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Angular momentum of fission fragments in low energy fission of actinides
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Independent isomeric yield ratios (IYR) of '28Sb, 139Sb, 1328b, 131 Te, 133Te, 1321, 1341, 1361, 135Xe, and '3¥Cs
have been determined in fast neutron induced fission of >*2Th, 2%U, ?*°Pu, and **Cm as well as in thermal
neutron induced fission of 2**U and ?**Pu using radiochemical and offline y-ray spectrometric techniques. From
the I'YR, fragment angular momenta (J;,s) have been deduced using a spin-dependent statistical model analysis.
These data along with the literature data for 2°Th*, 234U*, 236U*, 240py*, 242py*, 2Cm(SF), 2*°Cm*, °Cf*, and
22Cf(SF) for fifteen even-Z fissioning systems show the following important features: (i) The Jyy, of the odd-Z
fission products are higher than those of the even-Z fission products, indicating the odd-even effect. For both the
odd-Z and even-Z fission products, the Jyy increase with Z% /Ap. (i) The Jins of fragments with spherical 50-p
and 82-n shells are lower compared to those of fragments outside the spherical shell, indicating the effect of shell
closure proximity. (iii) The Ji of the fission products increase with mass number in spite of fluctuations in shell
closure proximity and odd-even effects but do not show any correlation with the neutron emission curve. (iv) In
all fifteen even-Z fissioning systems from Th to Cf, the yield-weighted J,,,s values show an anticorrelation with
the elemental yields. (v) The odd-even fluctuation on J,,s does not change drastically from Th to Cf, unlike the
proton odd-even effect (§,,) which decreases significantly with the increase of Coulomb parameter (Z%/ AIFB).
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I. INTRODUCTION

Fission fragment angular momentum in low energy fission
of actinides arises due to statistical populations in various
collective modes such as wriggling, bending, and twisting [1,2]
in addition to the contribution from postscission Coulomb
torque [2—4] and/or single particle excitation. Thus, studies
on the fragment angular momentum are of theoretical and
experimental interest as they provide information about the
rotational degrees of freedom at the point of scission and
shortly after scission. Fragment angular momentum of the
mass average fission products can be estimated from the
physical methods based on measurements of anisotropy [3,4]
and multiplicity [5,6] of the prompt y rays. For even-
even fission products, fragment angular momentum can be
estimated from their ground-state rotational band transition
intensity, measured by using the multiparameter coincidence
technique [7,8] and applying statistical model analysis. On the
other hand, fragment angular momenta of both even-Z and
odd-Z fission products can be estimated from the independent
isomeric yield ratios [9-22] using statistical model analysis.
Depending upon the half-lives of the radionuclides, the
independent isomeric yield ratios of the fission products are
determined using the physical techniques based on a recoil
mass separator [9-11], an isotope separator, or the ISOL [12],
or by radiochemical methods [13-22]. The physical technique
based on a recoil mass separator [9—11] provides the fragment
angular momentum of the fission product as a function of
fragment kinetic energy. On the other hand, in the radiochem-
ical method combined with offline y-ray spectrometry it is
possible to obtain the angular momentum of the fission product
for the integral over the kinetic energy. Studies on fragment
angular momentum based on the above techniques may reveal
dependencies on nuclear structure effects such as odd-even
effects [17-22], shell closure proximity [17-22], quadrupole
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moments [7], scission point deformation [8,20-22], fragment
kinetic energy [9-12], and the single particle effect of the
fissioning systems [22]. An anticorrelation of fragment angular
momentum with elemental yield was also observed in the
even-Z fissioning systems [20,21] due to the coupling between
the collective and intrinsic degrees of freedom. The observed
trend of decreasing angular momentum with increasing kinetic
energy [9—11] for different fragments also confirms this fact
as well as the effect of fragment deformation. The observation
of the odd-even effects on fragment angular momentum in
the odd-Z fissioning systems [22] further supports the role
of fragment deformation in addition to the single particle
spin contribution of the fission fragments and the fissioning
systems. All of the above observations are based on the data in
the even-even and odd-odd fissioning systems except the data
for '¥3Xe and "% Xe in 2¥U(ny, f) and *?Am™ (ny, f) [16].
Thus it seems that the data in the even-odd and odd-even
fissioning systems are extremely rare. In view of this, in the
present work fragment angular momenta of 128G, 1308, 1328,
31T, 133Te, 1321, 1341, 136, 135Xe, and '33Cs have been deduced
from the radiochemically determined independent isomeric
yield ratios in fast neutron induced fission of 232, 238y,
240py, and 2**Cm as well as in thermal neutron induced fission
of 222U and **Pu, respectively. These data in the even-odd
fissioning systems and the literature data of even-even and
odd-odd fissioning systems are interpreted in terms of various
aspects of the fission fragment on its angular momentum, such
as the effect of mass, charge, and shell closure proximity. The
single particle (proton or neutron) spin effect of the fissioning
system on fragment angular momentum is also discussed.

