00 0 1.00 

1 0. 931 0.321 0.928 

2 0.868 0.441 0.867 

3 0.808 0.474 0.804 

4 0.753 0.469 0.752 

5 0.701 0.449 0.701 

10 0.493 0. 322 0.484 

The observed relative counting rate agrees with that calcu-
91 91 

lated for Sr plus Y , indica ting that the efficiency for 

counting Y91m in the 4 TT -proportional counter is very low. 

All data relating to the fission yields of strontium 

isotopes investigated are given in Tables 6, 7 and 8. 



TABLE 6 

FISSION YIELD DATA FOR 50.4-DAY sr89 

Irradiation number A 1 

Observed actlvity 61880 c/m 

Self-absorption factor 0.988 

Source-mount 
Absorption factor 1.000 

Aliquot factor 5000 

Chemical yield 77.2 % 

Time after irradiation 17.35 days 

Decay factor 0.790 

Time in reactor 24 hours 

Saturation factor 0.0135 

A 2 

47410 c/m 

0.988 

1.000 

5000 

76 .J % 

29.10 days 

0 .67J 

24 hours 

0.0135 

80 

Activlty at saturation 6.279 x 108 d/s 6.010 x 108 d/s 

Average actlvlty 
At saturation 6.227 x 108 d/s 

All fission yields calculated for irradiation A were 
80 

determined relative to Sr / by means of equation 24 page 59· 

The saturation activity of the nuclide ln question was 

compared to that of sr89 for the sarne irradiation. After 

taking into account the errors 1nvolved in measurements, 

a "weighted" average saturation ac ti vi ty for sr89 we.s 

calculated. The value for the fission yield of sr89 , which 

will be discussed later, was taken as 5.56 %. 



81 

TABLE 6 (CONTINUED) 

FISSION YIELD DATA FOR 50.4-DAY sr89 

Irradiation number B 1 c 1 

Observed activity 19916 c/m 58500 c/m 

Self-absorption factor 0.998 0.997 

Source-mount 
Absorption factor 1.000 1.000 

Aliquot factor 12500 12500 

Chemical yield 29.4 % 58.2 % 

Time after irradiation 9.90 da ys J-75 da ys 

Decay factor 0.874 0.950 

Time in reactor 24 hours 24 hours 

Saturation factor 0.0135 0.0135 

Activity at saturation 1.199 x 109 d/s 1.6J7 x 109 d/s 

Fission rate 2.270 x 1010 f/s 2.885 x 1010 f/s 

Fission yield + (5.28-0.14) % (5.67~0.07) % 
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TABLE 6 (CONTINUED) 

FISSION YIELD DATA FOR 50.4-DAY sr89 

Irradiation number Da 1 D8 2 

Observed activity 18680 c/m 3570 c/m 

Self-absorption factor 0.997 0.998 

Source-mount 
Absorption factor 1.000 1.000 

A1iquot factor 12500 12500 

Chemical yield 58 % 3J.O% 

Time after irradiation 15.44 days 95.44 da ys 

Decay factor 0.811 0-273 

Time in reactor 18.5 hours 18.5 hours 

Saturation factor 0.0105 0.0105 

Activity at saturation 7·936 
8 x 10 d/s 7.904 8 x 10 d/s 

Fission rate 1.464 x 1010f/s 1.464 x 1010 f/s 

Fission yie1d (5.42!"0.18) % (5.4o.:-o.o8) % 
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TABLE 6 (CONTINUED) 

FISSION YIELD DATA FOR 50.4-DAY sr89 

Irradiation number Db 1 Db 2 

Observed activity 11960 c/m 20200 c/m 

Self-absorption factor 0.99? 0.997 

Source-mount 
Absorption factor 1.000 1.000 

A1iquot factor 5000 1666 

Chem1ca1 y1e1d 6).4 % 6J.1 at 1 

Time after irradiation 7J.25 da ys 115~41 days 

Decay factor 0 ·370 0.208 

Time in reactor 18.5 hours 18.5 hours 

Saturation factor 0.0105 0.0105 

Activity at saturation 4.079 x 108 d/s 4.091 
8 

x 10 d/s 

Fission rate 7·225 x 109 f/s 7·225 x 109 f/s 

Fission yie1d (5.65±o.o6) % (5.66!"o.o6) % 
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TABLE 6 (CONTINUED) 

FISSION YIELD DATA FOR 50.4-DAY Sr89 

Irradiation number E F 

Observed activity 1503 c/m '23370 c/m 

Self-absorption factor 0.997 0.997 

Source-mount 
Absorption factor 1.000 1.000 

A1iquot factor 2500 25000 

Chemical yield 52.2 % 52.1% 

Time after irradiation 27.0 days 1.5 days 

Decay factor 0.693 0.980 

Time in reactor 23.83 hours 24.17 hours 

Saturation factor 0.0134 0.0136 

Actlvity at saturation 1.295 x 107 d/s 1.406 x 109 d/s 

Fission rate fast fission 2.587 x 1010 f/s 

Fission yie1d ----- {5.43!o.o8) % 



TABLE 7 

FISSION YIELD DATA FOR 27.7-YEAR Sr90 

Irradiation A 1 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Allquot factor 

Chernlcal yleld 

Tlrne after irradiation 

Decay factor 

Tlme ln reactor 

Saturation factor 

Actlvity at saturation 

Relative fission yield 

400 counts per minute 

0.93 

0.997 

.5000 

77.2 % 

17·35 

1.00 

24 hours 

6.781 x lo-5 
8 6.8674 x 10 dis. per second 

+ (6.16_0.12) % 

8.5 



TABLE 7 (CONT'D.) 

FISSION YIELD DATA FOR 27.7-YEAR sr90 

(Determined by counting 64.J-hour y9°) 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemica1 yie1d 

Tirne after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Db 2 

510 c/m 

0.996 

1.000 

1JJJ 

49.2 % 

115.41 da ys 

0.9922 

18.5 hours 

5 2 10-5 . x 

Da2 

J62 c/m 

0.982 

1.000 

2500 

JJ.O % 

106 days 

0.9928 

18.5 hours 

5 2 10-5 • x 

86 

Activity at saturation 4.481 x 108 à/s 9.025 x 108 d/s 

Fission rate 7.225 x 109 f/s 1.464 x 1010 f/s 

Fission yield (6.20~0.09) % (6.16!0.07) % 
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TABLE 8 

FISSION YIELD DATA FOR 9.7-HOUR SR91 

Irradiation F 1 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemica1 yield 

Time after irradiation 

Decay factor 

Tirne in reactor 

Saturation factor 

Activ1ty at saturation 

Fission rate 

Fission y:telà. 

966)0 counts per minute 

1.000 

2_500 

52.1 % 

J6.0 hours 

0.07638 

24.16 hours 

0.8220 

1.2464 x 109àis. per second 

2.587 x 10
10 

fissions per second 
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The uranium sample in irradiation E was surrounded 

with cadmium foil. The observed strontium activity must 

then have been rroduced by a fast fission process. A 

comparison of the strontium activity in a shielded a~d an 

unshielded samrle would give a measure of the fast fission 

factor. In irrediation C the strontium saturation activity 
8 

was 3.151 x 10 disintegrations per second per mgm. of sample. 

The measured flux value was 5.05 x 1012 neutrons per crn. 2 

per second. The strontium saturation activity for irradi­

ation E was 6.65 x 106 d1sintegrations per second per mgm. 

of sample for a corresponding neutron flux. The percentage 

of strontium activity produced by fast neutrons to that pro­

duced by fast plus slow neutrons was 2.10 %. On page 65 

it was shown that 1.76 % of the cobalt monitor activity was 

produced by the presence of faEt neutrons. The difference 

between these two values is presumably due to the differences 

in fast and slow neutron cross sections. It was not necesss-

ry to apply a fast fission correction to the fission yie1d 

results since both the monitor and the fis~ile material were 

similarly influenced. 

The possibility 89 exists that Sr may be produced by 

radiative capture of 88 natural strontium (82.6 % Sr ) present 

as an impurity, 
88 89 

Sr (n "C' )Sr • 

Spectrographie analysis of the uranium sample indicated that 
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the amount of strontium present was less than 0.02 % 

of the uranium 233 content. For thA heaviest samp1e 

irradiated there were 1.32 x 1019 atoms of u233, so there 

cou1d be no more than 2.2 x 1015 atoms of sr
88 

present. 

By using equation (J1) page 60, it is possible to calculate 

the amoLmt of 
sa 

Sr / formed. Taking the neutron capture 

cross section 
88 for Sr as 0.005 barns, about 34 disintegra-

tions per minute is obtained. This activity can be consi-

dered negligible. 

(c) Yttrium 

The method used for the separation of yttrium was that 

given by Ba1lou (?6). Since the chemical properties of 

yttr'tum are similar to those of the rare earth elements, it 

was necessary to add carriers of cerium, lanthanum, praseo-

dymlurn as well as yttrium. The rare earths and yttrium were 

separated from ether fiss~on product activities by the pre­

cipitation of their fluorides. After the fluorides were 

dissolved ln an HN03-H
3

Bo
3 

mixture, cerium w?s oxidized with 

chloric acid and precipitated as the iodate. The rare earth 

activities were separated from yttrium by the precipitation 

of potassium-rare earth carbonates. Yttrium was recovered 

from the remaining solution by an oxalate precipitation. 

In the sepration of yttrium from a strontium-yttrium 

mixture, fluoride and hydroxide precipitations were carrled 

out in the presence of strontium hold-back carrier. The 

separated yttrium was dissolved in dilute acid and made up 

to a volume of 10 ml. 
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Chemical yields were determined by precipitating 

and weighing the hydrated yttrium oxalat'9 TtJhich had been 

dried by vacuum desiccation. 

Periodically, 20 )\ aliquots of the yttrium activity 

were rnounted on VYNS films and counted in the 4 7C -propor­

tional counter. Half-lives of 65 hours (Figure 19) and 

59 days (Figure 20) were obta1ned. The 65-hour activ1ty 

was that separated from strontium which had previously been 

separated and allowed to decay. This daughter activ1ty was 

obviously that of y90 which has a reported half-11fe of 

64.8 hours ( 77) and decays w1 th a~ energy of 2. 26 Mev ( 78). 

The 59-day activity was assigned as y9l. The half-life of 

Y91 is given as 58.3 days C77) and the~ end-point energy is 

0. 36 Mev ( 79). A 2.0 ml. aliquot of the yttrium solution was 

analyzed on the scintillation spectrometer and showed no 1(_ 

photopeal:<s. 

The decay chains for the activities det ected are 

short lived ---~ sr9° - --> y90 ---~ z r9° 
28-y 65-h. stable 

short 11 ved ---?" Y91 ---~ zr91 . 
58-d. stable 

The y90 de tected was f ormed only from the decay of s r9°. 

For this reason the data for the fission yields based on y90 

measurements have been included in Ta ble 7 for the fission 

y1eld of sr90 . Tr.e act ivity of Y91 was determined long after 
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F1gure 19 

Decay Curve of y90 
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Figure 20 

Decay Curve of y91 
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the end of the irradiation so that all known precursors 

had decayed. The data for the yield of Y91 1s rresented 

in Table 9. 

