PHYSICAL REVIEW C° VOLUME 17, NUMBER 1 JANUARY 1978

Charge distribution in nuclear fission: Détermination of fractional cumulative yields of !3*Te
and I in the spontaneous fission of 2°*Cf
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The fractional cumulative yields of '**Te and '*°I in the spontaneous fission of 2>Cf are determined by
following the growth and decay of '3*I and !**Xef activities, respectively, on a 60-cm® Ge(Li) detector. The
values of the most probable charge (Zp) for mass chains 134 and 135 are calculated assuming Gaussian
distribution. The values of fractional cumulative yield are 0.791 and 0.975 for '**Te and '*I, respectively,
and corresponding Zp values are 52.03 4-0.06 and 52.40 4 0.06. The data are compared with other fractional
cumulative yield values from literature in the spontaneous fission of 2*2Cf to see the effect of fragment shells
on the width of the charge distribution.

RADIOACTIVITY, FISSION Spontaneous fission of *2Cf: measured y activities]
1341 and 135Xe8 using Ge(Li) detector and obtained fractional cumulative yields; _|
Zp values for the mass chain 134 and 135 deduced.

INTRODUCTION

Nuclear charge distribution in the spontaneous
fission of 22Cf has been studied by several work-
ers using physical methods such as coincidence
measurements of fission fragments either with
x rays!~3® or y transitions from even-even* nuclei.
There are a few reported yields of specific fission
products determined by radiochemical techniques.
The fractional cumulative yields of several iso-
topes of xenon were reported by Wahl et al.> Von-
Gunten, Flynn, and Glendenin® have reported in-
dependent yields of several shielded nuclei such

—

as ®Br, ®*Rb, *°Cs, and '*°Pm. Troutner, Eichor,
and Pace’ have reported fractional independent
yields of '2Ag, 3, and !*®Cs. Troutner and Run-
nalls® and Harbour and Troutner® have reported
the fractional cumulative yields of *!Sb and
131Te™ and °°Nb™ in the spontaneous fission of
252cf.

The fractional cumulative yields of **Te and
1357 in the spontaneous fission of >*Cf are reported
in this paper as a part of our program of the study
of charge distribution. The values of the most
probable charge Zp were calculated assuming a
Gaussian distribution with ¢ =0,56 + 0,06.°

EXPERIMENTAL
The decay chains for the isobars involved in this work are
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The half-lives of the radionuclides were taken
from “KARLSRUHER NUKLIDKARTE” (1974)." The
branching in the decay of *I to ¥Xe™ is 8.5% as
taken from Hawkings, Edwards, and Olmstead.'?

The californium source of about 1.7 ug (of 2°2Cf)
used in this experiment was prepared by electro-
deposition on stainless steel plate. The 0.5-mm-
thick aluminium catcher foils were kept at a dis-
tance of 1 mm from the source using a sample
holder. The time of collection of fission frag-
ments varied from 10 minutes to 3 hours depending
on the nuclide of interest. After collection, the
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catcher foils were mounted on aluminium plates
and were checked and found to be free of o con-
tamination. '

The catcher foils were counted on a 60-cm?
Ge(Li) detector coupled with a 400-channel analy-
zer. The resolution of the Ge(Li) system was
about 1.5 keV at 122 keV and 3.9 keV at 1332 keV.
The counting was done in the live-time mode of the
analyzer where the maximum dead tithe was of the
order of 5%. The samples were counted for suit-
able durations at appropriate intervals. The area
of the photopeaks of interest were calculated by
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subtracting Compton contribution, from the total
counts under the peak.

CALCULATIONS

Since the half-lives of the precursors of **Sb
and !3°Te in the two cases are very short compared
to the time of fission fragments collection and in-
terval up to the first y counting, the 134 and 135
mass chains were assumed to consist of **Te and
1341 and '3°1, !3°Xe™, and '%°Xef, respectively.

In the case of **Te-'3* the peak area (A) of
847-keV y ray of ¥ was related to the initial num-
ber of atoms of tellurium (N%,) and of iodine (NF)
formed at the end of the irradiation by Eq. (1):

Y=8XNJ +8N?, (1)
where

A
Y= ('1"_ em'TZ')e =XoT

and
X=1 +_Z\2_

AT =N

X(e-xzt__e— xlt)e-xzt+(1_e-)\1t)(e-)\1T_e—X2T)
(l_e—)\zt)e-)\zT .

@)

& is the net counting efficiency of the detector.
A, A, are the decay constants of **Te and '**I, re-
spectively, ¢ the time of collection, and T the time
interval between the end of collection and the mean
time of counting. Five different measurements
with ¢ varying from 10 to 20 min were carried out.
The values of X and Y in E‘q. (1) were calculated
for each of these measurements and were fitted to
obtain straight lines with least-squares analysis.