II. EXPERIMENTAL PROCEDURES

For thermal neutron induced fission, 100 pul of the nitrate
solutions of 22U (10.0 ug/ml) and 2**Pu (50.0 pug/ml) were
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put in polypropylene tubes and doubly sealed in alkathene
bags. They were then irradiated in the reactor APSARA for 3
to 60 min at a flux of 1.2 x 10?7 cm~2 s~!. In the case of
fast neutron induced fission, a known amount of 25-um-thick
22Th metal foil (~50 mg) and electrodeposited targets of
99.9997 atom % 2¥U (~500 ung), 99.48 atom % 24°Pu
(96 11g), and 99.43 atom % >**Cm (96 11g) were covered with
75-pum-thick Lexan foil or 25-pum-thick aluminum foil which
acted as a catcher to collect the fission products during the
neutron irradiation of the target. They were then wrapped with
1-mm-thick cadmium foil, doubly sealed in alkathene bags
and irradiated for 5 to 60 min in the same irradiation position
of the reactor APSARA. In the case of 238U, 24Py, and 2**Cm,
after the irradiation, the aluminum catcher foils were dissolved
in dilute sodium hydroxide solution, and iodine was separated
using standard radiochemical procedures [23]. On the other
hand, the Lexan catcher foils were washed with very dilute
nitric acid solutions followed by distilled water for removing
the possible contamination of activation products from 2*>Th
and 23%U, and the alpha contamination of ?*°Pu and 2**Cm.
The irradiated targets of sealed polypropylene tubes for 22U
and 2*8Pu as well as the Lexan catcher foils in the case of
2327, 238, 240Py, and **Cm were then mounted on perspex
plates, whereas the standard aliquots of the separated iodine
samples were taken in the counting vials. The samples were
then counted in a fixed geometry on an energy- and efficiency-
calibrated 120-c.c. HPGe detector coupled to a PC-based
4096-channel analyzer. The resolution of the detector system
was 1.8 keV at 1332.0 keV of ®°Co. In the case of 22Th,
238y, 240Py, and **Cm, from the above type of irradiation
it is possible for inert gas fission products such as krypton
and xenon to escape. To prevent the escape of inert gaseous
fission products and to better assess the short-lived fission
products, ~10 mg of 2> Th metal foil, ~5 mg of >*3U oxide, and
~200 1 each of 2*°Pu (0.507 mg/ml) and 2#4Cm (0.55 mg/ml)
in the form of nitrate solutions were sealed in polypropylene
tubes. They were then covered with 1-mm-thick cadmium
foils, doubly sealed in alkathene bags, and irradiated for 2 to
5 min using the pneumatic carrier facility of the reactor CIRUS
at a flux of 5.0 x 1021 cm™2 s~!. The irradiated targets
were mounted as such on the perspex plates without opening
the tubes. They were then analyzed by y-ray spectrometry
at a fixed geometry in an energy- and efficiency-calibrated
80-c.c. HPGe detector coupled to a PC-based 4096-channel
analyzer. The resolution of the detector system was 2.0 keV at
1332.0 keV of ®°Co. The dead time was always less than 10%
to avoid the pileup effect. The y-ray counting of the samples
was done in real time and was followed as a function of
time for at least three half-lives. The y lines and the nuclear
spectroscopic data of different nuclides used in the present
work were taken from Refs. [24], and [25]. From the photopeak
areas of y lines of the nuclides, independent isomeric yields
were determined using usual decay-growth equations [15-22]
after correcting for the precursor contribution. The cumulative
yields and the fractional cumulative yields of the precursors
were taken from either the literature [26—32] or our recent work
[33,34]. The activities of >Sr and '*Tc in the unseparated
samples irradiated for either a long time or a short time
and of 'SI in the separated iodine samples were used as
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fission rate monitors. The independent isomeric yield ratios
determined in the present work are for 128gp,, 130§D, 1328,
B3I, 13T, 1321, 1341, 1361 135Xe, and '*¥Cs in fast neutron
induced fission of 22Th, 23%U, 2°Py, and **Cm, as well as in
thermal neutron induced fission of 23>U and ?**Pu, respectively.
Among these, independent isomeric yields of some of the
fission products such as those for '28Sb, 13! Te, 1341, and '3°T in
2Th(n,, f) [26,28]; 1**1 and '¥Xe in 28Un, f) [16,29];
130§y, 1341 135Xe, and 38Cs in 232U(nth, f) [31]; and 130,
133Te, 135Xe, and '38Cs in 2®Pu(ny,, f) [32] were calculated
from the literature data of independent/cumulative yields of
the isomers and using charge distribution systematics [33-36].