TABLE 9 

FISSION YIELD DATA FOR 58.3-DAY y9l 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemica1 yie1d 

Time after irradiation 

Decay factor 

T1me in reactor 

Saturation factor 

Activity et saturation 

!"ission rate 

Flsgion yie1d 

B 1 C 1 

4973 c/m 7360 c/m 

0.996 0.996 

1.000 1.000 

6250 4166 

36.6% 21.5 % 
158 days 1J7.64 days 

0.1514 0.1931 

24 hours 24 hours 

0.01188 0.01188 

7.897 x 10
8 

d/s 1.0394 x 109 d/s 

2.2695 x l0
10

f/s 2.8848 x 1010 f/s 

(J.48!o.18) % (3.6o:o.11) % 

No natural yttrium was detected in a spectrographie 

analysis of the original uranium sample. 

(d) Zirconium 

The rnethod used for the separation of radio-zirconium 

was essent1a11y a combinat1on of a procedure given by Hume (80) 
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and one given by Noore (81). Exactly 20 mgm. of zirconium 

carrier was added to an aliquot of the fission product 

stock solution. This solution was made 2 M in HNOJ and 0.5 M 

in hydroxylamine hydrochloride. The solution was extracted 

for 10 to 15 minutes with an equal v.olum~ of 0.5 M 

2-thenoyl-trifluoroacetone (TTA) in xylene. After the 

phases had separated, the organic layer was removed and 

washed for three minutes with an equal ~olume of 1 M HN03 . 

The zi~conium was then removed from the organic phase by a 

three minute extraction with an equal volume of 0.2.5 M HNOJ -

0.25 M HF. 
++ About 50 mgm. of Ba carrier was added to the 

separated aqueous phase followed by the addition of 1 ml. of 

HF. The BaZrF6 was removed by centrifugation, washed and 

dis s olved in a dilute borie acid-nitric acid soluti on. 3ora te 

and fluoride ions were removed by pas sing the solution 

through a column containing Dowex-1 anion exchange resin. 

The zirconium was precipitated from the effluent with 

ammonia, wa shed with water, dissolved in dilute acid and then 

made up to a volume of 10 ml. 

Chemical yields were determined by precipitating aliquots 

of the zirconium solution with a 6 % cupferron solu tion a nd 

i gn i ting to Zro2 • 

The counting of 50 and 100 ~portions of the zirconium 

ac ti vi ty in the 4 7f -propo~tional counter indica t ed an i n itial 

growth and subsequent deca y with a 65-day half-life as s hown 
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in Figure 21. A 740 Kev-( -photopeak was observed on the 

scintillation spectrometer (Figure 22). The "'( -counting rate 

also increased at first and then decayed with a half-life 

of about 65 days (Figure 23). The observed act1vity was 

attributed to 65-day zr95 ( 8J) and i ts decay products. 

The decay chain for this nuclide is 

Nb95m 
, ? 1 90-h ,. .02 

,. 
95 ,. 95 ----Zr Mo 

65-d"':......... 1 ,. ... •stable 
....... f ... 

• 98 ';.\Nb95 ... 

short lived 

35-d. 

In the decay of Zr95 , ~rays of energy 754 and 722 Kev are 

emitted. In addition, <rays may be expecte~ from 90-hour 

Nb95m (236 Kev) and 35-day Nb95 (770 Kev). No Nb95m was 

observed in the < spectrum. The initial observed ~peak at 

740 Kev was a combination of 754 and 722 Kev energies. The 

growth of this peak was due to the formation of the 770 Kev 

'6 -emi tter Nb95 • 

The counting rate for zr95 w.as obtained by counting 

sources immedlately after the separation and by making a 

short extrapolation back to the end of separation where no 

niobium activity was present. A correc t COQ~ting rate for 

zr95 could not be obtained in the presence of niobium acti-

vities due to incornplete knowledge of the decay schernes 

involved and the de t ection efficiency of r adiations ernitted. 

The fission yield data for z r95 are g iven in Table 10. 



Figure 21 

~ Decay Curve of zr95 
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Figure 22 

tspectruœ of zr9.5 as Measured on 

a Scintillation Spectrometer 

9.5 



w 
r-
< 
a: 

(.? 

z -r-
z 
:::> 
0 
0 

w 
> 
r-
< 
..J 
LLI 
a: 

l . .;,. ' . 

7 

6 

5 

4 

3 

2 

9.5a 

( 740 Kev) 

10 20 30 40 50 60 70 80 
PERCENT SCAN 



Figure 2.3 

Growth and Decay Curve for the 

740 Kev ""( Photopeak Observed for 

zr95 -Nb95 

96 



20--------------------------------~ 

10 
9 

LIJ 8 
~ 
c( 7 
a: 

6 
C) 

~ 5 
~-

~ 4 
0 
0 

LIJ 
> -~ 
c( 
.J 
1&.1 
a: 

3 

2 

740 Kev 

T112 = 65 DAYS~ 

1 ~--~--~--~~--~~----~--~~ 
0 20 40 60 80 

DECAY TIME (OAYS) 



97 

Spectrographie ana1ysts of thA sarnple irraàiated 

indicated th~t the arnount of zirconium presP~t as an 

impurity was less than 0.02% of the u233 content. The 

arnount of zr95 forrned by the reaction 

Zr 94 ( n ~Zr 9 5 

was calcu1ated by means of equation (Jl) on pege 60· 

The abundance of zr94 is 17.4% and its thermal-neutron 

cross section ls 0.1 barns. The maximum amount of zr94 

which might be present is u.5 x 1014 atoms and this would 

produce an 

TABLE 10 

FISSION YIELD DATA FOR 65-DAY ZIRCONIUM 95 

Irradiation number A l 

Observed activity 35000 c/m 

Self-absorptlon factor 0.760 

Source-mount 
Absorption factor 1.000 

Aliquot factor 2500 

Chemical yield 38.8 % 

Tirne after irradiation 13.1 days 

Deca y factor 0.870 

Ti~e in reactor 24 hours 

Saturation factor 0.0106 

Activity at saturation 5.365 x 10
8 

d/s 

Fission rate relative yield 

Fission yleld (4.82!0.50) % 

actlvity of about one count per minute. 

B 1 

35400 

0.973 

1.000 

3610 

21 % 
~8.63 days 

0. 737 

24 heurs 

0.0106 

1.309 x 108 d/s 

2.270 x 10
10

f/s 

(5.77!1.44) % 
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(e) Niobium 

The separation of niobium from other fission products 

was based on the specifie precipitation of Nb2o
5 

from an 

oxalate solution with chlorlc acid (84). Niobium carrier was 

added to an a.liquot of the fission product stock solvtion. 

After several cycles of precipitations, the niobium was 

dissolved ln a minimum of oxalic acid and made up to a vo-

lume of either 10 or 25 ml. 

Chemical yields were determined by precipitating and 

weighine; Nb2o5 . The precipitate was washed with a dilute 

ammonium chloride solution and then with ethanol before 

0 being dr1ed at 110 c. for JO minutes. 

Prepared 20, 50 and lOO X sources of the niobium acti­

vity were counted in the 4n -proportional counter. All 

sources which had been separated at least 33 days after the 

end of the irradiation decayed with a half-life of 35 days 

(Figure 24). A 2.0 ml. sample of the niobium when analyzed 

on the scintilla tion spectrorneter indicated the presence of 

a nuclide emi tting a 770 Kev "'( ray wi th a half-life of about 

35 days (Figures 25 and 26). These decay characteristics 

are those of 35-day Nb95 (8J) which is one of the daughter 

activities of z r 95 previously discussed . 

• 02 Nb95m 
_ .... _-:y l 90-h. 

short li ved ---~ zr95 :_ .} _ ~ Mo95 
65-d. -- ~ Nb95-- stable 

.98 35-d. 
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Figure 24 

~ Deeay Curve of 3.5-Day Nb9.5 
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Figure 2.5 

'{ Spectrum of Nb9.5 
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Figure 26 

Decay Curve of Nb95 -770 Kev ~Peak 
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The absence of any detectable 90-hour Nb95m indicates 

that the arnount of this lsorner formed from the decay of 

zr95 must be small as ls lndicated above by the decay 

scheme. 

An attempt was made to rneasure Nb95m by separatlng 

niobium 4.2 days after an irradiation. However, the samples 

were found to be contaminated with tellurlurn act1v1ty so that 

no yield of Nb95m could be accurately obtained. 

The calculation of a d1sintegrat1on rate for Nb95 

involves applylng rather large self-absorption corrections. 

To keep the niobium in solution lt was necessary to add an 

excess of oxallc acid which increased the source superflclal 

density. The total source thlckness was determinee by 

welghlng e.n allquot of the sample whlch hed been evaporated 

on to a known area. 

The data for the fission yleld of Nb95 are given in 

Table 11. 
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TABLE 11 

FISSION YIELD DATA FOR 35-DAY Nb95 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yie1d 

F 1 

12JOO c/m 

0.680 

0.990 

15625 

91 % 
87.1 days 

0.2079 

24.17 hours 

0.01971 

1.281 x 109d/s 

2.587 x 10
10

f/s 

(4.942."0.29) % 

F 2 

26800 c/m 

0.780 

0.990 

6250 

96.8% 

114.25 days 

0.12414 

24.17 hours 

0.01971 

1.561 x l09d/s 

2.587 x 1010f/s 

(6.03~0.99) % 
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(f) Ruthenium 

Carriers of ruthenium (Ru+J), iodide and bromide were 

added to an aliquot of the fission product stock solution. 

Following an oxidation with sodium bismuthate and perchloric 

acid, ruthenium was separated from the o.ther fission prod.ucts 

by distilling the volatile Ru04 into a NaOH solution (87 ). 

Ruthenium oxide was precipitated several times in the pre-

sence of NaOH by reduction with ethanol. The oxide was 

dissolved in 6 M HCl and after the final separation, ruthe-

niurn was made up to a volume of 10 ml. 

Chemical ylelds were determined by adding magnesium 

metal to precipitate ruthenium as the metal. Excess magne-

sium was dissolved in concentrated HCl. The ruthenium metal 

was filtered, washed and dried at ll0°C. for 20 minutes. From 

the weight of Ru obtained the percent · of carrier recovered 

was calculated. 

The decay of ruthenium was measured by counting 50 and 

100 ). sources in the 4 7C -proportional counter. A drop of 

dilute LiOH was added to the active sources on VYNS films to 

aid in drying. A 40-day activity and a longer-lived component 

(~one year) were observed. The decay is plotted in Figure 27. 

A ~spectrum was obtained (Figure 28) wh1ch shows the presence 

of a 500 Kev ~ray. The half-life of the~ decay was also 

40 days (Figure 29). It was then apparent that the observed 
lOJ 40-àay activity was Ru . This nuclide decays to a metas-

103m 
table state (Rh · ) by the emission of a 220 Kev ~-
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Figure 28 

"( Spectrum of Rul03 
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Figure 29 

Deoay Curve of Bu103-5oO Kev ~Peak 
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particle in coinciàen~e with a 495 Kev ~ray (88). The 

RhlOJm nuclide de-excites with a half-life of 57 minutes 

through the emission of a 55 Kev ~ray. The decay chain 

for mass 103 is 

short lived ---~ Ru103----~ 
40-d. 