The fractional cumulative yield (FCY) of **Te is
defined as the ratio of number of atoms of **Te to
the sum of the number of atoms of **Te and %,
formed independently at the end of the collection.
Since ®*Sn and **Sb have short half-lives, Nf,
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gives cumulative formation up to **Te and NY
gives independernt formation of **I. Since the num-
ber of **Xe atoms independently formed is very
small compared to that of *I the FCY for **Te is
expressed as

seure)a— ey @
Nre+ Ny
and according to Eq. (1)
134 _m
8:( Te) _m+c ’ (5)

where m and ¢ are the slope and intercept of the
line represented by Eq. (1). Table I shows the
data on the measurements of FCY of **Te. - The
calculated values of slope and intercept for each
measurement are shown along with number of de-
terminations for each collection. A typical plot of
Y against X is given in Fig. 1.

The partial decay of 3°I to '**Xef is through
185%e™, Therefore, the growth and decay of **Xef,
during the collection and interval up to the counting
time, depends on the branching ratio, relative
independent yields of 3°Xe™ and *°Xef as well as
on the half-life of 3°Xe™. On the basis of similar
data in the fission of 2*°U (Ref. 13) it was assumed
that the independent yields of **Xe™ and *°Xef are
the same. Since 91.5% of '*°I decays to **Xef and
the half-life of **Xe™ is shorter compared to the
collection time and the interval between collection
and counting time, the error in FCY of **I due to
the above assumption is negligible.

The peak area A of **Xef (249.6-keV y ray) is
related to the number of atoms of '*°I (N7 ) and
135%ef (N%) formed at the end of irradiation by
Eq. (6)

Y=8XN?+8N% , 6)
where -
A
Y=—"— 7
P M

TABLE I. The data on fractional cumulative yield of '3Te.

Time of Fractional
collection = Number of cumulative
in minutes ~ measure- Calculated values yields of 134Te

t ments Slope m Intercept ¢ (m/m +c)
10 5 0.538+0.009 0.140+0.016 0.794
12 12 0.313+0.014 0.898+0.013 0.762
15 12 0.300+0.010 0.092+0.014 0.765
18 14 0.337+0.007 0.079+0.019 0.810
20 8 0.424+0.012 0.093+0.016 0.820

Mean FCY=0.791+0.026
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FIG.1. Plot of x and y values for ¢ =18 min for the case 134pe 1347,
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A,, M, and X, are the decay constants of %I,
135%e™, and '**Xef, respectively. ¢ is the collec- E, =E,+E(F —E), E;;=Q[2XE;+E,)—E;XE;,
tion time and T is the time interval between the b=0 915'
end of the collection and the mean time of counting. TR

The different symbols in Eq. (7)—(9) are the branching ratio of '*°I to ¥*Xe*, and A is the

TABLE II. The data on fractional cumulative yield of !%1.

Time of ‘ ) Fractional
collection  Number of : cumulative
in minutes  ‘measure- . Calculated values ' yields of 1351

t ments Slope m Intercept ¢ (m/m +c)

40 12 30.53+0.22 0.968+0.10 0.969

60 11 7.50+0.12 0.162+0.06 0.979
120 10 27.43+0.31 0.940+0.014 0.967
150 9 27.60+0.22 0.686+0.10 0.979
180 10 30.24+0.21 0.609+0.10 0.980

Mean FCY =0.975+0.006
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FIG. 2. Plot of x and y values for ¢ =120 min for the
case 131-135%e,

peak area of '3°Xef (249.6 keV) peak.

The FCY of '3°I was obtained in a similar manner
as in the case of **Te. Table II gives the data on
FCY of %] for all the five sets of measurements
and the values of slope and intercept along with
number of determinations for each collection. A
typical plot of Y against X is given in Fig. 2.
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RESULTS

It is well established that the fractional cumula-
tive yields for an isobaric chain are represented
by a Gaussian distribution given by Eq. (10):

cum _ 1 fZ+O.5 (Z—Z )2
Y% ) (exp———-2—~202 az (10)

where Z, is the most probable charge for the fis-
sion product chain and ¢ is the standard deviation.

The fractional cumulative yields for **Te and
13T were used to calculate the Z, values by using
Eq. (10) with 0 =(0.56+ 0.06). Table III shows a
comparison of the values of Z, obtained in this
work with literature values from radiochemical
data.® '

It has been shown by Wahl et al.'° that the differ-
ence between most probable charge (Z,) and the
one calculated on the basis of unchanged charge
distribution (Z,, ) is given by Eq. (11) for the
heavy fission products

(Zy= Zyep)==0.45£0,10 . (11)

Column 6 of Table III shows that the correlation
following Eq. (11) is valid for ?*2Cf fission also.
Figure 3 shows these data along with most recent
data of physical experiments. It can be seen that
the difference in Zycp and Z, values is constant
and is about —0.45 charge unit.

DISCUSSION

The fractional cumulative yields **Te and '*°I
obtained in the spontaneous fission of 2°2Cf in the
present investigation along with literature values

TABLE III. The fractional cumulative yields for different fission products and the compari-
son of Zp values obtained from this with those calculated on the basis of unchanged charge dis-

tribution (UCD).