III. RESULTS AND DISCUSSION

The independent isomeric yield ratios (IYR) of various
fission products (e.g., '?8Sb, 139Sb, 1328b, 31 Te, 133Te, 1371,
1341 1367, 135Xe, and '38Cs) in fast neutron induced fission of
232Th, 238U, 2*0Py, and ***Cm as well as in thermal neutron
induced fission of 2*’U and ?*Pu determined in the present
work and/or from the literature [16,26—32] are given in Table L.
The uncertainties for the isomeric yield ratios include the
errors due to the counting statistics, absolute abundances of
the y lines, detector efficiencies, the fission yields of the
precursors, and the least-squares analysis. In the fissioning
systems 2#'Pu* and 2*>Cm*, all the data are determined for
the first time. In the other four fissioning systems some of
the data are determined for the first time except for '28Sb,
1328, 1341, and 3T in 23 Th* [26-28] and for 3*I and '¥Xe
in 2°U* [16,29]. The IYR for 13°Sb, 1341, 133Xe, and *8Cs in
23U* as well as for 139Sb, 133Te, 135Xe, and *8Cs in 2°Pu*
from the present work are seen to be in close agreement with
the values deduced from the literature data [31-36]. From the
isomeric yield ratios (IYR), the fragment angular momenta
(Jims) Were deduced using spin-dependent statistical model
analysis [37] as reported earlier [18-22], and they are also
given in Table I. The yield-weighted average angular momenta
of various elements in the above-mentioned fissioning systems
and for other even-Z fissioning systems from the earlier
work [20,21] are given in Table II. The present data for the
even-odd fissioning systems are compared with similar data
for even-even [20,21] and odd-odd [22] fissioning systems.

A. Effect of nuclear structure and scission-point deformation
on fragment angular momentum

The yield-weighted fragment angular momenta (Jiys) of
the adjacent elements in fifteen different even-Z fissioning
systems from Table II are plotted in Fig. 1 as a function of the
atomic number. Furthermore J;,,s of various isotopes of differ-
ent elements such as antimony, tellurium, iodine, and xenon
from the present work for even-odd fissioning systems along
with similar data for even-even, odd-odd, and odd-even fis-
sioning systems from the literature [7-22] are plotted in Fig. 2
as a function of fissility parameter (Z%/Ar). Error bars are
not shown in the figure, because their inclusion would make
the figure difficult to read. From Fig. 1 it can be seen that in all
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TABLE I. Independent isomeric yield ratio, fragment Jy,,, and various parameters related to scission-point configuration in the fissioning
systems 233Th* 233U* 239U* 239Pu* 241Pu* and 245Cm*