RhlOJm 
-{ ~ 57-m • 

{nlOJ 

stable 

The residual activity with a half-life of about one 

106 year was assigned to Ru , a known fission product with 

a half-life of 1. 02 years ( 89) and a~- end-point energy 

106 of J9.2 Kev (90). The decay chain involving Ru 1s 

Rul06 ----~ Rhl06 ----7" Pdl06 • 
1.0-y. JO-s. stable 

The measurement of a disintegration rate for beth 

Ru103 and Ru106 is difficult due to the low energy of the 

radiation and the presence of short-lived daughter activi-

ties, 

For Ru103 it was necessary to cons1àer the effects of 

the delayed- ~emitter RhlOJrn. The total internal conversion 

coefficient ( oe T) for the 40.2 Kev '(ray 1s about 484 ( 91 ) • 

From this value can be calculated Ne-, the number of con­

version electron s emitted. 

Ne- =oCT = 0.998 
1 +OCT 

Therefore, 99.8 % of RhlOJm d1s1ntegrat1ons 1nvolve con-

ve rsion el e ctron emission. The enerr, ies of these electrons 
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can be estlmated from the followlng rel9tionship 

E - = Ev- Eb e • .e. , 

where E8 - is the energy of an emitted conversion electron, 

E1f is the unconverted 'l)energy, and 

Eb.e. is the binding energy of an electron in its 

atomic orbit. 

Values of Eb.e. for ruthenium can be obtained from X-ray 

absorption energy measurements. The values for the K and L 

electrons are approximately 22.1 and J.O Kev respectively (86). 

The energies of the converted electrons would then be from 

18 to 39 Kev. By using the source-mount and self-absorption 

data described earlier, it is round that these electrons are 

almost completely absorbed. It must be remembered that the 

absorption dat9. were measured for the end-point energy of 

a~ spectrum. Slnce conversion electrons are monoenergetic, 

a slight difference in absorption would be ~xpected. ~~ 

~ lOJm upper limit of 5 p was set for the detection of Rh 

disintegrat1ons. Perhaps ~ better method for determin~ng the 

dislntegration rate of Ru103 would be to completely absorb 

the conversion electrons by laminating the source wlth thin 

films of known superficlal àenslty. An absorption correction 

could then be accurstely applied to the ~ emitter . 

The obs erv ed one -year activity r epr e s ent s an equilibrium 

106 106 counting rate for Ru and Rh . Absorption las ses a r e to 

be expected f or the Ru106 radiation but not for Rh106 s ince 

the latter has ma.ximum~- energies of 3·5 (82 %) and 2 .3 

(18 %) Mev. (92 ). 
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Fission yield data are presented for Rul03 and Rul06 

in Tables 12 and 13 respectively. 

TABLE 12 

FISSION YIELD DATA FOR 40-DAY Ru103 

Irradiation B 1 

Observed activity 38630 counts per minute 

Self-absorption factor 0.857 

Source-mount 
Absorption factor 0.985 

Aliquot factor 1250 

Chemieal yield 18 % 

Time after irradiation 22.53 days 

Decay factor 0.6768 

Time in reactor 24 hours 

Saturation factor 0.01718 

Activity at saturation 4.5809 x 108 dis. per second 

Fission rate 2.2695 x 1010 fissions per second 

Fission yield (2.02 ~ 0.08) % 



TABLE 13 

FISSION YIELD DATA FOR 1.02-YEAR Ru106 

Irradiation B 1 

Observed activity 

Self-absorption factor 

Source-mount 

Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Time in reaotor 

Saturation factor 

865 counts per minute 

0.95 

1.000 

1250 

18 % 

22.53 days 

0.9563 

24 hours 

0.00188 

111 

Activity at saturation 

Fission rate 

5.8813 x 107 dis. per second 

2.2695 x 1010 fissions per second 

Fission yield (0.259 + 0.03) % 

No naturel ruthenium or rhodium was detected in the 

original uraniu~ sample. 
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(g) Rhodium 

Th8 separation of rhodium Nas baseël on its extraction 

into pyridine from a strongly alkaline solution (93 ), 

Carriers of rhodium (Rh+3 ) and tellurium (Te+4 ) r'.'ere used. 

Rhodium was recoverAd from the pyri~ine phase by a sulphide 

precipitation. The pr.ecipitate was dissolved and ruthenium 

carrier was added. Ruthenium activities were rernoved by 

fuming with perchloric acid. The rhodium sulphide precipi-

tation was repeated and the precipitate, after being washed, 

was dis sol ved in a minimum o.f aqll16· regi a and diluted to 10 ml. 

Chemical yields were deterrnined by reducing aliquots 

of rhodium solution with magnesium metal. The precipitate 
0 formed was filtered, washed, dried at llO c. for 30 minutes 

and weighed as rhodium metal. 

Sources consisting of 20 A portions of the separated 

rhodium, when counted in the 4 7( -proportiong,l counter, were 

observed to give a 36-hour decay curve (Figure JO). The 

presence of a 320 Kev photopeak in the ~ spec trurn for this 

activity (Figure Jl) established its identity as Rn105. 

The fission product decay chain for this nuclide is 

short lived ----~ Ru105----~ Rhl05m 
lL5-h. '(: 35-s • 

R~105 -----7 Pd105 
36.5-h. staèle 

Rh105 decays by the emission of ~ - particles of maximum 

energies 210 (4 %) and 570 (96 %) Kev. A 320 Kev ~ray 

1s emitted in coincidence with the~ r adiation (94 ). 



The fission yield data for Rh105 are given in 

Table 14. 

TABLE 14 

FISSION YIELD DATA FOR 36.5-HOUR Rh105 

Irradiation F 1 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

A1iquot factor 

Chemica1 yie1d 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

1550 counts per minute 

0.920 

1.000 

8.3.3.3 

26 % 

144.6 hours 

0.064.3 

24.16 hours 

0.)68 

113 

Activity at saturation 

Fission rate 

.3·770 x 107 dis. per second 

2.587 x 1010 fissions per second 

Fission yield (0.146 ! O.OJ7) % 



Figure 30 

Decay Curve of Rhl05 
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Figure 31 

'f Spectrum of Rh105 
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{h) Silver 

Silver was separated from other fission products by 

adding silver carrier and precipitating AgCl from a HNOJ 

solution with HCl. Additional decontamination was ach1eved 

as suggested ey· Glendenin (95) by alternative Fe(OH) 3 
scavengings and Ag2s precipitations from an ammonica1 solu­

tion. The final AgCl precipitate was dissolved in a minimum 

of ammonia solution and diluted to 10 ml. 

Chemical yields were determined on aliquots of the 

silver solution by adding 5 drops of 2 M HCl and then 1 ml. 

of 6 M HN03. The mixture was heated to boiling, filtered, 

v'lz.shed with water and ethanol, and finally dried at 110°C. 

for 15 minutes. The precipitate was weighed as AgCl. 

The decay of 20, 50 and 100 A sources of silver were 

follO\'!ed in the 4 7r -proportional counter. The observed 

J.2-hour activity (Figure J2) and the 7.6-day acti~ity 

(Figure JJ) were taken to be Ag112 and Ag111 respectively. 

A very low-intensity 620 Kev 't photopeak was observed on the 

scintillation spectrometer which appeared to be associated 

with the 2.J-hour ~ activity. The decay chains for the 

observed silver activities are 

.short-lived ----~ Ag111 ----~ Cdlll 
7.6-d. stable 

short-lived ----~ p0112 ----~ Agll2 
21-h. J.2-h. 

112 
----~ cd-

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

nuclide decays by the emission of ~ particles of energies 



Figure 32 

Decay Curve of ).2-Hour Agll2 

0 Experimental Points 

A Longer-Lived ComponentB Subtracted 
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Figure 33 

Deeay Curve of 7.6-Day Ag111 
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1. o4 ( 91 ~n, o. 8o ( 1 %) e.!ld o. 70 ( 8 %) Kev ( 97 ) • 

Ag112 has a half-life of J.2 hours ( 98 ) and decays by 

119 

the emission of a series of energetic ~ particlgs ( 99 ); 

4.1 (25 %), 3·5 (40 %), 2.7 (20 %) and 1.0 (15 %) Mev. 

In the decay of Ag112 a 620 Kev ~ray is emitted in coinci-

denee with ~ emission. The 1ength of time from the end of 

the irradiation to the silver separation was such that all 

independent1y forrned Ag112 represents that forrned from the 

Pdl12. Agl12 decay of the parent Because of this, the data 

have been presented in Table 17 with the fission yield data 

for Pd112 • The fission yie1d ca1culated for Ag111 is given 

in Table 15. 

TABLt: 15 

FISSION YIELD DATA FOR 7.6-DAY Ag111 

Irradiation nurnber B 1 

Observed activity 2200 c/m 

Self-absorption factor 0.994 

Source-mount 
Absorption factor 1.000 

A1iquot factor 2500 

Chemical yield 29.4 % 
Time after irradiation 1.91 day 

Deca y factor 0.8401 

Time in reactor 24 hours 

Saturation factor 0.08717 

D 1 

JJ80 c/m 

0.972 

1.000 

1250 

s8.J % 
2.5 days 

0.7962 

18.5 hours 

0.0578 

Activity at saturation 4.28 x 106 d/s 2.701 x 106 d/s 

Fission rate 2.270 x 1010 f/ s 1.464 x 1ol0f/s 

Fission yield (0.0188 !O.OOOJ) %(0.0185±0.0007) % 
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(i) Palladium 

The se9aration of palladium from other fission products 

was accomplished by the precipitation of palladium dimethyl­

glyoxiœe froœ an acid solution. Scavenging with Fe(OH) 3 and 

Agi was perfor~3d for additional purification. Palladium was 

finally precipitated with demethylglyoxime, dissolved in hot 

concentrated nitric acid and made up to a volume of 10 ml. 

Chemical yields were determined by precipitating and 

weighing palladium dimethylglyoxime. 

