
FISSION YIELD STUDrES AND CLOSED SHELL 

EFFECTS IN ATOUC NUCLEI 



FIS ION YIELD s ·rUDIES AJW CLOSED SHELL 

EFFt:C'£.:'3 IN 'l'OMIC ImCLB! 

by 

ROBERT KENNETH WANLE~S M. Sce 

A Thesis 

Submitted to the Faculty of Arts and Science 

in Partial Fulfi lment of the Requirements 

!or the Degree 

Doctor of Phil osophy 

Mo!~ster University 

October 1953 



• 
' 

r; • " . 

htw boon .f'our ~ 1. both 

th i ~ occurred. in 

the o· rv d i'ir · 

t iu rJ. 

ro •uJ:t of a d ol t 0 

SO d ~ r .utronu 

l:no · !) tUN or tho :11 $U't.l"'l by ~5 

f':i. 3 on y.Lold w'lc !>ru 136 cl l.rm# • 

t• ob$ rv fi ion :ri" du t th ~ 

ino.l:cy, :I) uranci ),C 

(ii) 

, 

h.i' 1·n b i\1". 

f ri tl th 

t. t 

a l'ic 8 to of 



Kr85 and the half-life of the long-lived isomer have been re

dete~ned a.nd found to be 0 . 29 and 10. 27 :t 0 . 18 yrs. respectiv elY. 
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Nuclear re ction resulting in the fission of heavy nuclei 

are among the most interest ing, and wid ~ studied, nuclear processes 

lmown today. The fission act may b pontaneou reaction (1,2) or 

an induced reaction brought about by the bombardment of the nucleus 

with particles (3) or electromagnetic radiation (4) . The object of 

this particular investigation has been to compare abnormal fission 

yields which occur in the krypton and xenon mass ranges (in the neigh

bourhood of the 50 and 82 neutron shells) for u235 and tf38 neutron 

induced fission and to detennine the proportions of tf35 and tf23S 

fission that occur in nuclear reactors under various irradiat con-

ditions . In addit on the extent of capture of thermal neutrons by 

xa1J5 has been studied by measuring the increase of the Xel36 fission 

yield caused by this reaction. The half-lite of the long- lived isomer 

of Kr85 and the branching ratio betwe n the isomeric states of Kr85 

have been precisely determined. 

The neutron induced fission of the uranium isotope of atomic 

weight 235 may be described as follows s 

u235 1 u236 A \ 
92 + on ~ 92 --t> z1Al + z2 2 + ~ n + Q • •• (1) 

z1 + z2 . 92 

A1 + A2 • 236 - J 
A thermal neutron is captured by u235 to fonn a compound nucleus with 

atomic weight 236. This nucleus is in a highly excited state and 

1 



breaks into two lighter fragments with atomic wei ghts A1 and A2 and 

atomic numbers Z1 and Z2 respectively. In addition J neutrons are 

released (2. 5 neutrons per fission act in u235 (5) ) as well as 

approxima. tely 200 ev. of energy, Q. 

Radiochemical determinations (6) of the yields of the mass 

fra ents r esulting from f ission have shown that, in general, Al 2• 

Rather it has been found that the nucleus divides in an asymmetric 

!a8Qion and the most abundant yields occur in the neighbourhood of 94 

2 

and 140 mass units . When the logarithms of the fission yields, determined 

radiochemically, (6) are plotted against mass number t wo 

distinct ma.xima result as shown in Fie . 1 . It will be noted that 

symmetric fission, i . e . A1•A2 ~ 1171 is about 600 times l ess probable 

than the asymmetric division t o masses in the neighbourhood of 94 and 

140 mass units . 

The wnooth curve illustrated in Fig. l is determined tram the 

cumulative yield of the various masses and does not represent the 

distribution at the instant of fission . Since the neutron to proton ratio 

is higher than the stable ratio in this region of the pe riodic t able, 

the primar,y fission products are unstable and undergo successive ~- dis

integr tiona which change the atomic number by one unit but do not alter 

the mass number. It has been shown t hat the fission fra . ents achieve 

stability after approximately three 13- disintegrations (7) and the 

release of about 11 1-lev. of energy-. Tables I and II list several of the 

fission chains resulting from successive ~- disintegrations and ending 

in the stable isotopes of Kr, Rb, Sr , Xe , Cs and Ba. 
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TABLE II 

FISSION P ODUCT CHAINS IN TI:ti:. HIGH -iASS G.E 

Nuclear Charg 

50 51 52 53 54 55 56 

131 

1.32 

1.3.3 

134 

135 

6 

137 

1.38 

•stable end products are underlined. 
Vertical arrows represent the emission or absorption of a neutron. 

82 neutron nuclide 

s 

-- Zp u2.35 + n • Calculated from postulate of qual charge di plaC9IneQ.t 
23d . ~U) . --- •••• Z U 0 + n If It 11 II II II If 

p 
XCslJ5 and C 1.37 ha e half-lives of 2.1 X 106 yrs . aild .33 yrs . 
respecti ve1y and their yields may e measured mass sp etrometrically 
with the stable end products . 



Thode and Graham. (8) used a mass spectrometer to determine 

the relative yields or the fission product chains ending in the stable 

rare gases Kr and Xe., By this method relati e yields of t h J table 

isotopes that grm1 from th active fission products or are fo~ed as 

primar,y fission products may be determined with an accuracy of ~ 

6 

or better. This accuracy is much better than can be obtained using 

standard radiochemical techniques . When a. suitable point of norma.liza

tion is chosen these mass spectrometer yields may be combined ~rlth the 

radiochemical yield data to precisely determine the shape of the 

fission yield curve in the rna s regions from ma.as 8.3 to 86 and from 

:mass 1.31 to 1.36. Thode and eo-workers (9, 10) hav o tudied the 

adjacent fission chains ending in the stable or long- l iv d isotop s 

of Bb, Sr, and Cs (see Tables I and II) . 

Macnamara, Collins and Thode (11) have shown that some of the 

Xe yields determined mass spectrometrieally do not fall on the s ooth 

fission yiel d curve drawn from the radiochemical data . Spe ifically 

they have found that in the fission of u235 with the 1 neutrons the 

yields of the 1.33 and 134 mass chains are high by 26 and 35% 

respectively. It has been postulated by Glendenin (12) that this fine 

structure of the mass yield curve may be due to the extra st bility of 

nuclides with 82 neutrons which fall in the Xe mass range . Mayer (1.3) 

has recently summarized the experimental facts which indicate that 

nuclides with shells of 50, 82 and 126 n utrons are particularly stable 

configUrations and Harvey (14) has shown that the binding energy of 

the 51st, 83rd. , and 127th neutron is about 2 Hev lmter than the 

binding energy of the 50th, 82nd, and 126th neutron. Blendenin suggested 



that nuclides formed as primary fission products with one mor e neutron 

than a closed shell will evaporate this extra neut r on rather t han 

undergo 13- disintegr ations as is usua]Jy the case. The Glendenin 

mechanism, however, r equires t hat gains t o one fi ssion chain must be 

balanced by losses t o adjacent chains . The predicted decr eases at 

masses 135 and 136 corresponding t o the high yi elds at masses 133 and 

134 have not been observed experimentally (9). It has been suggested 

(15, 9) therefore, that in addition to the Glendenin mechanism, 

nuclides with 82 neutrons are favoured in the primary fissi on process 

and that the observed fine structure is a combination of these two 

effects . One would expect the latter effeat to be a function of the 

distance of the nuclide from the Bohr-~fueeler stability curve and to 

increase as we go fran mass 131 to 136 while the Glendenin effect, 

which depends on the instability of the S3rd neutron should decrease as 

the Bohr4iheeler stability curve is approached. Empi rical curves to 

represent the variation of these effects have been established (15, 9) 

and fair agreement with experimental results has been obtained. 

