










































































































.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 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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