The most
probable
value of
Fractional charge (Zp)
cumulative assuming Zucb
Nuclide yield 0=0.56+0.06 A2 'z Zy=Zyen  Z—Zycp
134pe 0.74 +0.03 52.14 135.1 52.539 —0.399 —0.539
13dped 0.69 +0.03 52.03+0.06 135.1 52.539 —0.509 —0.539
1351b 0.975+0.006 52.40+0.06 136.2 52.967 —0.567 +0.033
136xe 0.995+ 0.001 52.05 137.4 53.433 —-0.383 +0.567
138xe 0.89 +0.03 53.83 139.6 54.288 —0.488 -0.288
139%e 0.67 £0.01 54.26 140.6 54.677 —0.419 —0.677
o 0.45 +0.01 54.57 141.7 55.105 —0.536 -1.105
Hixe 0.172+0.005 55.06 142.8 55.533 —0.473 -1.533

3 A’ = 4 +p(A); values taken from Ref. 14.

bThis work. Other values taken from Ref. 5.
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FIG. 3. A plot showing the comparison of Zycp and Zp in the spontaneous fission of 320,

for 1%°Xe, 13%Xe, 13°Xe, *°Xe, and *!Xe are shown
in Fig. 4 in which FCY’s are plotted as a function
of Z-2Z,.,- Two straight lines corresponding to
two values 0.50 and 0.62 for o are drawn on the
probability graph. It is seen that while four out of
the five FCY’s of Xe isotope are within the limits
of 0=0.56+0.06, the values of '**Te and *°I from
the present work are on the lower side of the o
values, i.e., nearer 0=50. The high FCY’s for
1%4Te and **I may be explained as being due to the
odd-even effect and/or shell effect and both these
are briefly discussed here.

Odd-even effect. Inthe context of odd-even ef-
fect, it is relevant to refer to two recent contri-
butions. The first one is that of Amiel and Feld-
stein' who have analyzed the data on independent
yields of fission products in the light and heavy
mass regions in the thermal-neutron fission of
2357 and found that the probability of formation of
fragments with even Z is 25% higher compared to
normal distribution while that of fragments with
odd Z is 25% lower. The second one pertains to
the work of Siegert ef al.’® who have formulated an
empirical equation for correcting for the odd-even
effect; according to their formulation, the yield
Y of the nuclear charge Z in the mass chain A is
given by Eq. (12):

Y(A, Z2)=Y%: 2 (1+0.195p +0.045n) , (12)

Wahl

where 8p or dn is +1 or —1 for even or odd number
of protons or neutrons as the case may be. This
formulation was arrived at by them on the basis of
experimental data obtained in mass region 79 to
100. The high FCY of !*I obtained in the present
work may be attributed to the odd-even effect,
since the fission product mass chain 135 is due to
neutron emission from fragment chain of even
mass 136 (A’ =136.2).'®* Calculations were carried
out to correct the normal yield value for odd-even
effect for three values 0.50, 0.56, and 0.62 for

o using (a) the method of Amiel and Feldstein!* and
(b) the empirical equation of Siegert ef al.’® In
both cases the corrected normal yield values com-
pared well with the experimental value of 0.975 for
0=0.50 as the contributions of neutron and proton
pairing effects are in the same direction (total
correction in both the cases is ~25%). Since the
fission product mass chain 134 is due to neutron
emission from fragments of odd mass chain 135
(A’=135.1),' the formation of even-even or odd-
odd fission fragments is ruled out and so the me-'
thod of Amiel and Feldstein cannot be applied to
explain the high FCY of ¥*Te. Therefore, cal-
culations were carried out to assess the odd-even
effect in the case of **Te using the equation of
Siegert el al. where the effects of proton and neu-
tron pairings are brought out separately. It was
found that for all the three values of o, namely,
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FIG. 4. A plot of Z-Zycp, as a function of FCY for 2°2Cf spontaneous fission.

0.50, 0.56, and 0.62, the corrected normal yield
value is higher than the experimental value 0.791
making it difficult to say whether the same appor-
tionment of proton and neutron pairing effects as.
observed in the light mass region 79 to 100 is valid
for the heavy mass region 134-136 of the present
work for assessing the odd-even effect.

Shell effect. For the mass chain 135, it was
found that even after the correction for odd-even
effect, the measured FCY corresponds to the low-
er value of ¢ (near 0.50 for 136 mass chain) in-
dicating the possible influence of shells. Similarly
the FCY of **Te indicates value of o near 0.50,

though the analysis carried out for odd-even effect
was not conclusive. In this connection it is rele-
vant to refer to the analysis by Notea,!” of the data
of Strom et al.'® and Wahl et al.*° on the charge
distribution in the fission of 2**U which has shown
that the values of o for mass chains 131, 132, 133,
and 136 are 0.68, 0.54, 0.45, and 0.32, respect-
ively, indicating a lower o value in the mass region
132-136 in the fission of 2*U. Extending this trend
to the spontaneous fission of 2°2Cf, one can attri-
bute the high FCY’s of **Te and *°I of the present
work to shell effects. Further work in this region
would be very interesting.
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