Glendenin and co- \<Torkers (16) have also reported fine structure 

in the 98-100 mass range where the l-1o isotopes have high fission yields. 

By folding the fission yield curve for the heavy mass peak over the light 

mass peak in such a way that the masses of complimentary fission products 

sum to 233 . 5 they have shown that the fine structure in the two mass 

ranges (i . e . 9S- l00 and 131-136) coincides. These res~ts confirm the 

suggestion of Wiles et . al . (15, 9) that same fine structure is a r esult of 

a structural preference in the initial fission act since it is 

difficult to explain the high Mo yields from the point of view of closed 



neutron shells in that range . There is, however ·the possible exception 

of extr stability of the 40 proton shell in this mass range and 

Duckworth and Preston (17) have found a break i n the packing fraction 

curve which they attribute partly to the stability of this configuration. 

Considerable information may be obtained about the fission 

process by studying the variations in the complete fission yield curve 

r esulting from the fission of different nuclei when bombarded by high 

energy particles as well as thermal neutrons . The fission yield curves 

for u238 and Pu239 have been established (6) and are plotted with the 

u235 fission yield curve in Fig. 2. Several striking differences in the 

shape of the curves a r e observed. Generally the u235 thermal neutron 

fission yield curve is more symmetrical about its mid-point at mass 117. 

The shift to the heavier masses required to account for the greater mass 

in u238 and Pu239 is made up almost entirely of a shift of the light er 

mass peak. The peak to trough ratio varies. considerably, indicati ng that 

symmetric fission yields have i ncreased by a factor of four for u238 

fission. 

Spence (18) has determined the variation of u2J5 fission yields 

with neutron energy and finds that symmetric fission increases by a 

factor of 100 when the energy of the neutrons increases from thermal 

energies t o l4 Mev. Turkevich and co-workers (19 1 20) have established 

the yield curves for the fission of Th232 with 2. 6 Mev. pile neutrons 

and fast neutrons from the Li + D reaction and report t hat symmetric 

fission yields increase by a factor of ten for the higher energy 

neutrons . Schmitt and Sugarman (21) have produced fission in natural 
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uranium by eans of x--rays of energies ranging from 22 to 100 Mev 

and find that symmetric yields increase by a factor of 100 for 48 

Mev x- rays as compared to the yield observed for u2.35 thermal 

neutron fission. 'l'urkevich et al. (20) have shmm that the peak to 

trough ratio increases over a ran~e of .300 when high energy fission 

yields are compared l'Ti th the yields for thermal neutron induced 

fission . Meitner (22) has reported completely symmetric fission for 

deuteron induced fission of Bil99. 

It is apparent that a more symmetric type o£ fission occurs 

when higher energy particles or electromagnetic radiations bombard 

the fissioning nucleus. While the complete fission yield curve 

cannot be established from the rare gas data the extent of yield 

variations in the Kr and Xe mass ranges resulting from the above 

mentioned effects may be precisely det rmined. 

Assuming the postulate of equal charge displacement (12) 

(i . e . equal fission chain lengths for the two fission fragments) it 

is possible to calc~te the most probabl e charge, ZP' for a given 

mass, to be expected for the primary fission products from the following 

formula: 

• •• (2) 

\ihere ZA represents the most stable charge (non~integral) for a given 

mass A (according to · Bohr-~iheeler (2.3) ~ ZA and 2(23.3 . 5 _ A) are the 

most stable charges for the given chain and its canpllna.entary fission 

chain respectively. The equation may be modified for fissioning 

nucl ei other than u235 by substituting the appropriate values in place 

or 233 . 5 and 92. 



The zp values for u2.35 and if2.38 have been calculated and 

lines have been drawn through these points in Table II. It will be 

noted that the Zp - 235 line crosses the line joining nuclides with 

82 neutrons in the region of masses 133 az1d 134 which have been 

observed to l1aVe abnormally high fission yields in u235 fission. 

ll. 

Since the Zp - 238 line intersects the 82 neutron line at lower masses 

it may be expected t.l:lat the fine structure will shift tm1ard the 

lower mass range (132 and 1.33) in u238 fission. 

Since it has been observed in this laboratory that the high 

fission yield at mass 134 is not constant but varies with irradiation 

conditions or pile position or both, it was felt that this 

variation may be due to shift of the fine structure resulting fram 

differ nt proportions of u235 and u238 fission and experiments were 

planned to investigate this effect further . Uranium metal and uranium 

oxide samples have been irradiated under conditions such that the 

resulting fission will be that of u235, u2.38 or mixtures of these. 

Once the Xe fission yields at'e knmm for the two nuclei it should be 

possible to determine the proportion of u235 and u238 fission that has 

taken place during irradiation. 

Although it is fel t that fine structure should also occur in 

the Kr range in the neighbourhood of the 50 neutron shell its existence 

had not been definitel7 establishetl. The Kr isotopes fall farthe~ 

down the side of the li&ht mass peak and their yi lds ch n e rapidly 

due to the steepness of the mass yield curve in this l!"egion. As a 

result of their position farther doin the side of the peak the fission 

yields are lower than the Xe yields by a factor of five and mass 



spectrometric determinations are usually less precise . The lines 

joining the Zp values and the 50 neutron nuclides have been dravm 

in Table I. It will be noted that the Zp lines do not cross the 

50 neutron line within the Kr range under st dy and hence fine 

structure would not be expected to occur here . H rfever, these Zp 

values were calculated on the assumption that the fission chain 

lengfrs are the same in both mas regions and consequently the Zp lines 

fall at l ower Z values. Si nce the fission chains appear to be 

shorter here the Zp line may be shifted tormrd hi her Z values and 

cross the 50 neutron line in the Kr isotope ran e . It i s possible, 

then, that some fine st ructure may occur here and an extensive inves

tigation of this region was carried out, the results of which are 

reported in this thesis. 

In order to de t ermine the fission yields it is necessar,y to 

consider certain reactions which result in fission chain branching. 

The variation in the 135 and 136 mass chain due t the re ction -

xel35 + n ---{> xel36 • • • (3 ) 

is important since xe135 has a high neutron capture cross-section in 

l2 

the thermal neutron range . The extent of capture of neutrons by this 

isotope is of interest for two reasons . First, in order to determine the 

fission yields , the 136 mass chain ending in stable Xe136 (Table II) 

must be decreased while the fission yield of the 1.35 mass chain ending 

in 33 yr. csl35 must be increa ed by an amount de ndent on the extent of 

the above reaction. Second.ly, since the capt1re cross-section of xel35 

for thermal neutrons is so l arge its presence must be considered in pile 

design and operation. 



The vertical arrows (Table II) .from Xe135 and Xcl37 represent 

the capture of a thermal neutron by Xel35 and the delayed release of 

a neutron by xel-37. Both of th se reactions tend to increase the 

fis ion yield of xel-.36. The emission of a neutron by Xel37 is thought 

to be constant (0. 2% of fission) but the percentage increa.,e of Xel36, 

resulting from the capture of a neutron by xe135 ~dll be a function of 

the thermal neut.ron flux and the length of time the sample has been 

irradiated in the pile . 