Nuclide 1Y (%) /(Y + 1)) Ref. Joms B c T KE (MeV)
Yy + Y))° D) (fm) (MeV) Exp. Cal.
233Th*
128Sb 0.0056 £0.0014  0.537 +=0.146 26 10.5£25 0.80 1.06 0.75 170.8 171.2
130SH 0.163 +£0.072 0.490 +0.150 A 9.8+£2.0 0.63 1.04 0.75 168.8 168.0
1328b 0.961 +£0.038 0.387 £ 0.056 A 7.7+£0.8 0.40 1.05 0.71 169.7 169.6
31Te 0.028 +0.008 0.621 +0.050 26 5.1£0.6 0.04 1.06 0.69 170.4 170.7
133Te 1.543 +£0.147 0.560 +0.063 A 4.6+£0.7 0.001 1.14 0.61 170.3 183.6
1341 0.086 +0.021 0.470 +0.050 28 8.7+0.5 0.41 1.06 0.70 169.0 170.0
1361 1.880 +0.346 0.710 £ 0.050 28 8.9+0.9 0.39 1.03 0.71 165.7 165.2
135Xe 0.116 +0.022 0.565+0.109 A 47+£1.0 0.011 1.13 0.61 167.0 180.5
138Cs 1.016 £ 0.149 0.658 +0.119 A 9.0£1.7 0.41 1.03 0.71 163.3 163.7
233U*
128Sb 0.336 +0.022 0.537 +0.060 A 10.5+£1.0 0.80 1.06 0.75 176.7 177.3
130Sh 1.747+0.122 0.427 +£0.055 A 8.8+0.9 0.45 1.06 0.72 177.0 177.3
1.791 £ 0.107 0.440 £+ 0.040 31 9.1£0.6 0.51 1.07 0.72 177.0 177.3
132Sb 1.369 +0.070 0.381+£0.028 A 7.7£0.3 0.20 1.07 0.68 178.0 179.0
31Te 1.499 +£0.165 0.676 +0.068 A 5.8+£1.0 0.22 1.07 0.69 179.0 177.5
133Te 3.833 £0.050 0.579 £0.013 A 48+0.2 0.001 1.10 0.64 177.3 183.5
1321 0.371 +£0.041 0.456 +=0.076 A 8.6+1.0 0.41 1.07 0.70 178.0 177.9
1341 2.320£0.328 0.394 +0.063 A 7.8£0.8 0.20 1.06 0.68 176.0 176.3
2.420 £ 0.050 0.443 +£0.061 31 8.4+0.8 0.34 1.06 0.69 176.0 176.3
135Xe 1.670 £0.160 0.621 +0.062 A 52+£0.7 0.05 1.06 0.66 174.8 175.6
1.670 +0.280 0.595 +£0.058 31 49+£0.6 0.001 1.08 0.64 174.8 178.9
138Cs 2.005+0.156 0.693+0.110 A 9.7+1.7 0.57 1.04 0.71 172.0 171.6
1.110 £ 0.030 0.676 £0.153 31 9.3+£2.1 0.48 1.04 0.70 172.0 171.6
239U*
85h 0.0494+0.005  0.517+0.094 A 102+15 076 1.07 0.74 176.0 176.9
0Sh 0.866+0.043  0.431£0.051 A 89+07 050 1.08 0.70 178.0 178.6
1328b 3.031£0.345 0.310+£0.058 A 6.8+£0.7 0.24 1.08 0.68 178.5 178.6
B31Te 0.145 +0.007 0.651 +£0.072 A 5.5+£09 0.16 1.08 0.67 177.0 178.1
133Te 2.910+0.180 0.561 +0.061 A 4.7+£0.7 0.001 1.12 0.62 177.5 184.1
1321 0.018 0.005 0.460 +0.026 A 8.7£0.3 0.45 1.08 0.69 178.5 179.2
1341 0.989 +0.064 0.397 +£0.033 29 7.8+£0.4 0.23 1.08 0.67 177.5 177.6
1361 2.9924+0.503 0.678 +0.092 A 8315 0.32 1.07 0.68 175.0 175.9
135Xe 0.089 £ 0.005 0.629 +0.066 16 5.3+0.7 0.08 1.07 0.66 175.0 175.3
138Cs 0.058 +0.042 0.680 +0.023 A 9.2+£0.6 0.50 1.06 0.69 172.5 172.9
239Pu*
5h 020140035  0.524+0.128 A 103+£17 075 1.05 0.75 179.5 179.5
0Sh 1.649+0.144  0.447+0.039 A 92406 055 1.07 0.71 183.0 183.0
1.748 £0.194 0.493 +0.090 32 99+1.3 0.70 1.07 0.72 173.0 183.0
132Sb 1.307 £0.077 0.358 £0.038 A 74+£0.5 0.38 1.08 0.69 184.0 184.7
B31Te 2.544 +£0.147 0.660 £ 0.040 A 5.6£0.5 0.19 1.08 0.67 184.5 184.3
133Te 5.637 +£0.262 0.562 +0.040 A 4.6+£04 0.001 1.14 0.61 184.5 194.5
5.405+0.224 0.541 +£0.033 32 44+£03 0.001 1.18 0.58 184.5 201.4
1321 0.452+0.032 0.455+0.043 A 8.6 0.6 0.43 1.08 0.69 184.0 183.8
1341 3.330£0.150 0.380 £ 0.061 A 7.7+£0.8 0.21 1.08 0.67 183.3 183.8
1361 2427£0.212 0.711 +£0.084 A 89+14 0.46 1.07 0.69 181.5 182.1
135Xe 2.163 +£0.208 0.591 +0.059 A 4.8+0.6 0.001 1.10 0.63 182.8 186.7
2.559 +0.235 0.655+0.073 32 55+£09 0.15 1.08 0.66 182.8 183.3
138Cs 1.990 £ 0.035 0.666 +0.076 A 9.1£14 0.47 1.06 0.69 179.0 179.3
1.380 +0.030 0.723 £0.073 32 104£1.3 0.74 1.06 0.70 179.0 179.3

Y, and Y; = Yield of high- and low-spin isomers.

®A = Data are from the present work.
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TABLE 1. (Continued.)
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Nuclide 1Y(%) Ya/(Ys + Y7) Ref.” s B c T KE (MeV)