The decay curves for palladium, as measured on the 4~-

proportional counter, are resolved in Figure 3u. Since the 

longest-lived palladium isotope expected in fission has been 

reported as 21-hour Pa112 (lOO), it then appears as if an 

incomplete sep~ration of palladium has been obtained. Silver 

and zirconium might be expected to contaœinate palladium in 

the separation procedure used (101). If so, the observed 

65-day activity may be due to zr95. The ether res0lved half-

lives are probably mixtures of nuclides. It was founà that by 

analyzing the initial portion of the g ross deca y curve , a 21-

hour activity could be resolved (Figure 35). This activity 

was taken as Pd112 and a fission yield was calculated (Table 

16). The deca y cha in for 

Pdll2 ----~ 
21-h. 

the s uspected palladium nuclide is 

Agll2 ----~ Cdll2 
3·2-h. stable 

The~ peaks observed on the scintillation spectrometer were 

not suff1c1ently resolved to per mit an identification of 

nuclides present. It was then questionable that the observed 



Figure 34 

Deoay Curve of a Palladium Separation 

0 Experimental Points 

â 65-Day Activity Subtracted 

0 9-Day Activity Subtracted 
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Figure 35 

Decay Curve of a Palladium Separation 

OExperimental Points 

~ Longer-Lived Components Subtracted 
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TABLE 16 

FISSION YlELP DATA FOR 21-HOUR Pd112 

Irradiation number B 1 F 1 

Observed activity )640 c/m 94.5 c/m 

Self-absorption factor 0.860 0.942 

Sotlrce-mount 
Absorption factor 0.990 0.990 

Aliquot factor 12.50 4166 

Chemical yield .50.0 % 49.8 % 

Time after irradiation 69.5 hours 76.2 hours 

Decay factor 0.10091 0.08089 

Time in reaotor 24 hours 24 hours 

Saturation factor 0.5471 0 • .549.5 

Activity at saturation 2.776 x 106 d/s ).180 x 106 d/s 

Fission rate 2.270 x 1010 f/s 2.587 x 1010 f/s 

Fission yield (0.0122 ~ 0.0001) % (0.0123 ~ 0.0001) % 



TABLE 17 

FISSION YIELD DATA FOR 21-HOUR Pdll2 

(Determined from the Daughter 3.2-Hour Agll2) 

Irradiation number B 1 

Observed activity 3050 c/m 

Self-absorption factor 0.999 

Source-mount 
Absorption factor 1,000 

Aliquot factor 2500 

Chemical yield 29.4 % 
Time after irradiation 44.8 hours 

Decay factor 0.2690 

Time in reactor 24 hours 

Saturation factor 0.5471 

Activity at saturation 2.938 x 106 d/s 

Fission rate 2.270 x lolO f/s 

Fission yield (0.0129 ~ 0.0001) % 

124 

D 1 

3490 c/m 

0.996 

1,000 

1250 

58.3 % 
58.7 hours 

0.1700 

18.5 hours 

0.4260 

1.729 x 106 d/s 

1.464 x 1010 f/s 

(0.0118 ~ 0.0005) % 
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21-hour decay line was due only to Pd112 . If the 65-day 

actlvlty represents zr95, then 17-hour zr97 mlght also be 

11? present and ad~ to the countlng rate of Pd -. As a further 

check on the Pd112 yleld, the daughter actlvity Ag112 was 

counted and from its measurements the yield for Pd112 was 

lndlrectly determlned (Table 17). The value obtained for 

the yield of Pd112 by both methods agreed favorably. 

(j) Ant1mony 

The method of Boldrldge and Hume (102) was used to 

separate antimony from other fission products. Antimony 

(Sb+J) carrier was added and oxldlzed tc the pentavalent 

state with bromine water to ensure complete chemical 

exchange. Metallic antimony was precipltated by adàing an 

excess of chromous chloride. After dissolving the antlmony 

ln aqua regla, water was added and a sulphide precipitation 

was perforrned. The sulphlde was dlssolved in a minimum of 

HCl and the solution -vras boiled before being à iluterj to a 

volume of 10 ml. 

Cheœical recovery was determined by precipitating 

metallic antlmony w1th chromous chloride. The metal was 
0 filtered, wash~d and dried at llO c. for JO minutes before 

belng weighed. 

The decay of antimony actlvities, 2s measured by the 

4~ -proportional counter, are shown in Figure J6. Half-lives 

of 3·79 days and 75 days were observed. An intense 245 Kev ~ 

photopeak was observed on the scintillation spectrometer 

(Figure J7) which also decayed with a J.6-day half-life 

(Figure J8). Two l e ss defined ~peake s were observed at 



Figure 36 

Decay Curves of ).8-Day Sb127 and an 

Unidentified 75-Day Component 

0 Experimental Points 

A 75-Day Aetivity Sutitracted 
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Figure 37 

Spectrum of an Antimony Separation 
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Figure 38 

~ Decay Curves for an Antimony Separation 
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740 and 480 Kev. These peaks appeared to be assoclated 

wlth the 75-day activity. The shorter-lived activity was 

asslgned to Sb127 • Half-lives reported recently for this 

nuclide are 88 hours (103) and 93 hours (104). The value 

used ln this work was the observed 91 hours. The energies 

of the~ partiales emitted ln the decay of Sb127 were given 

as 860 (50 ,%) , 1110 (20%) and 1_570 (JO%) (104). The main 

~ transitions which were ln coincldence with the ~ emission 

were reported as 248, 772, and 463 Kev (103). Although the 

observed 1 peaks at 480 and 740 Kev appeared to correspond 

to the reported 463 and 772 Kev energies of Sb127, the 

measured half-life wa s different. No observed 75-day anti-

mony activity has yet been reported in fission. The longest­

lived isotope àetected was that of 2 .0-year Sb125 (105). 
124 126 

Bath Sb and Sb are expected to be formed ln fission. 

However, the first is a shielded nuclide and its yield is 

probably low. The second has been reported as a fission 

product (106), but no reliable hal f -life has been measured 

for this nuclide. The only antimony nuclide positively 

1dent1fied ln this work 1s that of mass number 1 27. The 

decay chain for this nuclide 1s 

Tel27m 
~ _....., 1 105-d : 

~-- 1 . 

Sbl27 ~ 1 ~Il27 
91-h.- ... --ir- •127 ...... - ... - stable 

Te 
93-h. 

The yie1d for SblZ7 i s g iven i n Table 18. A f i ss i on yiel d was 
calculated for the observeà longer-lived antimony a ativity. A 

hal f -life of 75 da ys was used a nd the data are g iven in Table 19. 



TABLE 18 

FISSION YIELD PATA FOR 91-HOUR Sb 127 

Irradiation number 

Observed activit~ 

Self-absorption fact0r 

Source-mount absorption 
Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

B 1 

4160 

0.990 

1.000 

1525 

6 % 
14.82 days 

0.0706 

24 hours 

0.16.38 

1 • .524 x 10
8 

d/s 

2.270 x 1010 f/s 

(0.67 ! 0.1.3} % 

1.30 

D 1 

8.300 

0.990 

1.000 

1905 

5 % 
.3.2.3 days 

0 • .5612 

18.5 hours 

0.126.3 

7.511 x 107 

1.464 x 1010 f/s 

(0.51 ~ 0.12} % 
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TABLE 19 

FISSION YIELD DATA FOR 75-DAY Sb ? 

Irradiation number B 1 

Observed activity 1500 c/m 

Self-absorption factor 1.00 

Source-mount 
Absorption factor 1.00 

Aliquot factGr 2500 

Chemical yield 6.9 % 

Time after irradiation 14.82 da ys 

Decay factor 0.872 

Time in reactor 24 hours 

Saturation factor 0.0092 

Activity at saturation 1.121 x 108 d/s 

Fission rate 2.270 x 1010 f/s 

Fission yie1d (0.53 ± 0.14) % 
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(k) Tellurium 

A direct separation of radiochemically pure tellurium 

was obtained by using a method reported by Glendenin (107). 

+4 
Tellurium (Te ) carri~r was added and precipitated as the 

metal with so2 in an acid solution. Selenium contami~~tion 

was removed by 8.!1 HBr volatilization. The removal of ruthe­

nium was assured by Fe(OH) 3 scavenging. Tellurium was 

finally recovered by precipitating the metal and dissolving 

it in a minimum of nitric acid. The solution was then made 

up to a volume of 10 ml. 

Chemical yields were determined by precipitating 

tellurium as the metal. 

The decay of tellurium was measured by counting 50 and 

lOO ).. sources in the 4 7r -proportional counter. The final 

slope of the gross decay curve (Figure 39) indicated the 

presence of a 105-day activity. By subtracting the 105-day 

component from the curve a 37-day activity appeared (Figure 

39). A subtraction of both the 105-day and 37-day activities 

from the initial portion of the decay curve produced a 

3.2-d8.y activity (Figure 40). A freshly separated tellurium 

sample analyzed on the scintilla tion spectrometer at first 

showed only a 220 Kev "(' photopeak. Th en , 670 and 780 Kev '( 

peaks grew in and later decayed. In equilibrium, all three 

peaks decayed with a half-life of ).2 days (Figures 41 and 42). 

The t ellurium activities de tected we r e 105-day Te127m 

(108), 37-day Te129m, (109), and 77-hour Te132 (llO). 
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Figure 39 

Decay Curves of 37-Day Tel29m and 105-Day Tel27m 

0 Experimental Points 

A 105-Day Activity Subtracted 
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Figure 40 

Decay Curve for ).2-Day Tel32 

o Experimental Points 

A Longer-Lived Components Subtracted 
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Figure 41 

~Spectrum of a Tellurium Separation 
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Figure 42 

1) Growth and Deeay Curves Observed 

in a Tellurium Separation 
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The observed 220 Kev ~peak is characteristic of Te132 • 

132 The daughter activity of this nuc11de is I , a short-

lived activity, which gives rise to the 670 and 780 Kev 

peaks in Figures 41 and 42. The decay chains for the 

nuclides of interest are 
Tel27m 

... ,. 1 10 
, ... 1 5-d. 

Sbl27 1 

91-h.- - ... -~~127- ---

9.J-h. 
Tel29m 

.... ,. 1 3 7 -d • 
.... ,. 1 

.:, I127 
stable 

Sb129"' !1... 1129- - -
1 _..,.. 7 

4.6-h:"- ... ).. '~'129---- 1.7 x 10 -y. 
Te 
72-m. 

_ ~ xel29 
stable 

short-lived-?> Te
1

J
2 ~ r132 - - - ~ xe

132 

77-h. 2.J-h. stable 

The calculation of a fission yield for Te1J 2 is not 

cornplicated and the data involved are given in Table 20. 

An aàditional yield measurement for Te132 was obtained by 

separating and measuring 2.J-hour Ag1 32 • Data for the 

latter measurements are listed in Table 21. Beth Te
12

7m 

129m . 
and Te decay by~ emission, whlch 1nvolves lnternal 

conversion. No accurate measurements have yet been 

reported for the conversion coefficient of each isomer. 

For this reason it was impossible to calculate accurate 

fission yields for these nuclides. When such information 

becomes availabls, a yielà for each isomer can th~n be 

calculated. 