Calculations of the increase to be expected in the 136 mass 

chain resulting from re ction J have been carried out . The ratio of 

the amount of xel36 produced by neutron capture in xel35 to th ottnt 

resulting from the decay of Il36 is given by .. 

t-m 

J t.=O (No. atcms xel-35 present at any t e t) . F.rcxel35 dT 

.... (4) 

F a thermal neutron flux n/cm?/hr. 

~X 135 • thermal neutron capture cross section for xe135. 

YI136 • fission yield of Il36. 

r • total number of fissions per hour. 

T • irradiation time in hours . 

The number of atoms of Xe135 preaont at any time, t, may be calculated as 

follows: 



dNxel35 ) 
dt -a 113 

dNl = \ 2 2-
crt 

or 

where K • ) xal35 + <i c.xe135 • F 

The nu:nber of ato o! 1135 

or 

d.NI135 \ 
__;.._ = xl35 • t - ~xl3 Il35 
dt 

.....a . 2 .r - ~~2 dt 

5 - G"CXelJ51fxel35 • P 

••• (5) 

• •• (6) 

• •• (7) 

IntegratinQ' and a that N2 s 0 t til!le t " 0 we get 

N2.,. • 1- . - 2t y2 • t [ ~ J 
J2 ••• (S) 

Substituting in eq, tion 5, !nteg:roting and acploying Units 

• • • (9) 

Substituting equat,ion 9 ·· equation 4, integroting an 61ilploying limit:J 

1 
+ 

-KT () o·K:&: 1 

-- - ----
K( _)2) ~2(K-J2) 

••• (10) 

• •• (ll ) 



Substitutin qt tion 11 in quatio 4 1e obtain !ina~ 

136 

A * 135 r-
Xe -= Y1135 • r . Q • F • u0 Xel35 

1)6 Yrl36 • f • T 
Xe I? 

136 
Xe 

••• (12) 

Figure 3 is a plot of equation 12 showing th percentage 

increase of X 136 for various flux values fran l oll to 1ol4 thermal 

neutrons/cm. 2/sec . and for irradiation times suf iciently long to 

produce lol7 and 1ol8 fissions in the urani sampl • In addition 

the curve for a constant irradiation time of sevent7 hours has been 

plotted. 

15 
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EXPERll.mNTAL 

I SAMPLE PREP RATION 

Uranium samples weighing from 10 to 50 gms. were irradi ated, 

at as nearly a constant flux as possible, for .periods long enough to 

produce approximately 1ol? fissions. Previous work (8) in this 

laborator,y had shown that sufficient fission product xenon and kr,ypton 

gas (lo- 3 cc . at N. T . P. ) for mass spectrometric analysis was produced 

when this number of fissions had occurred. In most cases the irradiated 

materials were allowed to 11 cool11 for sufficient time after removal from 

the pile, for all the precursors to decay to the stable ra re gas isotopes. 

The r are gases were extracted from the uranium using the met hod 

described by Arrol, Chackett and Epstein (24) . The extraction and 

purification apparatus is illustrated in Fig. I V • Concentrated cupric 

potassium chlor ide in flask Fl, was thoroughly flushed with dry hydrogen 

from reservoir H, to eliminate the air dissolved in the solution. The 

hydrogen which had been previously dried and purified by passage t hr ough 

an activated charcoal trap cool ed to liquid nitrogen temperature was 

passed through the solution in Fl by manipulation of stopcocks Tl, T2, 

T3, and T4. The uranium disc l'las placed in a platinum basket which was 

suspended from a curved glass rod whose movement could be controlled 

from outside the vacuum system t hrough a ereased standard taper joint in 

the wall of flask F2• After he sample had been placed in r 2 the vessel 

was evacuated through r5• Hydrogen was now allowed t o flow into F
1 

through T3 to force the cupric potassium chloride solution into F2 via 

17 
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stopcock r4• The rate of dissolution of the metal was cont r olled by 

raising or lowering the platinum basket in F2• The liber ated gases 

\-J"ere allowed to now t hrough T5 into the drying trap B, containing 

solid potassium hydroxide pellets , through t wo U t ubes C and D, 

containing anhydrous magnesium perchlorate and finally th~ough T6 into 

charcoal trap E, which was cooled in liquid air. From t his point 

the gases wer e manipulated using standard high vacuum technique. 

l' ercury ventils vl, v2, v3 and v4 replace all stopcocks t o avoid 

possible absorption of the rare gases in the stopcock grease. 

By warming F and cooling charcoal tube G in liquid air the 

gas mixture was moved to the section of the apparatus con taining the 

calcium furnace K. After exposure to Ca vapours at 450° t o 500° C 

for about 20 minutes the residual gas volume was measured in the 

cal ibrated McLeod gauge . The Ca. purification procedure was repeated 

until the volume of the gas remained constant . The purified gas was 

then condensed in charcoal tube L, at l iquid air temperature and the 

tube was sealed off from. the vacuum line. 

Tube L was designed to facilitate the i ntroduction of the gas 

sample t o the mass spectrometer for analysis . A small iron slug was 

sealed in tho tube above the glass break- off and the upper portion 

evacuat ed on the mass spectrometer sample line . The iron slug was then 

raised by means of small permanent magnets and allowed to strike the 

gl ass break-off . The gas was then transferred to the mass spectrometer 

sample line where it was condensed in a similar charcoal tube until 

analysis could be carried out . 

Usually a three to four ~ gas sample, at N. T. P., made up 



of argon, kr,ypton and xenon ,was collected; t ne argon being present 

due to the fact that the uranium metal was originallY processed in an 

argon at osp .ere . 

I I 

All gas samples were ana~sed on a 18~ degree direction 

20 

focusing mass spectrometer (8) , Magnet ic scanning was employed through

out to f ocus ions of l JOO volts energy. An Applied Physics Corporation 

Model 30 vibrating reed amplifier was used to amplif,y the ion current 

which was recorded on a Leeds and Northrup Speedomax s trip chart reaorder. 

Typical isotope patterns for fiss1on product kr.ypton and xenon are shown 

in Fi gs . 5 and 6 r espectively-. At least ten double sets of peaks were 

recorded and averaged tor each analysis. 

Care was taken to insure that there were no residual s in the 

mass spectrometer before the samples were adr.o.itted and each sample was 

checked for impurities in the neighbourhood of the kr.ypton and xenon mass 

ranges . To remove any condensable impurities that may be present in the 

samples a liquid air trap was used betv1een the sample input line and the 

mass spectrometer. 

As an indication of the reproduqi~lity of results over long 

periods of time reference is here made to Tables XIII and XIV of this 

thesis wi1ere the analy-sis of the same gas sample, carried out after six 

years, is compared ,qlth the original result . It will be noted that the 

percentage difference in the two results was never greater than ± 1%. 
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III RE~tJbTS 

(i) The Resonanqe CaPture of IbepmaJ Neut~ons by Xel35 

The extent of capture of ther.mal neutrons by xel35 has been 

determined, mass spectrometrically, by following the variations in 

the xe136 fission yield as a function of the neutron flux. Samples for 

investigation were irradiated at various flux positions of the Chalk 

River N.R. X. and Oak Ridge Reactors (Table III) . One disc, No . 12, 

was irradiated in a cadmium sheath. Since cadmium has a high absorp

tion cross section in the thermal neutron range and up to one electron 

volt (25), t he energy range in 'l'lhich the resonance capture of xel35 

occurs, the percentaee increase in the fission yield of xel36 due to 

reaction 3 should be negligible in this sample. The results obtained 

for the cadmium sheathed sample are, therefore, used as a base level 

from which the extent of reaction 2 may be calculated. 