¥ + 1) () (fm) (MeV) Exp. Cal.
241Pu*
1285 0.245£0.014  0.505+0.032 A 10.0£09  0.72 1.07 0.73 182.8 182.3
1305 1501 £0.251  0.446+0.123 A 91+15 057 1.09 0.70 186.3 185.7
1328h 226040019 0.321£0.007 A 75402 0.19 1.10 0.66 187.0 187.4
BiTe 1300£0.119  0.656+0.117 A 55+£07  0.19 1.10 0.66 187.0 187.0
BTe 3.024+0.132  0.593+0.095 A 49+09 005 1.10 0.64 187.0 187.0
2 0.195£0.020  0.4400.080 A 84409 041 1.10 0.67 187.0 186.5
134 3.529+0.162  0.396+0.028 A 7.8+04 026 1.10 0.65 186.6 186.5
3] 3.002+0.008  0.654+0.087 A 80+15 028 1.09 0.66 184.0 184.9
$Xe 0.755+£0.080  0.697£0.077 A 495+085  0.04 1.10 0.63 185.4 186.0
1Cs 1343£0.103  0.6790.040 A 9.5+08 0.8 1.07 0.69 180.8 180.3
245Cm*
1285 04224£0.023  0.540+0.036 A 10.6+£0.6 091 111 0.71 193.5 193.8
1303 1241£0.142 0511 £0.067 A 100£09  0.79 112 0.69 195.5 195.6
1328h 1469£0212  0.332£0.057 A 71406 026 111 0.65 194.0 193.8
BiTe 1.447£0.199  0.654£0.142 A 54+15 020 1.12 0.64 195.5 195.3
e 2.968+0.374  0.595+0.040 A 49+04 005 111 0.63 194.0 195.3
132 0.547£0.027  0.486£0.067 A 89+08 077 112 0.68 195.0 194.9
134 1.964+£0.202  0.410£0.059 A 8409 042 111 0.66 193.0 193.5
3] 3.869+0.029  0.749+0.067 A 98+14 070 1.10 0.68 191.0 191.4
Xe 1.606£0.284  0.681+£0.078 A 58+09 025 1.10 0.65 191.5 191.0
1Cs 2.096+£0.208  0.694+0.099 A 97+17 065 1.08 0.67 188.5 188.7

aData are from Ref. [21].

"Data are from the present work.

fifteen even-Z fissioning systems the Ji,s of odd-Z elements
are higher than those of their neighboring even-Z elements. A
similar observation was also made in earlier work [22] for the
odd-Z fissioning systems. This indicates the odd-even effect on
fragment angular momentum. The higher angular momentum
of odd-Z elements may be due to fragment single particle

effects or to the higher deformation of the odd-Z fragment
resulting from the polarization of the even-Z core by the odd
proton, as indicated by Madsen and Brown [38]. On the other
hand, from Fig. 2 it can be seen that the Ji,s of both even-Z and
odd-Z fragments show a trend of increasing with Z% /A r. This
may be due to the increase in the Coulomb torque with Z2 /A .

TABLE II. Yield-weighted average fragment angular momenta of heavy mass elements in the fifteen different even-Z fissioning systems.

Nuclide In Sn Sb Te 1 Xe Cs Ba Ce Nd Pm Sm
230Tp*a - - 7.49 4.76 8.11 4.7 8.7 - - - - -
233Th*d - - 8.02 4.61 8.89 4.7 9.0 - - - - -
23U+ - - 8.67 5.08 7.87 5.05 9.5 - - - - -
24y - - 7.74 4.93 8.01 4.86 10.1 - - - 11.8 -
26xa 6.76 5.7 6.77 4.98 8.15 5.5 10.0 - - - 11.0 -
291y*b - - 7.28 4.73 8.2 53 9.2 - - - - -
239py*d - - 8.72 4.83 8.33 5.15 9.1 - - - - -
240py*a - - 8.27 5.27 8.45 5.13 9.35 - - - - -
241py*d - - 7.86 5.08 791 4.95 9.5 - - - - -
242py*2 - - 6.53 4.38 8.12 5.45 8.9 - - - - -
244 Cm* - - 8.49 4.87 8.7 5.8 8.7 - - - - -
25Cm*? - - 8.61 5.06 9.24 5.8 9.7 - - - - -
246Cm*? - - 9.03 4.96 8.53 5.85 8.9 - - - - -
2302 - - 12.35 5.69 8.4 6.4 9.3 - - - 9.7 -
22Cf2 - - 8.06 4.55 9.97 7.83 7.9 7.24 8.87 9.39 - 11.1

aData are from Ref. [21].
®Data are from the present work.
¢Data are from Ref. [20].
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FIG. 1. The plot of yield-weighted average fragment
angular momenta as a function of the atomic number
of various elements in fifteen different even-Z fissioning
systems.
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It can also be seen from Fig. 2 that the Ji,s of 1328p, 133Te, 1341,
and 39Xe are lower than those of 128:130§p 131.132¢ 132,136
and '3%138Xe, respectively. This may be due to the presence
of the spherical 82-n shell in the fragments corresponding to
the former products, if one considers one neutron emission
in this mass region. This indicates the effect of shell closure
proximity [20-22]. The effect of shell closure configuration is
also evident from the higher Ji,, of fission products having
a deformed 66-n or 88-n shell in their fragment stage in the
spontaneous fission of 252(Cf[7,20,21]. In order to examine this,
the Jims of different isotopes of palladium, xenon, and barium
in the 2>Cf(SF) from Refs. [7,20,21] are plotted in Fig. 3.
The higher Jiy,s of llpg 140Xe and '42Ba having a deformed
66-n or 88-n shell in their fragment stage can be clearly seen
from Fig. 3. The above observations indicate that fragment
angular momentum depends on deformation at scission. The
effect of deformation can also be observed from the higher
Jims for the fission products in the rare earth region having
permanent ground state deformation [7,14,21], e.g., "*Pm in
234,236U* [14]’ 154}:.11,1 in 250Cft< [21]’ as well as 146'148’150C8,
152.154Nd, and '38Sm in 232Cf(SF) [7], respectively. The higher
angular momentum of the super-deformed fragments such as
144.146Ba and %Mo in 22Cf(SF) observed from y-y-y