TABLE 20 

FISSION YIELD DATA FOR 77-HOYR Te132 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chem1ca1 yie1d 

Time after 1rradiatio~ 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

A 1 

2)65 c/m 

0.990 

1.000 

2500 

49% 

28.65 daye 

0.0020 

24 hours 

0.194) 

5.227 x 108 d/s 

(4.?0 + 0.94) % 

c 1 

53520 

0.984 

1.000 

2500 

)6. % 

1)8 

16.84 days 

0.026) 

24 hours 

0.194) 

1.215 :x 108 

2.885 :x 109 f/s 

(4.21 ± o.6J) % 
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TABLE 21 

FISSION YIELD DATA FOR 77-HOUR Tel32 

(Determined from the Daughter 2.3-Hour !132) 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Tiœe in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

A 3 

15600 c/m 

0.89 

1.000 

12.50 

36.2 % 

15.76 hours 

0.00994 

24 hours 

0.1927 

.5.266 x 10
8 

d/s 

Relative yield 

(4.71 ~ 0.14) % 

B l 

145000 c/m 

0.93 

1.000 

2.5000 

74.3 % 

87.01 hours 

24 hours 

0.1927 

9.56 x 108 d/s 

2.270 :x 1010 f/s 

(4.21 ~ 0.13) % 



TABLE 21 (Continued) 

FISSION YIELD DATA FOR 77-EOUR Te l32 

(Determined from the Daughter 2.3-Hour I 132) 

Irradiation number c 1 

Observed activity 60800 c/m 

Self-absorption factor 0.955 

Source-mouht 
Absorption factor 1.000 

A1iquot factor 12500 

Chemica1 yield 74.7 % 
Time after irradiation 301.9 hours 

Decay factor 0.0698 

Time in reactor 24 hours 

Saturation factor 0.1,27 

Activity a~saturation 1.3198 x 109 d/s 

Fission rate 2.885 x 1010 f/s 

140 

F 1 

3300 c/m 

0.905 

1.000 

25000 

33.8 % 

433.4 hours 

0.0216 

24.16 hours 

0.1938 

1.073 x 108 d/s 

2.587 x 1010 f/s 

Fission yie1d (4.57 ~ 0.16) % (4.15 :!: 0.05) % 



141 

(1) Iodine 

A rapid solvent extraction method for the separation 

of iodine h8.s been reported. by Glendenin and Metcalf ( 111) 

and bas been used in this work. Iodide carrier was added 

and preliminary steps were taken to ensure complete inter-

change between active iodine and carrier iodine. The carrier 

was reduced to I 2 with NH 20H .Hel, and the r 2 was extre.cted 

with CCl4. The iodine was removed from the cc14 by a back 

extraction using water containing NaHso3 • Another CCl4 

extraction cycle was performed ln which NaN02 was used to 

oxidize I- to I? end a water solution of so? was used for 
·- -

the r eduction of Iz to r-. To the iodine in the form of r-

was added a small amount of LiOH. ·The solution was then 

diluted to a volume of 10 or 25 ml. 

Chemical yields were determi~ed by hea ting a liquots of 

the iodide solution and adding HN03-AgN0
3 

to precipltate 

silver lodlde. After it was digested, the precipitate was 

filtered, washed wlth water and a lcohol and dried a t ll0°C. 

for 20 minutes. The solid was weighed a s Agi. 

The rnethod used for source preparation was that suggested 

by Ba rtholomew e t al. (112), in which the ioà lde solution was 

added to a drop of ve ry dilute silve r nitra t e already p r e sent 

on the prepared VYNS fi lm . Th e purpose of the silver is to 

prohlbit the oxida tion 9.nd subsequen t vola t111zati on of 1od1ne . 

Prior t o counting , each 1od1ne s our ce was hea t ed for 15 minutes 

u~der an infra -red larnp . This t echnique was used to rernove 
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xenon decay products formed from iodine. The half-lives 

observed for lod ine by 4 7f- counting were 2.3 hours, 

20.9 hours and 8. 0 days (Figures 43 e.nd 44). All '(photo-

peaks observed on the scintillation spectrometer decayed 

wi th similar half-11 v es (Figures l~5, lJ.6, 47, and 48) • 

Peaks at 670, 780, 980 a:ncl. 1400 Kev decayed Tllli th 9. half-life 

of 2.2 hou~~. The 520 Kev peak decayed with a half-life of 

20.3 hours and the 360 and 640 Kev peaks with a half-life of 

8.4 days. No attempt was made to remove xenon decay products 

from the sources us~d on the scintillation spectrometer. The 

nuclides observed were 1dentif1ed as r131 and r133. The 
' 

decay chains for these nuclides are 

short lived ~22-~ Te13lm 
1 30-h. .80 

• 2o: 
'f' 

short lived J95_~ Te131 ----~ 
24-m. 

short 11ved ----~ Te
132 ----~ 

77-h. 

1131 
8.05-d. 

.. 
xelJlm 

... .., t 

, ... 1 12-d • 
1 

----j. fel31 
stable 

----~ xel32 
stable 

short lived ----~ 13.3 , 1 1.33 I -- ___ loo. 1'
133 

____ ~ Cs 
20. 8-h • rXe - stable 

5- 27-d. 

In Table 22 are 11sted the decay character1st1cs for these 

nuclides. 



Figure 43 

~ Decay Curves of 2.3-Hour rl32 

and 20.9-Hour rl33 

0 Experimental Points 

A Longer-Lived Component Subtracted 

o 20.9-Hour Activity Subtracted 
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Figure 44 

~ Decay Curve of 8.05-Day IlJl 
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Figure 45 

~ Spectrum Obta1ned from an Iod1ne Separation 
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Figure 46 

~ Spectrum of an Iod1ne Sample after the 

Decay of Shorter-L1ved Members 
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Figure 47 

?{ Decay Cur.ves of rl3.3 520 Kev 

and r 1 .3 2 670 Kev Photopeaks 
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Figure 48 

t(Decay Curve of rl31 360 Kev Photopeak 
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TABLE 22 

REPORTED DECAY CHARACTERISTICS FOR J;ODINE J;SOTOPES 

e- ~ 
Nuc11de Ha1f-1ife Energies Energies 

(Kev) (Kevl 

1131 8.05-day (112) 800 - 0.8 % 722 

600 - 80 % 638 
(113) 

315 - 14 % 364 

244 - 5 % 

1132 2.30-hour (114) 2120 - 18 % 1400 

1530 - 24 % 960 

1160 - 23% 777 

900 - 20 % 673 

730 - 15 % 528 

1133 20.9-hour (114) 1400 - 94 % 850 
(117) 

500 - 6 % 530 

Iodine separations were performed at a time after 

the irradiation when any independent1y formed r132 had com­

p1ete1y decayed. The observed r132 activity resulted from 

the decay of Te132 and consequently 1ts dis1ntegra tion rate was _ 

used to calculate the yield of Te132 (Table 21). The fission 

yields of r 131 and r132 are given in Tables 23 and 24. 
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TABLE 23 

FISSION YIELD DATA FOR 8.05-DAY Il3l 

Irradiation A 3 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

66000 counts per œinute 

0.52 

1.000 

1250 

36.2 % 
15.81 days 

0.2579 

24 hours 

0.0828 

3.420 x 108 dis. per second 

relative yield 

(3.06 ~ 0.10) % 
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TABLE 23 (Continued) 

FISSION YIELD DATA FOR 8.05-DAX Il3l 

Irradiation number B 1 c 1 

Observed activity 55500 c/m 74970 c/m 

Self-absorption factor 0.75 0.84 

Source-mount 
Absorption factor 1.000 1.000 

Aliquot factor 25000 12500 

Chemical yield 74.3 % 74.7 % 

Time after irradiation 88 hours 12.6 da ys 

Decay factor 0.7301 0.34o3 

Time in reactor 24 hours 24 hours 

Saturation factor 0.0828 0.0828 

Activity at saturation 6.866 x 108 d/s 8.833 x 108 d/s 

Fission rate 2.270 x 1010 f/s 2.885 x 1010 f/s 

Fission yield (3.02 ~ 0.09) % (3.06 :!: 0.09) % 



TABLE 24 

FISSION YIELD DATA FOR 20.9-HOUR r133 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chem1cal yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

B 1 

42000 c/m 

0.92.5 

1.000 

2.5000 

74.3 % 
87.01 hours 

0,05.58 

24 hours 

0.,5488 

8.31 x 108 d/s 

2.270 x 1010 f /s 

(3.66 ! 0.10) % 

1.52 

D 1 

40800 c/m 

0.910 

1.000 

12500 

34.3 % 
62.6 hours 

0.1242 

18.5 hours 

o.486 

4.,504 x 108 d/s 

1.464 x 1010 f/s 

CL 08 ! o .1 o) % 
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(rn) Cesium 

The procedure used for the isolation of cesium act1v1ty 

from other fission products was that given by Glendenin and 

Nelson (117). A preliminary precipitation of cesium with 

silicotungstic acid was followed by a precipitation of CsCl04 

from HCl04 ~11 th absolu te ethanol. After d 1 ssol ving the 

cesium, contaminants were removed by ferric hydroxide 

scavenging. The cesium was finally precipltated as the 

perchlorate and washeà with absolute ethanol. Enou~h water 

was then added to dissolve the cesium and give a total volume 

of 10 ml. 

Aliquots of cesi1~ were precipitated with chloroplatinic 

acid and alcohol. The precipitates were filtered and dried 
0 

at 110 c. for 20 minutes. Chemical yields were determined by 

we1gh1ng the solids as Cs 2Ptcl6 • 

The decay of cesium activity was followed by counting 

20 and 50 ). sources in the 47t -proportlonal counter. The 

observed activity of 13 days (see Fignre 49) was taken to be 

that of cs136 • This nuclide has a reported half-llfe of 12.9 

days ( 118) and decays by the emission of~- !)articles with a 

maximum energy of 341 Kev (92.6 %) and 657 Kev (?.4 %). 

cs136 is a shielded nuclide and is therefore produced directly 

in fission as a primary fragment. After 80 days of counting, 

the cesium activity remained constant ~t a value well above 

the ba ckground count ing rate for the counte r. It was thought 

that this activity might be due to the presence of long-lived 
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Figure 49 

Decay Curve of 13-Day csl36 

b Experimental Points 

A Longer-Li ved Component Subtracted 
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cs137 which is known to be produced in fission (119). The 

~8pectrum obtained for the cesium sample showed several 

very low intensity ~peaks which were not resolved. The 

data for the independant fission yield of cs136 are given in 

Table 25. By assuming that the residual cesium activity was 

due to the presence of 137 Cs , calculations were made for the 

fission yield of mass number 1.37· cs1.3 7 decays by the emission 

of 1.2 Mev (5 %) and 0.52.3 Mev (95 %) ~ - partiales. The 

latter ~ - emission leads to the formation of a metastable 

state, Ba137m (2.6-minute). The isomer, in decaying to the 

ground state, contributes to the counting rat~ observed for 

Cs1.37. Yaffe (120) has determined that the observed counting 

rate should be divided by 1.102 to obtain the true cs137 

counting rate. This correction factor is in agreement with 

the value of 1.100 calculated by Brown (121). The half-life 

of cs137 bas recently b~en reported as JO.O years (121) and 

26.6 years (122). Since no preference could be given to either 

value, the fission yield is given for Cs137 in Table 26 using 

both half-lives. 