In some cases t he uranium discs were dissolved before all the 

precursors of xel3l and xel32 (see Table II) had decayed completelY 

and corrections to the 131 and 132 fission yields for the amount of pre

cursor still present at the time of dissolution have been carried out . 

Table IV gives the mass spectrometer abundance data for the 

isotopes of fission product xenon for the samples i nvestigated. The 

xenon fission yields at masses 131, 132, 134 and 136 are normalized at a 

value of 3 . 28% for the 131 mass chain (9) . The xel36;xel31 ratio is 

plotted as a function of the neutron flux in Fig. 7 l'lhere the curve has 

been drawn through the experimental points using the method of least 

s.-auares. 

Originally the change in the Xel36;xe134 r atio was used to 



Sample No •. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

lO(a)(b) 

11 

TABLE IU 

i~uclear 
reactor 

N. R.X .. Chalk 
River 

" n 

11 II 

" n 

II n 

It II 

II 

II II 

It 

Oak Ridge 

N. R. X. Chalk 
River 

" 

Time in 
reactor 

11 hrs . 

20 hrs . 

35. 5 hrs . 

35 days 

34.5 hrs ... 

l2 hrs . 

57 hrs . 

68. 5 hrs . 

70 days 

16 days 

· 68 days 

11.5 days 

Neutron ~lux* 
neutrons/cm. /seo . 

5 X 1olJ 

6 X loJ-2 

3. 6 X loJ-2 

3 X 1o12 

2. 6 X lol2 

2. 6 X lol2 

2.1 X loJ-2 

l . S x 1o12 

7 •. 5 X lOll 

6 X loll 

l X lOU 

1. 5 X lolJ . . . 

Flux values :tor N ... R. X .. Reactor were estimated .from data con• 
tained in Chalk River Report No .- G.R. E. 414 ..,. "Some Data on 
Pile Irradia.tion11 by I ... L •. Wilson (26) . 

xsample No .- l2 was irradiated in a cadmium sheath. See text . 
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TAll!..e IV 

~m.:~S .. :W~CTR~ • .'.t'bll li.BUN.D NCi!; DA'l'A f\H 'fHE I 3Vf0PE3 OF 

FISSiu PrlODUL~ ~JON* 

LE % FI5t>I \l YISLD 
NO. 

MA3J UNI1' 

1.31 132 134 136 

1 ;3 . 28 4.89 $. 95 8.70 

2 3. 28 4.91 8.84 7.93 

3 .3 . 2S 4 . 92 8.95 7.86 

4 .3 . 28 /+. 99 9.ll e.u 
5 3. 28 4.92 9. 02 8.17 

6 .3 . 28 4. 92 8. 88 ?.72 

7 3.28 4. 91 8. 95 7-74 

8 ) . 28 i+e94 9.0$ 8.04 

9 3. 28 4.93 8.99 7.81 

10 It (a) ) • .28 4.92 8.93 7. 64 
(b) .3 . 28 4.91 8.80 7. 52 

ll .3 . 28 4.91 8.98 7. 26 

12 .3 . 28 J . 97 8.71 7.08 

*Xenon isotope abundances at masses 1.311 1.32, 1.34 and 1)6 have 
been nomalized at 3.28% for mass lJl determined r a.diochem caJ.4' 
for IlJl. 

25 
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establish the xel35 burning correction to the cs1.35 and xel36 fission 

elds but considerable variation in this r atio was .found for a group 

ot samples irradiated in the N •• • X. reactor during the months of April 

and September 1951 . These variations indicat d that notonly was the 

136 fission yield varyine, due to neutron capture in Xel35, but that the· 

other xenon isotope1yiel ds were also functions of the irradiating 

conditions . Recent ly uranium discs (sampl No. 11, Table III) were 

irradiated in the thermal col umn of t he N. R • .X. reactor at a. neutron .flux 

of 1011 n/em~/sec . The xenon fission yields detennined for this sample 

and the cadmium s eathed sample (No. 12 ) are plotted in Fig . 8 where the 

smooth curve has been arbitrarily drawn through the thermal col umn yiel ds 

' at masses 131, 132 and 1.36. It is noted that the yields for the t>to 

samples differ at masses 132, 134 and 1.36 by 1. 2%, 3.1%, and 2. 5% 

respeeti vely. The 2. 5% difference at mass .136 should be largely due t o 

the burning of xel35 in the thermal col umn sample. On the other hand the 

variations in the 1.32 and 134 mass yiel ds cannot be explained by neutron 

capture processes . The high percentage of fast neutrons (50% of the 

thermal neutron flux (26 ) ) available for fission of the cadmium sheathed 

sampl e suggests the possibility of some u238 + n fission superimposed on 

t he u235 + n fission. 

In vie\t of the fact that the 132 and 134 yiel ds for the cadmium 

sheathed sample var,y with respect to t he the~~ col umn yields the 

xel36; xe134 and xel36;xel32 ratios determined for this sample could not 

be used to establ ish the Xe135 burning correction. Therefore, the 

xel36;xel3l ratio \ihich is considered t he most reliable was used for t his 

purpose . 

\ 

... \ 
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xel35 burning corrections determined frrun the xel36;xel3l 

ratio (Fig. 7) are in good agreement dth theoretical values t aken 

from the curves of Fig. 3, in the medium flux range. In establ i shing 

the theoretical curves a capture cross secti on of 2.8 x 106 barns for 

xel35 was used and the fission yields of r1.35 and Il36 l:rere assumed 

to b , equal . 

(ii) Fine Structure Iu The Fission Yi eld Curye FQr u235 and u238 
Neutron Fi ssion 

(a) Xenon 

Mass spectrometer fission yield studies have shown that the 

xel34 fission yield is abnormallY high f or u235 + n fission (11) . 

Since this fine structure in the mass fission yield curve has been 

attributed t o the stable neutron configuration of 82 neutrons it would 

be interesting to determine whether the fine structure remains 

unchanged or if it shifts to ot her masses for the fission of diff erent 

nuclei. A shift in the .fine structure would explain the results of 

t he preceding section. I n order t o investigate t his effect further tho 

following irradiations ':fare carried out . Normal uranium discs were 

irradiated in the thermal column of the N. R. X. reactor at a neutron flux 

of 1 x 1cYll thermal neutrons/em.. I sec. ; UOJ powder depleted about .30 to 

50 times in u235 was irradiated for six months in the Los Alamos Fast 

Reactor at a neutron flux of about 1ol2 neutrons/cmt/sec . with an 

average ener gy of 0 . 5 ev • .; finally, normal uranium samples were 

irradiated i n the Lo!;'! Alru.11os Reactor for periods ranging from tl'IO to 

five months also at a flux of approximately 1o12 neutrons/cm~/sec . The 

detailed irradi ation data are given i n Tabl e V and the mass spectrometer 



TALE V 

Ul ~ rUM I l \DIATI N DA A 

Sampl e Nuclear Irradiation Time in Neutron f~ux• 
No. react or particulars r eactor neutrons/cm. / sec. 