coincidence measurements [8] confirms the effect of defor-
mation on fragment angular momentum. Further, the decrease
of fragment angular momentum with increasing kinetic energy
for various fission products in thermal neutron induced fission
of 233U, U, and ?*°Pu from the recoil mass separated data
[9-11] also supports the above fact. From the above discussion
it is clear that the angular momentum is related to the fragment
deformation at scission in addition to the single particle spin
contribution. In view of this, the deformation parameter ()
of the fission fragments in the six even-odd fissioning systems
was calculated from the experimentally determined J;,,s values
and kinetic energy data as done in the earlier work [20-22].

Assuming statistical equilibrium among the various col-
lective degrees [1,7], the rms angular momentum (Jiy,s) of
the fragment is related to the moment of inertia (/) and the
temperature (7") as [7]

Jums = 21T /R (1)

The moment of inertia (/) is related to the fragment
excitation energy (E*) as [17]
and E*=aTl?,
(2)

I = Lig[1 — 0.8 exp(—0.693E*/5)]
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where Iy, is the rigid body moment of inertia of the fragment (B) as [39]

and a is the level density parameter taken asa = A/8 MeV ™.

On the other hand, according to the prescission bending
oscillation model [2,7] the average angular momentum (J,y)
of the fragment is given as [2]

Jow = \/;/(27/) —0.5, Jow = \/;/Z]rmm (3)

where y is the bending mode oscillation amplitude or the
angular positional uncertainty. y is approximately related [7]
to the neck radius (¢) and the semimajor axis (z) at deformation
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FIG. 3. Effect of deformed 88- and 66-neutron shell on the
fragment angular momentum in >>>Cf(SF). The arrows indicate the
corresponding axis.

y =c/z,z2 = RB)I1 + (V5/4m)B], )

where R(pB) is the radius considering volume conservation
given as

R(B) = ®)

The neck radius, ¢, can also be related to the deformation
parameter () through the scission point distance (D) and thus
with the fragment kinetic energy (E ,f<) on the basis of the
condition [20] of equality of the Coulomb and nuclear forces
at the scission point as

Z(Zp — 2)é*/D* =2nc*Q /A, D =21 + 25
El =(1—AJAp)E,E = Z(Zy — Z)é*/ D,

R[1 — (15/167)B* + 0.25(5/47)> 2 831713,

6
@)

where Q2 and A are the coefficient and range of the attractive
nuclear force, usually taken as 1.107 MeV/fm? and 0.68 fm,
respectively [40]. Ar and Z are the mass and charge of the
fissioning nucleus; E is the total kinetic energy.

From the above equations it is seen that the calculation
of the deformation parameter (f) for a given fragment from
its Jims value requires the knowledge of either 7 or ¢ for
the corresponding split. It was shown by Wilkins et al. [41]
that fragment deformation (8) (0.95 times the Bohr-Mottelson
parameter) varies up to 1.0 for various fragments, and 7 might
be 1.0 MeV. On the other hand, Wilhelmy er al. [7] showed
the ¢ value to be in the range of 1.0 to 1.6 fm. In view of
these considerations the J;,s for each fragment was calculated
within 17 of the experimental value using both the statistical
correlation and bending oscillation models by varying g from
0.001 to 1.0, T from 0.3 to 2.0 MeV, and ¢ from 0.5 to
2.0 fm, respectively. Thus the ¢ and T values resulting in
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the approximate fragment Jy,,s for each B value were deduced.
Subsequently for each value of ¢, the kinetic energy (E) for
that particular split was calculated using Eqgs. (6) and (7). The
appropriate values of 8, T, and c¢ for a fragment were then
sorted out by comparing the calculated kinetic energy with
the experimental one [42—48]. Since the kinetic energy for an
individual split (i.e., as a function of charge for fixed mass)
is not known, the experimental kinetic energy [42—48] for a
particular mass corresponding to the average charge was used.
In the fissioning systems the *'Pu* and >¥*Cm* experimental
kinetic energies were not available. Therefore average E values
from the fissioning systems 240py* [46] and 2*?Pu* [46] were
used for 2*!'Pu*. Similarly for ?*Cm* the average E from
the fissioning systems 24 Cm(SF) [47] and **Cm* [48] were
used. The calculated deformation parameter (), temperature
(T), neck radius (c), and kinetic energy (E) along with the
experimental values are given in Table I. In the case of odd-Z
fragments the observed Jyy is likely to be influenced by the
odd particle spin of the fragment itself. For such fragments,
values were calculated after correcting the fragment J,,s for
the single particle spin (~2h) effect. The possible contribution
due to postscission Coulomb torque was not considered as this
contribution was evaluated to be low, within 1-27% (the same
as the uncertainty on the experimental J;,s values), and since
it does not enhance fragment spin consistently [2,7].