(n) Barium 

The method used for the separa tion of barium was similar 

to that used for strontium (69 ). After the separation of 

barium from strontium by a chromate precipitation, the barium 

was d1ssolved and reprecipitated twice by means of a cold 

HCl-ether mixture. The final BaC12 prec1pita te was washed with 

ethanol before being dissolved in wate r and mg,de up to a volume 
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~ABLE 2.5 

FISSION YIELD DATA FOR 12.9-DAY Cal36 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

Irradiation D 1 

6.50 counts per minute 

0.97.5 

0.998 

.5000 

60.3 % 

31.3 days 

0.18611 

18 • .5 hours 

0.0398.5 

1.244 x 107 dis. per second 

1.464 x 1010 fissions per second 

(0.0849 ! 0.0022) % 



TABLE 26 

FISSION YIELD DATA FOR CslJ7 

Irradiation D 1 

Reported half-life 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chernical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

)0.0 years 

)00 c/m 

0.980 

0.999 

5000 

60.3 % 
31.) days 

0.9980 

18.5 hours 

4.878 x lo-5 

7.887 x 108 d/s 

1.464 x 1010 f/s 

(5.39 ! 0.11) % 
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26.6 years 

300 c/m 

0.980 

0.999 

5000 

60.3 % 

31.3 days 

0.9978 

18.5 hours 

5.42 x 10-5 

7.100 x 108 d/s 

1.464 x 1010 f/s 

(4.85 :!: 0.10) % 

No natural cesium was detected in a spectrographie 

analysis of the uranium 23) sample used. 
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of either 10 o~ 25 ml. 

Chemical yields were determined by precipitatlng barium 

as the sulphate. The precipitate was dri~à at ll0°C. for 20 

minutes and weighed as BaS04. 

Barium sources were mounted and counted as soon after 

the end of a separation as possible. The counting rate, as 

measured by the 4?r-proportional counter, increased wlth time 

reaching a maximuw value of about 4 days, and then decreased 

with a half-life of 12.8 days (Figure 50). This actlvity was 

assigned to the presence of 12.8-day Ba140 (123) which decays 

140 to 40-hour La · , 

140 140 140 short lived ----7' Ba ----~ La ----~ Ce 
12.8-à. 40-h. stable 

For the first few hours after a barium separation the growth 

of lanthanurn is linear with respect to time. Therefore, a 

plot of Ba plus La counting rates vs. time can be accurately 

extrapolateà back to the time ~t which barium was ieparated 

(Figure 51). By using growth and decay equattons it is also 

possible to calculate the a.mount of Ba present initially 

from a measured Ba plus La counting rate at a known time 

after the separation. The calculated values agreed with 

those obtained by back extrapolating the initial portions of 

the growth and decay curves. 

1 
. 2 

Barium sources counted were about JO pgm cm thlck. A 

decrease in the thickness by a factor of lOO showeà no change 

in the source specifie actlvity. This observa tion together 

~Ji th the agreement between calculated and observed growth 
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Figure 50 

Growth and Decay Curve for Bal40 Lal40 

0 Experimental Points 

0 Caloulated Points 



-. 
z -
~ 

0:: 
liJ 
(L 

-

(!) 

z -
~ 
z 
~ 
0 
0 

159a 

T aje a: 12.8-0. 

10
3

~------~------------------------~----~ 
0 10 20 30 40 50 

OECAY TIME ( OAYS) 



160 

Figure 51 

Linear Growth Curve of Lal40 from eal40 
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and decay curves 1nà1cat0 that self-absorrtion effects, 

as described by Grummltt et al. (124), were not slgnificant 

in this work. 

Decay schemes given for Ba
140 

lndicate that the nucllde 

decays to La140 by the emission of ~- part~_ cles of maximum 

energies 480 (40%), and 1022 (60 %). In colncidence with the 

~-emission were reported (125) Yrays of energies 162, J04 

and 537 Kev. The daughter activity, La140, undergoes ~-

emission with energies l.J4 (45 /b), 1.67 (10 _%) and 2.15 (7 ~.6) Mev. 

Reported '! energies for the La decay were 3 28, 486, 815, 893, 

1597 and 2570 Kev (126) • 

Each barium separation was ana1yzed on the scintillation 

spectrometer. The "( spectrurn obtained 0 ·5 hours after the end 

of a separation is shawn in Figure 52. Photop-=aks were ob­

served at energies of J05, 410 and 530 Kev. As the l anthanum 

activity gr9w in the position of the initial peaks shifted. 

At the same time the height of the peaks 1ncrease1. In Figure 

53 is shor.-m a t sp<?ctrum of barium snd lantha.num decaying in 

e1uilibrium. The observed J20 ~ev peak ccrrssponds to the 

unresolved Ba140 305 peak and the La140 328 Kev peak. The 

Lal40 490 peak now ma.sK:s the Ba140 510 Kev peak. The 820, 

1250 and 1600 Kev peaks a re due entirely to lanthenurn daughter. 

A pl ot of peak height against t1rne (Figure 54) rr0duces a curve 

slmilar to the net growth and decay as shown in Figure 50. 

The observ ed a ctivity in irradiation E was caused by 

the presence of fast neutrons. The fissile material bad been 
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Figure 52 

'( Spectrum Observed for a Barium Sample 

0.5 Hours after the End of a Separation 
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Figure 53 

'( Spectrum Observed for a Bari um Sample 

5 Days after the End of a Separation 
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Figure 54 

Growth and Decay Curves for the 

Observed Bal40 -Lal40 Photopeaks 

164 
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surrounded v-Ji th caèmium, vrhich absorbs low-energy neutrons. 

A comparison wae made of the barium activity obtajned in a 

shielded and an unshielded uranium sample to determine the 

number of epi-cadmium neutrons Nbich were causing fast 

fission. In irradiation C the barium satura tion actlvity per 

mgm. of sample was 2.983 x 108 dlsintegrations per second, for 

a flux value of 5.05 x 1012 n/cm. 2 per second. The barium 

saturation actlvity per mgm. of sample §or irradiation E 

(shlelded) was 6.237 x 106 disintegrations per s econd when 

normalized to the saœe flux value as in C. Therefore, the 

percentage of barlurn actlvity produced by the presence of 

epi-cadmium neutrons was 2.09 %. A simil~r measurement, 

discussed earlier, for strontium in the light-mass peak gave 

a value of 2.10 %. 
Spectrographie analysis of the original uranium sample 

revealed that no barium was present before the irradiation. 

The lirnit of detection of this analysis was 0.02 % of the 

u233 content. Consequently, less than 1.58 x 1015 atoms of 

ba rium could have b een present as an impuri ty. The forma tion 

of Ba l40 from such an irnpuri ty t-Jould in volve a double neutron 

capture reaction. The h eavlest s table i s otope cf barium found 
1~8 

ln na ture i s Ba / (?1.66 %) which ha s a thermal - n eutron 

capture cross section of 4.9 barns. The result of a neutron 

capture reaction inv olving Bal3B is the production of 85-m. 

Ba139. The therma l-neutron capture cros s section for thi s 

un s t able nucllde has b een measured and is g iven as 0. 5 t~rns (127). 



TABLE 27 

FISSION YIELD DATA FOR 12.8-DAY ea140 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Deoay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

A 1 

8.30 x 104 c/œ 

0.974 

1.000 

5000 

63.8 % 
17.0 days 

0.3984 

24 hours 

0.05272 

5.300 x 108 d/s 

Relative y1eld 

(4.76 ~ 0.66) % 
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A 2 

6.37 x 104 e/11 

0.974 

1.000 

5000 

63.5 % 

23.83 days 

0.02753 

24 hours 

0.05272 

5.913 x 108 d/s 

(5.31 + 0.13) % 



TABLE 27 (Continued) 

FISSION YIELD DATA FOR 12.8-DAY aa140 

Irradiation number B 1 B 2 

Observed activity 1.10 x 105 c/m 94000 C/111 

Self-absorption factor 0.99 0.99 

Source-mount 
Absorption factor 1.000 1.000 

A11quot factor 12500 12500 

Chemica1 yie1d 46.6 % 59.7 % 

Time after irradi•tion 4.69 days 10.69 days 

Decay factor 0.7758 0.5606 

Time in reactor 24 hours 24 hours 

Saturation factor 0.05272 0.05272 

Activity at saturation 1.214 x 109 d/s 1.121 x 109 d/s . 

Fission rate 2.2695 x 1010 f/s 2.269 x 1010 f/s 

Fission yie1d (5.35 ! 0.23) % (4.94 "!: 0.16) % 
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TABLE 27 (Continued) 

FISSION YIELD DATA FOR 12.8-DAY Ba140 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemical yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yie1d 

c 1 

6 • .36 x 104 c/m 

1.000 

1.000 

.31250 

49.2 % 

.3.56 days 

0.8247 

24 hours 

0.05272 

1.548 x 109 d/s 

2.8847 x 1010 f/s 

5 • .37 :t 0.16) % 

168 

c 2 

9400 

0.99 

1.000 

12500 

51.9 % 
56.71 days 

0.04641 

24 hours 

0.5272 

1.567 x 109 d/s 

2.8847 x 1010 f/s 

(~.4.3! 0.22) % 



TABLE 27 (Continued) 

FISSIWN YIELQ DATA FQB 12.8-DAY aa140 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

A1iquot factor 

Chemica1 yie1d 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yie1d 

D 1 
a 

30.53.5 

0.99 

1.000 

12500 

.52.1 % 
16.01 days 

0.4203 

18 . .5 hours 

0,04049 

7.247 x 108 d/s 

1.4644x 1010 f/s 

(4.9.5 ! 0.0.5) % 

D 2 a 
4800 

0.99 

1.000 

62.50 

62.3 % 
67.06 days 

0.026.5 

18 • .5 hours 

0.04049 

7 • .5.517 x 108 d/s 

1.464 x 1010 f/s 

(.5.16 ~ 0.11) % 



Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemica1 yie1d 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Aetivity at saturation 

Fission rate 

Fission yield 

(Continued) 

E 2 

44oo 

0.99 

1.000 

2500 

38.1 % 

5.0 days 

0.7628 

23.8 hours 

0.0523 

140 

1.217 x 107 d/s 

F~st fission 

170 

F 1 

29700 

0.99 

1.000 

25000 

36.3 % 
13.08 days 

0.4926 

24.16 hours 

0.05305 

1.318 x 109 d/s 

2.587 x 1010 f/s 

(5.09 "!: 0.05) % 
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Both ~2tcoff (128) and Rubinson (129) have given the general 

equations for calculating the number of atoos formed by a 

combination of decays and captures. The disintegrat1on rate 

of Ba140 produced by a double neutron capture of Ba138 gives 

less than one count per second. 
140 Fission yield data for Ba are given in Table 27. 

( c) Cerium 

Two procedures were used for the separation of cerium 

activity. The first was similar to that used for the separa­

tion of yttrium (76 ). After isolating Ce, Y and the rare 

earths from other fission products, cerium was oxidized and 

precipitated twice as the iodate. The precipitate was dis-

solved in HN03-H
2

o
2 

and further purified by Zr(Io3 )4 scav­

enging. Precipitations of ceric hydroxide, cerous hydroxide 

and cerous oxalate ~roduced radiochemically pure cerium. The 

final precipitate was washed with water, dissolved in a 

minimum of nitric acid and made up to a mnown volume. 

The second method used for the sepa~ation of cerium was 

described by Glendenin et.al. (130). Cerium carrier and 

sodiu~ bromate were added to an aliquot of the fission 

product stock solution. Cerium was extracted into methyliso­

butyl ketone (MIK). The organic layer was separated and 

washed with dilute nitric acid containing sodium bromate. 