I I 

ll N.R. X. Normal U 
Chalk River ~hermal col umn 68 days 1 X l oll 

12 It If ~ormal U 
Cd sheathed ll. 5 days 1 . 5 X lol3 

13 Los Alamos 
Fast Fi.eactor 0~ u 65 days l ol2 

14 II 11 Normal U 166 days l ol2 

15 " Jl uo3 Depleted 192 days l ol 2 
:t.n u235 

*Flux values f or Chalk River i rradiations are for the thermal 
neutron flux. Los Alamos irradiations were carrie out in a fast 
neutron flux ~~th an average energy of 0 . 5 ev. 



TA ' V'I 

.3 4PL: F J.3IO YIELD 
NO . 

ti.ASd UfUT 

131 l32 134 ~1.36 

ll 3.23 4.91 8. 92 ?.08· 

12 3 . 28 4.97 8. 71 ?. OS 

13 3. 28 5.20 8.17 '7 .2JJ l4 

15 ,3 . 28 4. 73 6.57 ;.as 
3.71* 5'! 43* 1. :>5* 6.. 

x Ma.ss 1,36 yield 1a.s bet"Jn corroetod for thermal neutron 
capture (see Fig. 7) . 

* Yields adju3ted ut mass .136 to ind.ieate the srun 
percentage fine structure shift :f'or the Los o 
normal. uranium sample at massos 1J2 and 1.34. See toxt . 
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fission yi eld data are given in. l'able VI. The thennal column results are 

the average of three determinations while the U03 and normal uranium sam

plea irradiated at ~s Alamos were done in duplicate . In all oases the 

xenon fission yields agreed within the standard deViation of the indivi• 

dual determinations. 

The sample$ are listed (Tables V and V ) in order o£ increasing .... ' ' 

amounts of u23g fission expected. For example, s~nple .~o . ll, irradiated 

in the thermal column should show little u238 + n fission whereas sample 

No . 15, depleted in u235 and irradiated in the Los Alamos Fast Reactor 

should show little u235 + n fission (less than 1%) . 

The xenon fission yields for samples No. 11 and No. 15 given in 

Table VI are plotted in Fig. 9, normalized at 3. 2$% for xel31. Although 

the normalization point. employed is arbit:ra.ry, it l.S apparent that the 

relative yields have changed. The 134 fission yl.cld has decreased while 

the 132 yield has increased for u238 + n fission as compared 'to ij235 + 

n fission, indicating a shift in the fine structure to the lower mass 

range . 

"ince the mass yield curves for the two fissioning nuclei do 

not cross in the r egion of mass 131 (see Fig. II ), some other point 

of normalization mu$t be found in order to compare the fission yields . 

In Fig. 10 the fission yield data for samples 11, 12, 13 & 14, and 

15 (Table VI) hav-e been plotted in the :following manner; the thennal 

column results have been normalized at 3 . 28% for Xel31 as have the 

results for the Los Alamos normal uranium and cadmium sheathed 

irradiations. The normalization point !or the depleted uranium results 

(No. 15) has been adjusted (see Table VI) so that the Los Alamos normal 

uranium yields indicate the same percentage fine structure shift at 

masses 132 and 134 measured from the smooth curve arbitrarily drawn 

through the thermal column data at masses 13l, 132 and 136. For example, 
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the fine structure shift at mass 134 in going from u235 + n fission 

(thermal column sample No . ll) to u23S + n fission (U03 sample No, 15) 

amounts to 33%-1~ = 21%. The shift in fine structure between the 

thennal column and Los Alamos normal uranitml sampl es (No. 1.3 & 14) is 

% - 21% ""' 12%. Therefore the percentage sh?-l't in fine structure 

for the normal uranium irradiated at Los Alamos amounts to 57%. 

Similarly, at mas 132 the per centage of the total fine s tructure shift 

for the Los Alamos nonna.l urani'W!l sample is 6 ~ 10. 6 or 57%. Assuming 

that the fine structure shift is linear these results indicate that 

approx:ima.tely 60% of the .f'issiom occurring in the normal uranium sample 

~rare due to if3B + n fission >-4hile only 40% were due to u235 + n fission . 

Rough calculations from Los Alamos pile data are in agreement with this . 

Considering only the U03 depleted uranium sample it would 

appear that the fine structure for u238 + n fission decreases at masses 

136 and 134 and increases at masses 132 and 131 as compared to the fine 

structure observed for u235 + n fission. The Los Alamos normal uranium 

results are in agreement >~th this at masses 132 and 134 but do not 

agree at masses 131 and 136, the discrepancy amounting to 8% and 5% 

respectively. A 5% correction f or burning of xel35 would bring the 136 

mass yield into agre~ent but it hardly seems probable that reaction 3 

could have proceeded to this extent in the Los Alamo.,. reactor where the 

average neutron energy is 0. 5 Mev. 

The fine structure shift for th cadmium sheathed sample 

(Fig. 10) indicates approximately ll% and 19% u238 + n fission when 

calculated from the yield val ues at masses 132 and 134 respectivel y. 

This is rather good agreement in view of the fact that normalization 
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had to be carried out at mass 131 i n spite of the fact that ~he 131 fis

sion yield has been found to increase due to the shift of fine structure 

in u23 + n fission. It may well be that t he fission yield curv s for 

the two urani um nucl ei should be tilted with respect to one another in 

t his mass range but it is not possible, from the data available, to 

determine the amount. of tilt that ma.y be required. Fission yiel ds for 

adjacent ma~s chain~ for both u235 and u238 fission would permit a more 

accurate l ocation of the smooth curves from which the fine structure could 

be measured . In order to overcome t he normalization problem absolute 

fission yields must be determined using isotope dilution techniques . 

Each sampl e must also be monitored so t hat the neutron flux at which t he 

irradiation was carried out may be determined . This would i nvolve a 

tremendous effort but may be essential before the complete picture can 

be obtained. 

It has been suggested by Glendenin (12) that the fine structure 

observed in the mass yield eurve results from the emission of the 

loosely bound 83rd neutrons from the primar.y fission products after the 

initial fission act has taken place . The fission yields predicted by 

this mechaniam for u235 + n and u238 + n fission have been calculated 

using the methods employed by Glendenin. The predioted percentage 

variations from the arbitrarily dralm smooth curve (Figs . 9, 10) are 

given in Table VII, column six. The corresponding experirru:mtal fission 

yields and variations from the smooth curve are given i n columns four 

and five respectively. A decrease i n the fine structure at mass 134 

and an increase at masses 132 and 131 is predicted in going tron u235 + 

n fission to u238 + n fission, as f ound experimentally. However, this 
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TABLE VII 

COl>iPAHI SON OF EXP ·· Dill: 1'AL AND PRLD C .ti:D XEt·PN FI .J0ION YI "LDS 

Fissi oning ! a SS smoot h M.s. Departure Departure urve 
nuclide chain yields* yields from smooth predicted by 

curve Gl endenin 
mechanism 

% d % d . 
r 

u235 131 .3.,28 3. 28 - + 2.7 

132 4.91 4.91 - +14. 5 

133 6.13 - - +20 

134 6. 77 8.98 + 33 +17.7 

135 7.03 ... - - 1.1 

136 ?.08 ?.08 - ... 17. 2 

1f38 131 3. 28 J .77 + 15 +16.8 

132 4. 91 5. 43 + 10. 6 +25. 5 

133 6. ]j - ... +21.9 

134 6.77 7. 55 + 12 - 2.4 

135 ?.03 - - -19.1 

136 ?.08 I 6. 72 -5.4 -16. 2 

iamooth curve arbitrarily drawn. (Figs . 91 10). 
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mechanism requires that .ains in one fission chain must be balanced by 

losses i n adjacent chains and consequently a decrease is predicted at 

masses 135 and 136. ~~ile the results reported here do not permit a 

check of the 135 mass chain the large predicted decrease at u~ss 136 

has not been observed~ It seems, therefore, that the fine structure 

cannot be whol~ due to the Glendenin effect ut may be a combina

tion of this effect and some preference for nuclides with S2 neutrons 

in the primary fission process as suggested Q1 Wiles, et al . (15, 9) 

and discussed in the introduction. 