It can be seen from Table I that the 8 values calculated
in the present work from Ji,s in the spherical 82-n shell
region are in close agreement with the B values obtained
from the static scission point model [41] which confirms
the validity of the present method. From Table I it can also
be seen that the S values for the even-Z products and for
the fragments having a closed 82-n shell are lower than the
odd-Z products and fragments away from the shell region. This
indicates the role of the deformation parameter on fragment
angular momentum. The g values of different fragments in
the even-odd fissioning systems (>33Th*, 23U, 2U*, 2¥Pu*,
241py*, and > Cm*) from the present work are compared with
those in the even-even fissioning systems [BOTh*, 234.236*,
240’242Pu*, 244CH1(SF), 246Cm*’ ZSOka’ and 252Cf(SF)] and
odd-odd fissioning systems (>**Np* and > Am*) from earlier
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PHYSICAL REVIEW C 71, 014304 (2005)

FIG. 4. Plot of fragment angular momentum and aver-
age neutron number emitted as a function of mass number
of different fission products in >**U(ny,, f ) and >*>Cf(SF).
(The dotted line represents the neutron emission curve, and
the other symbols are for the fragment angular momentum.
In>*U(ng, f)the triangles joined with the solid line are for
95-9%Y and '~12°In. The filled triangles are for '**In and
128Sb. The open squares are for '**Sn and '*°Sb. The filled
squares are for '32Sb, '3*Te, and '*’I. The inverted triangles
are for **Te and '**Xe. In 22Cf(SF) the filled circles are
for '¥2Sb and '*21).

NEUTRON EMITTED FROM FISSION FRAGMENT

work [20-22]. Tt is observed that the g values of the even-Z
fragments are more or less comparable in all the even-even,
even-odd, and odd-odd fissioning systems. However, for the
odd-Z fragments the 8 values are comparable only in the even-
even and even-odd fissioning systems. In the odd-odd fission-
ing systems (>**Np* and *? Am*) they are slightly higher than
in their neighboring even-even fissioning systems [*3*236U*,
240.22py* | 244Cm(SF), and 2*°Cm*] and even-odd fissioning
systems (23239U*, 239241py* and 2$Cm*), respectively. This
is most probably due to the fact that odd-Z fragments in the
odd-Z fissioning systems are more deformed at the cost of their
even-Z complementary fragments. This shows the role of odd
nucleon spin of the fissioning system when it is proton but
not neutron, which may be due to the uncertainty of neutron
evaporation.

B. Correlation of fragment angular momentum (J,,s) with
average neutron number and elemental yield

It can be seen from the present and earlier work [7-22]
that maximum data are available in the mass region 128-138
in most of the fissioning systems except in 2U(ng,, f) and
232Cf(SF) where they are available over a wide mass range. In
view of this in Fig. 4 the J;,s of various fission products are
plotted as a function of their mass number in the fissioning
systems 23>U(ny,, f) and >3>Cf(SF), respectively. The average
number of emitted neutrons as a function of mass of the
fission product from Ref. [35] is also shown in Fig. 4 for the
above two fissioning systems. It can be seen from Fig. 4 that
the Jmns values deduced either from independent isomeric
yield ratios and/or from rotational band transition intensities
do not show a sawtooth nature as a function of the fission
products’ mass number as do the prompt y-ray and neutron
emission. This does not mean that fragment deformation has
no correlation with J,s and prompt neutrons emitted from
the fission fragment. The different behavior of J;,s values and
prompt y -ray or neutron emission is because the Jy, deduced
from independent isomeric yield ratios and/or from rotational
band transition intensities are for specific fission products
with fixed mass and charge, whereas the y-ray or neutron
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emission is for fixed masses with average charges. Thus
the angular momentum deduced from y-ray multiplicity [9]
shows a sawtooth behavior like that of the neutron emission
curve. Further, from Fig. 4 it can seen that different fission
products with the same mass number (e.g., '*®In and '*8Sb,
13081 and 39Sb, 1328b, 32Te and 321, and '¥Te and '*3Xe)
in 2%°U* have wide variations of J.s values. This is clearly
seen from Fig. 5, which is the expanded portion of Fig. 4 in
the mass region 120-140 for the **U(ny, f) reaction. The
variation of Jiy,s values for the different fission products of
the same mass number is due to the presence of the shell
effect or odd-even effects, as explained in Section IIIA. For
example, the lower Jyys of 132Sb and '33Te compared to those
of 1321 and '*3Xe may be due to the nearer 82-n shell in the
former products in their fragment stage. The lower Ji,s of
128In compared to those of '2Sb may be also due to the nearer
82-n shell in the fragment stage of '>®In. On the other hand,
the higher Ji,s of 130Sh and %21 compared to those of 1305
and '*2Te may be due to odd-even effects. Similarly, the higher
Jims Of the odd-A indium (123123:127:129n) and yttrium (°>°7Y)
isotopes compared to those of the even-A indium (124 126:128[n)
and yttrium (°®*¥Y) isotopes in >>3U(ny,, f) may also be due to
odd-even effects [9—11]. If one neutron emission takes place
from the fission fragments in the above mass region, then
the yttrium and indium isotopes are alternately even and odd.
Thus the even-A fragments of yttrium and indium isotopes
have higher J;,s values than their adjacent odd-A fragments.
This may be due to the contribution of the individual spin from
the odd neutron and odd proton of the fission fragment to the
Jums values. However, for even-Z elements, the J,, values
of so many adjacent isotopes are not available, except for
1301319 and 131132133 Te in 23U(ny,, f). In these cases, *'Sn
and '*3Te have spherical 82-n shells in their fragment stage and
thus have lower Ji,s values. So the neutron number in adjacent
isotopes of tin and tellurium does not show its role prominently
as in the case of adjacent yttrium and indium isotopes. It
can also be seen from Fig. 4 that the J.,s values show a
qualitative increasing trend with increasing mass number if
one ignores the deviation of shell closure proximity and the

