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yields into line, indicating fine structure at this mass also,
Actually there is a decided shift of the light mass peak for U235
+n and U8 4 5 fission (Fig. II). Figure 16 is a replot of Fig, 15
in which the depleted UO3 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% U238 4+ n fission. Finally, the
cadmium-sheathed sample (No. 12) results were incorporated in Fig. 16
by adjusting the mass 86 yield to correspond to 20% U238 4 n fission as
found in the xenon studies. It is now possible to draw four roughly
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 fine 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 4 n fission amounts to 4O - 20 = 20% at mass 84 and
29% at mass 85,
The fine structure determined for the Los Alamos normal uranium
(No. 13 & 14) and the cadmium-sheathed sample (No, 12) fall in the
intermediate range and indicate 12 + 20 = 60% and 3 ¢ 20 = 15% U238
+ n fission respectively when calculated from the mass 84 fission
yield values. However, when calculated from the yield values at mass
85, the corresponding U238 4 n contributions indicated are 52% and
0%. The U238 4 n contribution indicated for the Los Alamos sample
amounts to 60% and 52% when calculated from mass 84 and mass 85 fine
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structure shifts respectively, in good agreement with the values found
in the xenon range (57%). Por the cadmium-sheathed sample the 15%
U238 4 n fission contribution indicated at mass 84 agrees with that found
in the xenon range at mass 134 but does not agree at mass 85, This lat-
ter discrepancy may be due to the diffieulty experienced in measuring
the very small ion current recorded at mass 85 (see Fig., 5).
Since the mass 64 ylelds inorease while those at mass 85 decrease,
it may seem reascnable to account for this variation on the basis of neu-
tron emission from mass 85 rather than the fine structure due to a
structural preference for closed neutron shells in the initial fission
act, However, Kr®> has 49 neutrons, one less than a closed shell, and
the above reaction is considered to be highly improbable.

The existence of fine structure in the mass yield curve at masses
8L, and 85 seems to be definitely established for the first time., The
Glendenin mechanism (12) may be employed to predict the fine structure
that may be sxpected as a result of the emission of the loosely bound
51st neuirons from the primary fission products. These calculations have
been carried ocut and the predicted variations from the smooth curve
values are given in Table X, A comparison of columns five and six shows
that there is little agreement between predicted and observed fine struc-
ture in this mass range. It would sesm, therefore, that the observed
fine structure may be dus to a preference for nuclides with 50 neutrons
in the primary fission process or a combination of this and the Glendenin
effect as was suggested by the results reported for xenon isotopes,

(e) Sumary

Abnormal fission ylelds, resulting in fine structure in the

mass {ission yield curve, have been found in both the xenon and krypton



TABLE X

COMPARISON OF ZXPERIMENTAL AND PRADICTED KRYPTON FISSICN YIELDS

Fissioning |Mass [Smooth |[M.S. Departure Departure
nuclide Chain | curve jFields |from smocth [predicted by
yields® curve Glendenin
% % % mechani.sm
%
y33 g3 |o.50 [o.50 " + Ub
8L 0.77 0.93 +20 + 18
85 lom l.ZOb - - 8
—86 loell' 10841- » - 9
g8 & |o.2 [o.2 - +25
84 0.36 0450 + 4O -
85 | 0.55 (0.38° | - 29 - 13
86 0.80 0,80 - - 11

a See Fig. 160

b Krypton yields at mass 85 have been corrected for decay of 4.4
hr. isomer,
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mass ranges. A shift of the fine structure, to lower masses, has been
observed when going from 0235 + n fission to 0238 + n fission, From
the shift in fine structure it has been possible to determine the
proportions of U235 and yR38 neutron fission that have taken place in
uranium samples under given irradiation conditions.

These abnormal yields are most probabiy 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 Glendenin
mechanism, which involves the emission of the loosely held 83rd and
51st neutrons from the primary fission products, was postulated to
account for this fine structure but does not in itself campletely 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.

(1i1) Ihe Branching Ratio of Kzfo®

A branching ratio of 0,28 for the decay of the isomeric state
of Kr®5 has been reported by Bergstrém (28), who measured the ratio of
internal conversion electrons to B™ rays and corrected for the conversion
probability due to an M4 iscmeric transition., The precise determination
of the krypton fission product yields by mass spectrometric methods
allows one to check the value obtained from the B spectrum analysis,
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The ion current (Fig. V) measured at mass 85 is due only to
the 10,27 yr., isomer since the fission gases were extracted from the
irradiated material after a long "cooling" period. The fission yield
of the 10,27 yr. isomer was obtained by correcting the mass spectrometer
abundance data for radicactive 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 U7 4 n fission (thermal colwm sample
No. 11). The percentage of the 85 mass chain decaying through the longe
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 agreement with the value
reported by Bergstrim 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 4 n fission,

Figure 17 illustrates the complete decay scheme for Kr8?

(28) (27).