(b) Kmt on 

Krypt on fission yields have also been determined for those samples 

irradiated for the study of the extent of capture of thc~l neutrons 

by xel35 (Table III ) . ~~ 1nass ~pectrometer abundance data are given 

in T b1e VIII and the Kr86/Kr84, Kr86/Kr83, Kr85/Kr83 and Kr81-1-/Kr83 

ratios are plotted in Figs . 111 12, 13 and 14 respectively, where the 

curves have been drawn using the method of least squares . It is apparent 

that while the 83, 85 and 86 fission yields remain relatively constant 

(less than 1% variation) with flux, the 84 fission yield varies by 3 

to 4%. This v~ riation in Kr84 y~eld again suggested the pcssibllity of 

fine structure in the mass yield curve in this mass range and the 

variation of thi fine structure with irradiating condit~ons . P~sulta 

obtained for the t her:mal column and Los Alamos irradiat.ed sam_pl es 

(Nos ~ ll, 13; 14 a.n 15) bear thio out (Table I X). The yields for these 

snbples are plotted in Fig. l5 where the thermal col (No, 11) and 

Los Alamos norm..al uranium. results (Uos . l J & 14) have been normalized, 

arbitrarily, at ·a value of 0 . 50% at mass 83. Unfortunately absol ute 
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TA U VIII 

MASS SPECTRuM.b:TEH ABUND. CE DATA :f'OR I SOTO l!:S OF 

FISSION PHODUC·r KRYPTON 

SA11PLE NO. ATOl4% 

MASS UNIT 

83 84 85* 86 

1 1.3 .89 27.27 7.45 51. 40 

2 13. 99 27.89 7. 22 50.90 

3 14.12 26. 69 7. 57 51. 63 

5 13.88 26., 67 7.44 52.02 

8 14.16 26 • .38 7.66 51.80 

9 14.17 26. 50 7. 50 51. 8.3 

10 (a) 14.ll 26.64 7. 61 51~64 
(b) 14.18 26. 72 7.61 51. 49 

11 14.12 26. 25 7. 53 52.10 

12 14.05 26 •. t 
7~69 51. 51 

*KrS5 yields have been corrected for the decay of the 10 . 27 
yr. isomer. · 
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Sample jMass 
lio. No. 

ll 8.3 
84 
85 
86 

12 83 
84 
85 
89 

1.3 83 
& 84 
14 85 

86 

15 . 8.3 
84 
85 
86 

.-, 

TABLE IX 

PISSIDN P DUUC1f KRYPTON ABUND1 NC'E DATA USED TO ES'!'ABLISH 

CURV:&S OF FIGS. 15 AND 16. 

tom Fission Total Mass 85 'fo Fission Yield 
% Yielda Chain YieldP 

% % Sample 15 · Sample 15 Sample 13 
Reduced To Reduced To Adjusted 
1. 66% at o.S<Yfo at For 60'~ 
Mass 86 l<Iass 86 u238 

Fission 
. -

14.12 0.50 
26. 25 0. 93 
7. 53 0. 27 1~20 

52.10 1.84 

14.05 0. 50 
26. 76 0. 95 
7.69 0.274 1. 22 

51.51 1.8.3 
, 

14. 53 0. 50 0.35 
28. 71 o.~·99 0, 70 
6. 48 Q. 223 0.99 0. 70 

50. 29· 1.73 1. 22 

14. 52 0. 50 0. 49 0. 24 
30.00 1.06 1. 035 0. 50 
5. 23 0.18 0.80 0. 78 0.38 

~9 . 46 1. 70 1. 66 o.so 

44 

14 ~Sample 12 
Adjusted 
For ~ 
-u2.38 

Fission 

0.45 
0.85 
1.09 
1. 63 

aKry})tori isotope abundance data relative to a fission yield of 0. 50% f or mass 83. 
hThe mass 85 chain yield has been corrected for the decay of the 4.4 hr. isomer of 

Kr85 by placing the mass 85 yield on the smooth mass yield curve for sample No. ll 
(u235 + n fission) . This gives a branching ratio between the isomeric states of . 

' Kr85 of 0. 27/(1. 20-G. 27) • 0. 29 . The mass 85 chain yields tor the other samples 
have been ratioed up assuming that the branching ratio remains constant ·for u2.35 
+ n and u2J8 + n fission . 
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.fission yield in this mass ranee have not been firmly established. 

Since the Xe/ r ratio, in which ther is a. discrepancy between 

reported values (8, 24) 1 is required before the krypton and xenon 

yields may be related to one another, this ratio must be redetermined. 

However, the normalization factor used will not alter the conclusions 

dra.>m here . The depleted U03 yields have been adjusted, as in the 

xeno l'ange, so t l~ll. the Los Alamos nonnal uraniuo yields indicate the 

same percentage fine structure shift from the smooth curve for 

u235 + n fission, at masses 84 and 86. · en this is done it is 

apparent th t large yield variationo occur at masses 84 and 86 and that 

approximate Op u238 + n fission,(for example, e f 13. 5 = 59% at 

mas 84 and 6 i 9.S = 6 at ss 86) has taken place in the Los Alamos 

normal uraniura sample, the same proportion that was detenn:ined for this 

sample from the xen n i otope fis ion yields. 

The kr,rpton isotope at ma s 85 has two isomers, (Fig. 17) 

long- lived one with a h f-life of 10. 27 yr . and a short-lived one with 

a 4. 4 hr . half-life. Sin e the shor·ber-lived isomer will have com

pletely decayed before t e fission gases were extracted from th uranium 

disc , the mass spectrometer result · w.Ul only indicate the yield of 

the 10. 27 yr. isomer. krypton yields have bee,. corrected for th 

decay of the long-lived is er up to the t of analysis . In order to 

campa the fission yields at this s the Kr85 yield for the thermal 

column sample (u235 + n fission) has been placed on the smooth curve 

and the yields for the other sam l cs have been incre sed proportionately 

(Table IX, column 5) . T s correc ion does not bri the other Kr85 



yields into line, indicating fine structure at this mass also. 

Actually the~e is a decided shift of the light mass peak for u235 

+ n and u238 + n fission (Fig~ II)~ Figure 16 is a replot of Fig, 15 

in which the depleted U03 yields have been displaced at mass 86 (Table 

IX) by 0. 86% of fission to correspond to the above-mentioned shift. 