Cerium was back extracted into water containing a little 

JO % H2o
2

• P..n oxalate precipitation v-1as used ta re~SZover 

cerium from the aqueous layer. The cerium was then dissolved 

in dilute nitric acid, diluted and reprecipitated with oxalic 
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acid. After washing, the final oxalate ~recipitate was 

dissolved and made up to a volume of 10 ml. 

The amount of cerium recovered was determined by preci-

pitating and weighing cerium oxalate ·which had been dried by 

vacuum desiccation after an alcohol-ether washing. 

Cerium activities detected in this work were 33-day 

ce141 , 33-hour ce143 and 285-day ce144 . The decay curves, 

as obtained in the 4~ -proportional counter, are given in 

Figures 55 and 56. The presence of Ce143 was also observed 

on the scintillation spectrometer. A 290 Kev photopeak was 

observed to decay with a 3J-hour half-life (Figures 57 and 58). 

The decay chains for the nuclides studied a re 

short lived ----~ ce141 ----~Pr141 
JJ-d. stable 

short lived ----~ ce143 ----~Prl4) 
JJ-h. 1).8-d. 

short lived ----7 ce144----7Prl44 
285-d. 2 .5-rn. 

----~ Ndl43 
s t able 

----j Ndl44 
stable 

In Table 28 are listed the reported decay cha racteristics for 

the cerium isotopes. 

4. Errors 

The errors involved in fis s ion y ields measured in 

this work may be divided into three sections. 

(a) Systematic Errors 

Such errors occur in we i ghing , diluting s olutions , 

p1pet 1ng voluœe s of solutions , and in chemi cal analys is. It 



Figure 55 

~ Decay Curves of 285-Day cel44 

and 33-Day ce142 

0 Experimental Points 

A 285-Day Activity Subtracted 
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Figure 56 

~ Decay Curve of JJ-Hour cel4J 

0 Experimental Points 

A LoDger-L1ved Components Subtracted 
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Figure 57 

'( Spectrum of cel43 
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Figure 58 

Decay of Ce143 -290 Kev Photopeak 
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TABLE 28 

REPORTED DECAY CHARACTERISTICS FOR CERIUM ISOTOPES 

~ '6 
Nucl1de Half-11fe Energies Energies 

(Kev) (Kev) 

Ce141 33-day (1,1) 432 - 75 % 145 
(132) 

574 - 25% 
ce143 33.4-hour (133) 1400 - 37 % 294 

1125 - 40 % others 
(133) 

740 - 5 % 130 to 720 

500 - 12% 

220 - 6 % 
ce144 285-day (89) 309 - 76 % 34 to 134 

(134) 
175 - 24 % 

The data from which the f1ss1on yields for ce141 , ce143 

and ce144 were calculated are g1ven in Tables 29, 30 and 31 

respect1vely. 
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TABLE 29 

FISSION YIELD DATA FOR 33-DAY ce141 

Irradiation number A 1 B 2 

Observed activity 7300 c/m 25100 

Self-absorption factor 0.94 0.98 

Source-mount 
Absorption factor 1.000 1.000 

Aliquot factor 5000 12500 

Chemical yield 37.8 % 43.7 % 

Time after irradiation 61.0 da ys 35.51 days 

Decay factor 0.2778 0.4744 

Time in reactor 24 hours 24 hours 

Saturation factor 0.0208 0.0208 

Activity at saturation 2.966 x 108 d/s 1.236 x 109 d/s 

Fission rate relative yield 2.270 x 1010 f/s 

Fission yield (5.22 :!: 0.04) % ( 5 • 44 :!: 0 .16 ( % 



TABLE 29 (Cont1nued) 

FISSION YIELD DATA FOB 33-DAY ce141 

Irradiation number c 1 

Observed act1vity 25700 c/m 

S~lf-absorpt1on factor 0.98 

Source-mount 
Absorption factor 1.000 

A11quot factor 12500 

Chem1ca1 y1e1d 18.8 % 

Time after irradiation 5.0 daye 

Decay factor 0.900J 

Time in reactor 24 hours 

Saturation factor 0.0208 

Act1v1ty at saturation 1.553 x 109 d/s 

Fission rate 2.885 x 1010 f/s 

Fission yie1d (5.38 :!: 0.23) % 
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c 2 

11400 c/m 

0.98 

1.000 

4166 

:33.8 % 
124.1 days 

o.O?J8 

24 hours 

0.0208 

1.555 x 109 d/s 

2.885 x 101~ f/s 

(5.J9! 0.48) % 
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TABLE 30 

FISSION YIELD DATA FOR 13-HOUR ce143 

Irradiation number 

Observed aetivity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemieal yield 

T1me after irradiation 

Decay factor 

T1me in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

c 1 

56700 counts per minute 

0.980 

1.000 

12500 

18.8 % 

5.0 days 

0.0804 

24 hours 

0.3959 

2.0184 x 108 dis. per second 

2.885 x 1010 fissions per second 

(6.99 ± 0.35) % 



TABLE Jl 

FISSION YIELD DATA FOR 285-DAY cel44 

Irradiation number 

Observed activity 

Self-absorption factor 

Source-mount 
Absorption factor 

Aliquot factor 

Chemica1 yield 

Time after irradiation 

Decay factor 

Time in reactor 

Saturation factor 

Activity at saturation 

Fission rate 

Fission yield 

B 2 

8000 c/m 

0.980 

1.00 

6250 

4).7 % 

35.51 days 

0.9173 

24 hours 

0.0024) 

8.724 x 109 d/s 

2.2695 x 1010 f/s 

().84: 0.11) % 
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c 1 

4280 c/m 

0.989 

1.00 

6250 

18.8 % 

5.0 days 

0.9879 

24 hours 

0.0024) 

9.999 x 108 d/s 

2.8848 x 1010 f/s 

().47 : 0.15) % 
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was possible to keep most of these errors below 0.5 % by 

using a sensitive microbalance and calibrated volumetrie 

glassware. By far the largest errer ln radlochemlcal 

studies of fission yields new appears to be caused in the 

determination of chemical yields. In general, the more 

carrier used, the greater is the accuracy obtainable in 

chemical ana~ysis. However, the more car~ler used, the 

greater are self-absorption losses in counting activities. 

The smaller the self-absorption effect, the greater the 

accuracy in measuring a disintegration rate. Optimum 

conditions were obtained in this work by recovering about 

15 mgm. of cation or anion ln a final volume of 10 ml. of 

solution. Three 2.0 ml. allquots were used to determine 

chemlcal ylelds and an average value of the three measure­

ments was used. Under these conditions, chemlcal recovery 

was reproducible up to a value of th~ee percent. Occasionally, 

if the amount of carrie r recove~ed was low, the errer ln 

chemlcal ylelds :tncreased to as much as 20 %. Larger quantl­

ties of carrier were used in standardizing the carrier 

solutions so th2t an accuracy of between 0. 5 and 1.0 % was 

obtalned. 

The fast fission correction measured was small (rv2 %). 
The errer in correcting for this eff ect ls set at 0.2 %. 

The loss of activity by fission recoil was kept to a 

minimum. An es timate maximum errer for such a loss was 0. 2 %. 

By using very thin films the loss of activity by source­

mount absorption was small. The errer in the correction 
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factors used was never greater than 0.3 %. The error in 

the self-absorption correction depended on the value of 

the correction factor itself. For a factor greater than 

0.95 an estimated error was set at 0.5 % while for a factor 

of about 0.75 the error was about 4 %. 
(b) Statistical Errors 

In all d1sintegrat1on rate determinations more than 104 

counts were recorded per measurement, giving a statistical 

error or standard deviation of 1 % or lesa. In practice, 

several sources were counted and an average value obtained 

from tbe resulta. 

(c) External Errors 

These are errors not associated with measurements made 

but which occur in calculations. 

Errors in reported decay schemes and decay constants 

may greatly affect the measured fission yields. For this 

reason the yields are quoted together w1th the half-life of 

the nucl1de for whicb the yield was measured. For simple 

decay schemes and accurately known half-livee the errore in 

calculating saturation activities are probably quite small. 

The saturation factors calculated assume that 1rrad-

iations were carried out in a constant neutron flux. In the 

operation of the nuclear reactor the pile power, which is 

proportional to the neutron flux, was observed to be constant 
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over all irradiation periods except one. In irradiation D 

several ~shut-downs" occurred, i.e., short decay periods 

were intermixed with the irradiation. Saturation factors for 

this irradiation were calculated on an analog computer*. 

Saturation values calculated ln this manner are accurate to 

one percent if the decay schemes involved are accurately 

kno\Am. 

The thermal-neutron crose sections for cobalt (~) 9.!1d 

ur::m ium 233 ( df) were obtained frorr: the li te rature. Aga in i t 

is necessary to quete the measured fission ylelds with reference 

to the value of Ir 1 ~c used. If a better value for this 

ratio is determined later, then the results of this work need 

only be corrected by the ratio of the new value to the old. 

When several determinations were made for one nuclide, 

an average fission yield was calculated by 11 \Aieighting" each 

1ndividual value e.ccording to the reciprocal of its own 

experimental errer, ~he error quoteo for the average fission 

yield is a root mean square deviation. 

* We are grateful to Dr. J.G. Bayly, Reactor Physics Branch, 
Atom1c .Bnergy of Canada Ltd., for performing these calculat1ons. 
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DISCUSSION 

The absolute fission yields measured radiochemically in 

this work for the thermal-neutron fission of u233 are 

presented in Table 32. Included in this table are values 

previously measured for the same nuclides by other investi­

gators. Most of the yields for u233 fission measured earlier 
. 140 

were determined relative to Ba which had a measured abso-

lute yield of 6.0% (137). In column 5 of Table 32 all yields 

which had been quoted relative to a value of 6.0 % for Ba
140 

have been renormalized to the more accurate value of 5.21 % 
obtained in this work. The normalized values compare favora­

bly with those determined in tnis work. The yield for sr90 , 

recently reported by Anikina and Ershler (136), was not 

normalized in this fashion since 1t represente an absolute 

measurement. However, the value was corrected by using a 

half-life of 27.7 years instead of 19.9 years. All yields 

listed above do not necessarily represent total chain yields. 

They merely refer to the cumulative yield for the nuclide 

given. No attempt was made to correct any of the values for 

delayed-neutron emission. No known corrections were required 

for neutron capture .among the fi ssion products themselves. 