140

odd-even effect. This finding can be explained by considering
bending mode oscillation [2]. For heavy mass fragments it is
expected that the uncertainty in angular position will be lower
and the J;ps values will be higher, based on Eq. (4). In addition,
the yield-weighted average angular momenta of heavy mass
elements in fifteen even-Z fissioning systems from Table II
and their elemental yields from literature [33—-36] are plotted
in Fig. 6. The angular momenta of heavy mass nuclides in
the even-odd fissioning systems are from the present work,
whereas in the even-even fissioning systems they are taken
from earlier work [20,21]. From Fig. 6, an anticorrelation
between angular momentum and elemental yield can be
observed in all fifteen even-Z fissioning systems. This is
because in low energy fission, the elemental yield is related
to the intrinsic excitation energy [41], whereas the angular
momentum is correlated to the deformation parameter of the
fragment and thus to the deformation energy. The decrease of
Jims With a decrease of excitation energy or increase of kinetic
energy [9-11] supports the correlation of the fragment angular
momentum with the deformation parameter. Based on the
scission point model [41], in the even-Z fissioning systems the
odd-odd split has higher potential energy at scission resulting
in a lower yield compared to their neighboring even-even split.
As a consequence, an anticorrelation is observed between the
angular momentum and the elemental yield. This indicates the
coupling between collective and intrinsic degrees of freedom.
Further, it can be seen from Fig. 6 that the odd-even effects
on Jiys remain nearly the same or decrease slightly from
Th to Cf, whereas the odd-even effects on elemental yield
decrease significantly. This may be because of the linear
dependence of the fragment angular momentum on defor-
mation energy and a strong correlation between the proton
odd-even effect and the intrinsic excitation energy [33,34,36].
From the above discussion, the following conclusions can be
drawn:

1. The fragment angular momentum depends on nuclear struc-
ture effects such as spherical (50-p, 82-n) and deformed
(66-n, 88-n) shell closure proximity. The higher J;n, of the
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ATOMIC NUMBER

odd-Z or odd-A fragments are due to the single particle
spin effects or the polarization of the even-Z core by the
odd proton and/or neutron.

Deformation parameters (f) of the fission fragments
deduced from their angular momenta and the experimental
kinetic energy data are seen to be in good agreement with
the theoretical values obtained from the static scission point
model. The g values of the fragments with spherical shells
and even-Z products are smaller than they are for the
fragments with deformed shells, away from spherical shell
and odd-Z products.

. The Jins of both even-Z and odd-Z products slightly

increase with Z%/Ar. This may be due to the increase
of the Coulomb torque with Z% /AF. In addition, in all
fissioning systems the Ji,s of the fission fragments also
increase with the mass number in spite of the fluctuation of
odd-even effects and shell closure proximity. Thus, angular
momenta of the fission fragments do not show a correlation
with the average neutron emission curve.

. In fifteen even-Z fissioning systems the yield-weighted

average fragment angular momenta show an anticorrelation

PHYSICAL REVIEW C 71, 014304 (2005)

FIG. 6. Correlation of the yield-weighted average frag-
ment angular momenta and the elemental yields in fifteen
different even-Z fissioning systems. (The dashed line is for
yield-weighted average fragment angular momenta and the
solid line is for elemental yields.)

FRAGMENT ANGULAR MOMENTUM (h)

with elemental yields, probably due to the coupling
between the collective and intrinsic degrees of freedom.
However, the slight decrease of odd-even effects on
fragment Jy,s from Th to Cf may be due to a linear
correlation with deformation energy. On the other hand,
a drastic decrease of odd-even effects on elemental yield
from Th to Cf may be due to a strong correlation with the
intrinsic excitation energy.
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