The Los Alamos normal uranium results have also been adjusted at mass 

86 in accordance with an indicated 60% o238 + n .fission. Finally, the 

cadmium-sheathed sample (No. 12) result s were incorporated in Fig. 16 

47 

by adjusting the mass 86 yield to correspond to 20% u238 + n fission as 

found in the xenon studies. It is now possible to draw four rough~ 

parallel smooth curves .from which the percentage variations may be cal

culated. Again defining fine structure as the percentage variation from 

the respective smooth curves, these results indicate large f i ne struc

ture shifts at masses 84 and 85 . 

It will be noted that at mass 84 the fission yields are all higher 

than the corresponding smooth curve values while at mass 85 the oppo• 

site effect is found . The fine structure shift in going .from u235 + 

n fission to u238 + n fission amounts to 40 - 20 • 2($ at mass 84 and 

29% at mass 85. 

The f i ne structure determined fo~ the Los Alamos normal uranium 

(No. 13 & 14) and the cadmium- sheathed smupl e (No. 12) fall in the 

int.ermediate range and indicate 12 ~ 20 • 60% and 3 -: 20 • 15% u2.38 

+ n fission respectively when calculated tram the maso 84 fission 

yield values . However, when calculated from the yield values at mass 

85 , the corresponding u238 + n contributions indicated are 52% and 

O%. The u238 + n contribution indicated for the Los Alamos sample 

amounts to W% and 52% when calculated .from mass 84 and mass 85 fine 
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structure shirts respeeti voly, in good agreement w: th th values tound 

in the xenon range (~l7%). Fo:- the cadmium-sheathed ample the 15% 

u2.38 + n fission contribution indica.t · at rna.a 84 agrees with that found 

111 the xenon range o.t JM.se 134 but doea not a.gr e t mA.3s $5 4 This lat

ter discrepancy 1 be due to t.be dii'iicult.y X" rienc d in measu:::'ing 

the V f..&'ry- s 11 ion current record0d at mas 85 ( seo Fig. 5) . 

SLi.ce the mss f14 y . elds incraas while t.hos · a.t mass 85 cleo:reass, 

it may seem reasonable to account for this var-iatlon on the basis of neu

tron e rl.ssion from mass 85· rather than the t n structure due to a. 

strue al preference for closed neutron sh lls in tho initial fission 

act. Hotever, Jtr85 ha..,. 49 ne1.d~.rons, one l o than a cloeed shall, and 

the above reaction is considered to be highly improba e . 

1h.e existence or fine stNeture in the mass yiald curve at masses 

84 and ~5 seem to be de irQ..tely established for the r_rst time . The 

Glcndenin mechanism (12) may be er.nployed to predict the :fine structure 

that WJ."! be axp cted as a result of the emission of the loosely bound 

51st neutrons !'rom the primary fission products . Th se caJ..cula.ti.ons have 

belln c:J.rrled out and thG predicted variations from the s: ooth curve 

vaJ.uos ar - giv~n in Table X. .A comparison of columns fiv~ and six hews 

that there is little agreement between predicted and observed fine struc

ture in this mass range. It woUld se~m, thex- fore, th t tho obs rved 

fine strtteture 1 be due to a preference for nuclide with 50 neutrons 

in the primary !iss:· on process or a oc,mbinati of this and th Glendenin 

effect as was s " ost by the results reported for xenon isotopas. 

( c ) ' W!!l!!r:£ 

Abnormal fission yield$, resulting in fine structure in the 

mas$ .. i ssion. yield curve, have been. found in both the xenon and krypton 



TABLE X 

C014PAR S 

Fissioning Mass Smooth M •. s .. Departure Departure 
nuclide Chain curve ields from smooth predicted by 

yield sa curve Glendenin 
% % % mechanism 

% 

u235 83 0 .. 50 0. 50 - + 46 

84 0.77 0. 9.3 +20 + 18 

85 1.20 1 . 20b ... ... 8 
I 

86 1.84 1.84 - - 9 

u238 83 0. 24 0 .. 24 - + 2.5 

84 0.36 0. 50 + 40 -
85 0-.54 o.3sb - 29 .. 1,3 

' 86 0. &-o o.so .. - 11 

a See Fig. 16. 

b Krypton yields at mass 85 have been corrected for decay of 4.4 
hr . isomer .. 



mass ranges . A shift of the fine structure, to lm-rer masses, has been 

observed when going fran u235 + n fission to u238 + n fission. From 

the shift in fine structure it has been possible to determine the 

proportions of u235 and u238 neutron fission that have taken place in 

uranium samples under given irradiation conditions. 

These abnormal yields are most probably due to the presence of 

closed neutron shells of 82 and 50 neutrons which fall in the xenon 

and krypton mass ranges respectively. There is evidence that this fine 

structure is to some extent due to a structural preference for these 

closed neutron shells in the initial fission act . The Glcndenin 

mechanism, which involves the emission of the loosely held 83r and 

51st neutrons from the primary fission products, was postulated to 

account for this fine structure but does not in itself canpletely explain 

the experimentally observed fission yields. It may be that these effects 

are due to a combination of the two processes . Any comprehensive theory 

of the fission process must take into account the observed abnormal 

fission yields and the shifting of the fine structure for the fission 

of different uranium nuclei. 

(iii) l'he Branching Ratio oi KrS~ 

A branching ratio of 0. 28 for the de~ of the isomeric state 

of Kr85 has been reported by Bergstrom (28), who measured the ratio of 

internal conversion electrons to (3- rays and corrected for the conversion 

probability due to an M4 isomeric transition. The precise determination 

of the krypton fission product yields by mass spectrometric methods 

allows one to check the value obtained from the f3 spectrum analysis. 
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The ion eurrent (Fig . V) measured at mass 8.5 is due only to 

the 10.27 yr. isomer since the fission gases were extracted f~om the 

irradiated material after a long "cooling" period. The fission yield 

5:3 

of the 10. 27 yr. isomer was obtained by correcting t,he mass spectrometer 

abundance data for radioactive decay. In order to establish the 

krypton yield curves of Fig. 16 the yield of the 85 mass chain was 

placed on the smooth curve for u235 + n fission (thel~ column sample 

No. ll) . The percentage of the 85 mass chain decaying through the long

lived isomer was found to be 0.27 ; 1 . 20 or 22. 5%, which yields a 

branching ratio of 0 . 29 . This is in excellent agreem.ent with the value 

reported by BergstrOm and supports the conclusion that the Kr85 

mass yield falls on the smooth fission yield curve indicating no fine 

structure at this mass for u235 + n fission. 

Figure 17 illustrat es the complete decay scheme for Kr85 

(28 ) ( 2:7 ) . 