(iv)
Prior to 1945 the only Kr® isomer known had a 4e5 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) found an
activity with 2 minimum half-life of 10 years when investigating the
gaseous activities in fission products, They were able to show that
this was due to an isotope of krypton and assigned it either to Kr85
or kr87, Thode and Graham (8) of the Canadien Atomic Energy Project
independently discovered a long-lived isotope of krypton during in-
vestigation of gaseous fission products with a mass spectrometer, Their
results showed the definite existence of a long-lived isotope of krypton
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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 was about 25% of the total yield of the 85 mass
chain, By following the decrease of this isotope over a period of a
few months. Thode and Graham were able to show that it decayed with a
half-life of about 9.4 years. With this additional information the
uncertainty in the mass assignment of the activity reported by Hoagland
and Sugarman was removed and the 10 year activity was attributed to
ke85,

The early mass spectrometer determinations were not too precise
since measurements 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 Kr83 with improved accuracy.
The results obtained are reported below,

Half-life measurements by the mass spectrometer method involve
the determination of the concentration of the radiocactive isotope
relative to a stable isotope after various time intervals., These measure-
ments are most accurate when the elapsed time between two isotope ratio
determinations is of the order of the half-life of the isotope being
investigated, which in the case of Kra5 is approximately ten years. In

the work reported here the Kr85

concentration was determined relative to
both the stable isotope Kr®% and the stable isctope Krf®, thus eliminating
any mass diserimination that may be inherent in the mass spectrometer,

The equation N = N_gt, where N is the concentration at time t, Ny the
concentration at zero time, and A the disintegration constant, was used

in the determination, By substituting the mass spectrometer ratios
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Kr85 /K84 and ke85/kr8®, obtained after different time intervals,
for N/ly, the half-life may be ecaleulated from the relation T3 =
0.6931/2« The ratios Krf5/kr®h and Kx®5/Kr® cbtained in 1945 were
substituted for Ny in all the ealculations.

A few uranium discs irradiated in 1945 were available in this
laboratory. Two of these were dissolved and the {ission gases ex-
tracted using the techniques developed by Arrol, Chacketi, and Epstein
(24). Since there are indications that small variations in fission
yields occur depending on irradiation conditions, it was fell that a
more reliable result could be obtained if the same gas studied in 1946
was re-snalysed, A sample of the original gas was, therefore purified
in & caleiuwm furnace (Fig. 4) and the small amount (< 0.00L ce.) of gas
remaining was analyzed in both the krypton and xenon mass ranges. The
results of this determination are included in Table XII as run No. 7.

Table XI gives the relative mass spectrometer abundance data
for the krypton isotopes obtained for sample L in 1946 and 1952, The
decmsointhoh‘”abmﬂamomrapariodatmrlymymh
readily apparent.

The half-life results obtained from seven different mass
spectrometer runs made on samples F, K, and L are given in Table XII,
Uranium samples F and K were irradiated at the same time (1945)and ia
ad jacent positions to sample L, which was investigated first in 1946.
It is, therefore, reasonable to assume similar irradiation conditions for
the three uranium samples., The results of run 7, given in Table XII, are,
of course, not dependent on this assumption, The Kr8S half-life
determined from the average of these results was found to be



ABUNDANCE DATA FOR ISUTOPES OF FISSIGN PRODUCT KRYPTON SAMPLE L

TABLE XI

DETERMIRED WITH A 180 DEGREZ MASS SPECTRUMEIER

Mass Unit 1946 1952
Atom % Atom %
83 14.25 £ 0,04 14,55 = 0,01
8l 26,76 £ 0,01 27.50 £ 0,01
85 7.43 ¥ 0,01 L85 2 0,00
86 51,52 = 0,04 53,09 % 0,02
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TABLE XII
Kr85 HALP-LIFE FROM MASS SPECTROMETER ABUNDANCE DATA

Run No, | Sample No. E]égs;gy z‘:;m Krscil 3%1&24 y;::) Average
Kr85/krBh | kr85/xr86
1 F 2027 9.95 10,11 10,03
2 K 2167 10.53 10.38 10.46
3 K 2168 10,64 10.39 10,52
b K 2176 10444 10.42 10.43
5 K 2176 10.34 10,09 10,22
6 K 2176 10,20 9.98 10,09
7 L 2139 10,19 10.13 10,16
10.27 ¥ 0,18* yrs.

*Standard Deviation



10.27 % 0,18 years.

As mentioned above the purified gas from disc L was analyzed
in both the krypton and xenon mass ranges. Tables XIII and XIV compare
the stable krypton and xenon isotope abundances determined in 1946
and 1952, The percentage differences shown indicate agreement within
1% which is indeed remarkable in view of the fact that the mass spec-
trometer has been completely rebuilt in the interval, We can, there-
fore, have considerable confidence in the isotope ratios obtained in
1946 which are used together with the more recent values to determine
the half-life of Krf5, The mass spectrometer is now equipped with
a vibrating reed electrometer and automatic recording, hence more

precise determinations are possible,



TABLE XIII

COMPARISON OF ADUNDAKCE DATA FOR STABLE ISCT.PES OF FISSION PRODUCT

KRYPTON SAMPLE L DETERMINED WITH A 180 DEGREL MASS SPECTROMETER

Mass Unit 1946 1952
. Atom % Atom® % Difference
83 15.40 % 0,04 | 15.29 £ 0.01 Q.71
8l 28,92 £ 0,01 | 28.90 # 0,01 «0,07
86 55.68 £ 0,04 | 55.80 % 0,02 +0,20
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TASLE XIV
COMPARISON OF ABUNDANCE DATA FOR ISOTOPES OF FISSION PRODUCT XENON

CAMPLE L DETERMINED WITH A 180 DEGREE MASS SPECTROMETER

b= ————— == -
1946 1952
Mass Unit Atom % Atom % % Difference
131 13.38 ¥ 0,04 | 13.39 2 0,01 40,07
132 20,09 2 0,04 | 20,01 ¥ 0,01 «0.40
134 35.76 £ 0,04 | 36,00 £ 0,02 +0,67
136 30,77 £ 0.04 | 30,63 ¥ 0,02 -0.45
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