The same fast-fission correction has been applied to 

all values determined. This correction will certainly apply 

to values on or near the peaks of the yield-mass curve. The 

effect on the maas distribution of increasing the neutron 
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TABLE 32 

ABSOLUTE THERMAL-NEUTRON FISSION YIELDS OF u233 

Thermal-neutron fission y1elds (%) 
Half-life 

Nu elide Previously measured Determined 
Reported Observed Reported . * Normalized In this work 

Br82 36-h. 34.5-h. 0.000746 
:!. 0.000017 

Sr89 50 .4-d. 50-d. 6.5 5.64 5.56tO.l5 

sr90 27.7-y. long 6.34 6.34 6.19t0.03 

y90 64.3-h. 65-h. (see sr9°) 

sr9l 9.7-h. 9.7-h. 4.82!.0.25 

y91 58.3-d. . 59-d. 3.55t0.06 

Zr95 65-d. 65-d. 5.9 5.11 5 .OltO .56 

Nb95 35-d. 35-d. 5.16'±0.64 

Rul03 4-0-d. 40":1d. 1.6 1.38 2 .02.!'0 .08 

Rh105 36.5--h. 36-h. 0 .146±0 .037 

Ru106 1.02-y. 1.0-y. 0.28 0.24 0 .259!0 .030 
Aglll 7.6-d. 7.6-d. 0.025 0.0217 0.0187 

:to .ooo2 

Pdll2 21-h. 21-h. 0.016 0.0139 0.0125 
:t o .ooo4 

Ag112 3.2-h. 3.2-h. (see Pd112) 
Sb(126) ___ 

75-d. 0. 53!.0 .14 

Sbl27 93-h. 91-h. 0.59!.0.08 
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TABLE 32 (Continued) 

ABSOLUTE THERN_AL-NEUTRON FISSION YIELDS OF u233 

Thermal-neutron fission yields (%) 
Half-life 

Nuclide Previously measured 

Reported 

I 131 8 .o5-d. 

Te132 78-h. 

r 132 2.3-h. 

r 133 20.9-h. 

ca136 13-d. 

ca137 27-y. 

Cs137 30-y. 

Ba140 12.8-d. 

ce141 33-d. 

ce143 33-h. 

ce144 285-d. 

Observed 

8.0-d. 

77-h. 

2.4-h. 

21-h. 

13-d. 

long 

long 

12.8-d. 

33-d. 

33-h. 

287-d. 

Reported 

2.7 

0.12 

7.16 

6.0 

4.1 

• Norma1ized to Ba140 = 5.21 %. 
- 1 Steinberg, et. al. (137) 
2 Anikina, and Ershler (136) 
3 Fleming , et. al. (140) 
4 Glendenin, and Steinberg (31) 

* Normalized 

0.104 

6.2 

5.21 

3.55 

Determined 
In this work 

2.84 0.20 

4.32 0.25 

( see Te132) 

3.37 0.29 

0.0849 
0.0022 

4.85 0.10 

5.39 0.11 

5.21 0.27 

5.30 0.10 

6.99 0.35 

3.69 0.18 
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energy above the thermal region is to increase the probabili~ 

ty of symmetric fission. For this reason the yields of 

nuclides residing in the trough of the maas distribution 
1 

curve (Ag111 and Pdl12) are to be considered maximum values. 

However, the position of the samples inside the reactor was 

such that the epi-cadmium neutrons detected could not have 

possessed high energy. Recent investigations on the fission 

of u235 with energies as high as 9.5 ev show no significant 

change in trough yields from that produced by thermal neutrons 

(138) so that not too much change in yields of nuclides in 

the trough is to be expected. 

There appears to be a disc~epancy between the observed 

4.82% yield of sr91 and the 3.55% yield of y91 • Reported 

yields (47) on the fission of u235 show that the yield of 

y9l is greater than that of Sr91 , as would be expected if 

sorne y9l were formed independently. The reverse effect, as 

observed in this work, is difficult to explain. In calculat­

ing the yield of sr91 it was shown that no appreciable 

contribution to the total counting rate was attributable to 

the decay of the daughter activity y9lm. This observation is 

confirmed by the low interna~ conversion coefficient given 

for this isomer (85). In addition, the~- decay of y9lm to 

zr91 bas been reported to be small (1V0.02 %) and bas been 

observed to be small in this work. Therefore, all sr91 would 

be expected to decay through y9l. Although only one measure­

ment was made for the yield of sr91 , two measurements which 
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agreed were performed on y 91 • As yet no satisfactory expla-

nation existe for the discrepancy in the yields of maas 91. 

The value for the Y91 yield was much lower than expected for 

a fission product in this region. The same observation was 

made by Steinberg, et. al., (143) for masses 91 and 92. 

The data in Table 32 were used as the basie for con-

structing a maas-distribution curve for the thermal-neutron 

fission of u233. It was first necessary to correct the 

observed nuclide yields to obtain cumulative maas yields. 

This was done by determining the most pro~able nuclear 

charge, Zp, of a particular maas number from curves given by 

Katcoff (20). A chain correction factor is then obtained for 

a value of the displacement-from the most probable charge 

(Z-Zp). The total cumulative chain yield can be estimated 

from the product of the actual fission yield of a nuclide 

and its cumulative fractional chain yield. As an example of 

the procedure used, consider the nuclide 53Te132 • For the 

maas number of 132 the most probable nuclear charge, Zp, is 

51.3. The charge displacement, Z-Zp, is t 0.7 and the corre­

sponding fractional chain yield is 0.93. The yield measured 

for Te132 was 4.32 %. Consequently, the cumulative yield for 

maas 132 is 4.32/0.93 or 4.64 %. 
The values measured in this work were used together 

with those compiled recently by Katcoff to establish the 

yield-mass curve given in Figure 59. Those yield values 

which were determined relative to a Ba140 yield of 6.0 % 
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Figure 59 

Yield - Mass Distribution 

in the Thermal - Neutron 

Fission of u23.3 
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were renormalized. The yields of Sr9° and the stable isotopes 

of cerium and neodymium were not normalized since they repre­

sent absolute yield measurements (136,56). The relative 

yields of Nd and Sm determined by Melaika,et. al., (139) 

have also been included. The Nd values were normalized to a 

yield value of 3.69 % for maas 144. The Nd values were then 

used to normalize their Sm yields. 

The measured yields of Br82 and Cs136 have been cor­

rected to chain yields as indicated by the br.oken arrows. 

Although the independant yields are accurate, the chain cor­

rection factors used may be in errer. The Br82 yield lies on 
136 the smooth maas-distribution curve but the Cs yield is 

abnormally high. Fleming, et. al., (14o) have reported a 

high yield (~8.9 %) for stable xe136 in the thermal-neutron 

fission of u233. Whether the observed fine structure at maas 

136 is real or not cannot be decided on the basie of inde-

pendent radiochemical yields unless a consistent and accurate 

charge distribution theory can be developed. 

Two values for the yield of Ca137 have been included in 

Figure 59, one for each of the reported half-lives. The 

calculated yields appear to be too low to lie on the smooth 

maas-distribution curve. If no fine structure exista in tnis 

region, then a half-life for ca137 calculated from yield 

measurements would be 34.4 years. 

The low yield of 1~33 obtained in this work appeared 

real since r 131 and Te132 yields calculated on the same 
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sample gave normal resulte. In the thermal-neutron fission 

of u235 a large peak was obeerved for mass 134 which was 

thought to be due to the preferential formation of 82 

neutron fragme~ts (37). The theories postulated to explain 

fine structure in fission also predict that a peak should be 

observed at mass 134 in the thermal-neutron fission of u233. 

The presence of such a peak would require a corresponding 

decrease in yield of the neighboring mass numbers 133 or 135. 

A decrease in yield bas been observed at maas 135 by Fleming, 

et. al., (140). However, they observed no increase in yield at 

mass 134 nor a decrease in yield at maas 133. It would 

appear as if a re-investigation of masses 134 and 135 shou1d 

be performed radiochemica11y to determine the yie1ds of the 

short-1ived members of these chaine. 

The high yie1d at maas 143 was based on one measurement 
141 and bas not been confirmed. The calculation of a Ce yield 

on the same samples gave a normal result. 

The sum of the fission yields for each mass number was 

determined from Figure 59. The sum for the light-mass peak 

equalled 89 % while that for the heavy-mass peak equalled 

94 %. Theoretically, the sum of both peaks should equal 

200 %. The difference between the theoretical value and that 

determined from the maas-distribution curve may be due to 
14o severa1 factors. The value of the Ba y1e1d to which most 

of the previously measured values have been normalized, may 

be 1ow. Such a probability is possible but seems unlikely 
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since the chain yield for mass 140 calculated in this work 

(5.48 %) agrees favorably with a recently measured absolute 

yield of 5.6% for Ce14o (56). A more likely possibility is 

that enhanced yields at certain mass numbers have not yet 

been measured. A comparison of yield-mass curves for the 

thermal-neutron fission of u233 and u235 shows that the 

former is displaced about one maas unit lower in both the 

light and heavy maas peaks. 

On the basie of its calculated fission yield the ob-

served 75-day antimony activity was assigned the maas number 

126. The formation of Sb126 as a fission product is to be 

expected since both Sb125 and Sb127 have been identified .in 

the products of neutron fission. No reliable data have yet 

been published on the identification of Sb126 (141,142). A 

confirmation of the maas assignment may perhaps be made by 

studying the decay characteristics of Sb126 produced by the 

reaction Te 126 (n,p)Sb126 using enriched isotope~. 
The yields measured in this work involve a knowledge of 

the thermal-neutron fission cross section of u233 and the 

thermal-neutron capture cross section of co59. An error in 

either or both values used would produce an error in an 

observed fission yield. The resulting error is auch that a 

decrease in the fission cross section (of) or an increase in 

the capture cross section (~c) of uranium and cobalt re-

spectively tends to decrease the observed fission yield. 

Reported absolute yields on Sr90 and ce14o were not dependent 
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on these cross section values and agreed with the resulta of 

this work. Therefore, the value of dr/~ used appears to be 

correct. 

The use of 4n-proportional counting techniques was 

shown to be a very sensitive method for accurate fission 

yield measurements of most radioactive nuclides. With these 

the accuracy is dependent mainly on chemical analysis of the 

element. Nuclides wbich undergo ~ emission or ~ -Y emission 

to a ground state can be accurately measured in this fashion. 

However, a 4n-proportional counter bas been observed to be 

sensitive to the emission of conversion electrons. Those 

nuclides which are directly or indirectly 1~volved in 

isomerie transitions can thus be determined lesa accurately 

due to lack of information on the transition characteristics. 
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SUM1~RY 

The absolute fission yields of twenty-one nuclides 

formed in the thermal-neutron fission of u233 have been 

measured radiochemically. Disintegration rates and half­

lives were determined very accurately by means of 

4~-proportional counting techniques. The identity of each 

nuclide emitting Y radiation was confirmed by Y-ray scintil-

lation spectrometry. 

Irradiations were performed in the NRX reactor at Chalk 
12 River, Ontario. Neutron fluxes of about 5 x 10 neutrons 

per cm. 2 per second were accurately measured by means of a 

co59 flux monitor. The rate at which the uranium sample 

underwent fission was determined in terme of the thermal­

neutron capture cross section of co59 (36.3 barns) and the 

thermal-neutron fission cross section of u233 (524 barns). 

Corrections were made for fissions caused by epi-cadmium 

neutrons. 

All relative yields bad been previously normalized to 

one absolute yield measurement which possessed large experi-

mental errors. Absolute yield values have been measured in 

this work for nuclides at various positions along the maas-

distribution curve. The resulta obtained will serve as the 

basie for the normalization of any future relative yields. 

Abnormal yields were observed at maas numbers 91, 133, 

136 and 143. Further etudies on nuclides of adjacent maas 



numbera would complete a description of fine structure in 

fission. 
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