(iv) Tbe rgss Spectrgmetet Determination of the Hal£- life of KrS5 

Prior to 1945 the only Kr85 isomer known had a 4. 5 hr . half

life, an activity first noted by Snell (29) in 1937 while studying 

the (d , p )reaction on Kr. In 1945 Hoagland and Sugarman (30) f01.md an 

activity with a minimum halt- life of 10 years when irwcstigating the 

gaseous activities in fission products . They were able to sholi that 

t his was due to an isotope of krypton and assigned it either to Kr-85 

or KrS'l . Thode cmd Graham (B) of the Canadie.n Atomic Energy Project 

independently discovered a long-lived isotope o£ kr,ypton during in

vestigation of gaseous fission products with a mass spectrometer. Their 

results showed the defi nite existence of a long•lived isotope of kr,ypton 
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at mass 85 and hence an isomer of the known 4.5 hr. krypton of that 

mass . The mass spectrometer work also indicated that the fission 

yield of this isomer \"l3.S about 25% of the total yield of the 85 mass 

chain. By follo ring the decrease of this i sotope ov-er a period of a. 

few months. . Thode and Graham \i'ere able to show that it decayed w:i. t h a 

half~life of about 9.4 years . With this additional information the 

uncertainty in the mass assignment of the act ivity reported by Hoagland 

and Sugarman ~m.s removed and the 10 year activity was attributed to 

Kr85 . 

The early mass spectrometer detenninations vrere not too precise 

since measurement s were made on samples that had only decayed a short 

time. However, with these samples almost seven years old it has been 

possible to redetermine the half - life of Kr85 with impr oved accuracy. 

The results obta~ned are reported below. 

Half- life measurements by the mass spectrometer method invol ve 

the determination of the concentration of the radioactive isotope 

rel ati ve to a stable isotope after various time intervals . These measure-

ments are most accurate when the elapsed time between two isotope ratio 

determinati ons is of the order of the half- life of the isotope being 

investi a.ted, which in the case of Kr85 is approximately ten years . In 

the work reported here the Kr85 concentration was determined relative to 

both the stable isotope Kr84 and the stabl e isotope Kr86, thus eliminating 

any mass discrimination that may be inherent in the mass spectrometer . 

The equation N = N0e -) t, ~lhere N is the concentration a.t time t 1 N0 the 

concent ration at zero time , and A the disintegration constant, was used 

in the determination. By substituting the mass spectrometer ratios 
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Kr85 ;Kr84 o.nd Kr85 /~I obt ined art ' r different time intervals, 

for ll/l 0 , he half-life may b·· calculated from the rela. ·io 'I'~ : 

0 . 6931/tl • 'lbe ra. io K~5;KrS4 and !35; r86 Db ~ · ed in 1.946 wer 

sub titut . for U0 • all th .calculations . 

A few uranium di scs ir.r iat d n 1945 wer ava.ila e in t;hia 

laborc.!.tOcy • T-wo or thes wert) di solve an tbe fission !rcl.30S X-

tract d usi "" t he tee miques dov loped by At"t'ol~ Of c ett, ru'ld Epstein 

24) . Since t 1 zoe a indications t :t ·· U varia ions in fi eion 

yild . cl.l.I' dependi g on ir in.tion c 1 • tions, it s felt t at a. 

ple o! th or' a, t erefore, purifie 

in a calcil.ml rumaoe ( '4. ' • 4) and the muall 'ount < 0. l cc . ) or gas 

analyze in both t a krypton and ~«.not r.na.· s. r s . l.he 

result~ of i d t rmination are .include ln table !II as run o. 7. 

Table XI gives the rela ·1v ma.ss spec rom · r but.rlance data 

for the krypton i ot.or)es obtained for sample L in 1946 and 19:>2. The 

d .creaae in the .[rB5 abundance over a period or nearly even y ara is 

read.i.:cy' apparent . 

The half-:ll!e sults obtained .f."rom seven diffarent ma.ss 

spectra tcr runs r.tade on samples F, K, and. L are Biven in Table XII. 

Uranium samples F and K wero irradiated at the same tilllO {1945 )and :i."l 

a.dja.ecnt positions to a-ample L, which tas · weotigated first in 19/+6. 

It is, therefore, rea.so:na:ble to assume similAr irradiation conditions for 

the t bNe uranium samples . Tho results of run 7, .r ven in Table XII, are, 

of course, not dependent on this aesu.mpt:t.on. 'l'h KrB5 half-li.t'e 

determined fX"'r!!. the a. rage ¥.J.f t h.oao result,s was to d to be 
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TA LEI 

ABUt DANCE D T FOR SVI'OPEJ F 'I SI . U. L 

Mass Unit 1946 1952 
At om % At cm% 

83 14. 25 ± 0.04 + 14.55 - o.o1 

84 
... 26 .76 - o.o1 + Z/ . 50 .. O.Ol 

85 7.43 :t O.Ol + 4.85 - o.ol 

S6 ... 
51. 52 - 0.04 53 .09 ± 0.02 
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TABLE XII 

Kr85 HALF ..LIF " f ROl !1A.vS ~ ECTfW!4E'rER ABUND ~CE DATA 

Run No. Sample No. Elapsed Time Kz-85 Tit (in years) Average 
(in days) Calculated From 

Kr85/Kr84 Kr85/Kr86 

1 F 2027 9. 95 10.ll 10.03 

2 K 21.67 10.. 53 10.38 10. 46 

3 K 21.68 10.64 10.39 10. 52 

4 K 2176 10.44 10 .• 42 10. 43 

5 K 2176 10.34 10.09 10.22 

6 K 2176 10. 20 9.98 10.09 

7 L 2439 10.19 10.13 10.16 

10.27 :t 0.1 8* yrs . 

*standard Deviation 
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10. 27 % 0 .18 years . 

As entioned above the purified gas from disc L ~ s analyzed 

in both the krypton and xenon ma.ss ranoes . Tables XIII and XIV compare 

he stable krj-pt,on and xenon i otope abund<:..nces dete:cr:'lined in 19h6 

and 1952. T. c perce tage differences shown indicate a o-reement ~litbin 

1% t<Thich is indeed rema.r' able in vielv of the f ct that t,he 1i ass s , c

tromater has been c pl tely rebuilt, in the interval . He can} there

fore, have considerable confidence in the is tope ratios obtain d in 

1946 which are used together ldth the mor e recent values to determine 

the half- ife of Kr85 . The mass spectrometer io nov-r equipped with 

a vi rating reed el ec rameter and aut omatic reeordir~, hence more 

precise determinations are possible. 
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TABLE XIII 

COt1P SOI Ol'' A ill D WE DATA FO STABW I SOTd)ES 0" FISviO,~ 1 DUCT 

KRYPTON SAMPLE L DE' ~ ) U ~ED VITH A 180 DEGREii: HASS SPECTRD ·.!.l'..TEii 

Mass Unit 1946 1952 
Atcm% Atontt % Dif.ferenc6 

8.3 + 15. 40 - 0.04 15. 29 :i 0.01 ...0. 71 

84 28. 92 ± o.o1 28. 90 :t 0.01 -0.07 

86 55. 68 ± 0.04 + 55. 00 - 0.02 +0 . 20 



TABLE XIV 

OOHPAI1I SON OF ABUNDANCE DATA FOR I SOTOPES OF F'lSSI N PRODUCT XilllON 

SAMPLE L D:'.:TERHI!:.'ED j· ITH A 180 D I GREE !1AS-. SPECT I]{ETEU 

Mass Unit 

131 

1.32 

134 

136 

1946 
Atom% 

13.3$ t 0_.04 
+ ' 20.09 - 0.04 

35. 76 :t 0.04 

30. 77 % 0.04 

1952 
Atom )o 

1..3 ~ 39 :t o.o1 

20~01 :t o. 1 

) 6. 00 :t 0 .• 02 

30. 63 t 0.02 

% Difference 

..0 ~07 

-0.40 

+0.67 

-0.45 
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