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The charge distributions of fission products in proton-induced fission of 22U and #*Th were measured in a wide
mass range. The most probable charges lay on the proton-rich side in the light fragment region and on the proton-
deficient side in the heavy one compared with the unchanged charge distribution hypothesis. This result implies
that the charge polarization occurs in the fission process. The charge polarization was examined with respect to
the ground-state Q values. The estimations by the Q values fairly well reproduced the experimental most probable
charges. These results suggest that the fission path to the most favorable charge division may go through the most

energetically favorable path at scission point.

1. INTRODUCTION

Since nuclear fission was discovered, many experiments
have been accumulated to reveal the mechanism of fission
process. However, no theory has been successful in a complete
elucidation of those data. The nuclear charge division of a
fissioning nucleus between two fragments results in a charge
distribution of fission products. Accordingly, the charge distri-
bution of fission products provides important information about
nuclear fission. Many experimental studies have been carried
out to determine the charge distribution in various fissioning
systems. Wahl et al. proposed that the charge dispersion of
fission products in low-energy fission is empirically well repre-
sented by a normal Gaussian function which is characterized by
two parameters, the most probable charge and the charge
dispersion width. These parameters have been discussed for
revealing the mechanism of nuclear charge division during
fission process. There are some suggestions about the depen-
dence of the width parameter on the excitation energies,
fissioning systems, and mass chains.*® Baba et al.° reported
that the width of the charge dispersion changes at some inci-
dent energy in proton-induced fission of 22U. But the width
parameter in a-induced fission of Z2Th exhibits no dependence
on the excitation energy and is about the same with that in the
thermal -neutron-induced fission of #°U.? Asfor the most prob-
able charge, a few hypotheses have been proposed so far.
According to the unchanged charge distribution (UCD) model,
primary fission fragments have the same proton-to-mass ratio
asin afissioning nucleus. If the charge in the fissioning
nucleus is distributed homogeneously and the redistribution of
the charge does not occur in the course of fission process,
charge densities of fission fragments will be the same as that of
the fissioning nucleus. In this sense, the UCD hypothesisis
straightforward and permits a simple method to estimate the
most probable charge.”® The equal charge displacement
(ECD) model states that the most probable charges for one
fission fragment and for its complementary fragment lie an
equal number of charge units away from the 3 stability line.
This ECD hypothesis was empirically suggested by Glendenin
et al.*° and seems to reproduce the most probable charge in low
excitation fisson.* ** In the minimum potential energy (MPE)
model, a nucleonic redistribution occurs such that a minimum
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in the sum of the nuclear potential and Coulomb repulsion
energy is attained and fission proceeds along the minimum
potential energy surface. This MPE hypothesis was proposed
by Present™? and found to describe the fission of *’Au with 112
MeV 2C rather well.** However, none of these postulates have
succeeded in becoming a general rule.

Kudo et al.** examined the charge polarization in 24 MeV
proton-induced fission of U and concluded that the experi-
mental most probable charge was fairly well reproduced by the
estimation from production Q values. And it is aso reported
that some structure in the charge polarization was recognized
in the vicinity of A =142 and they attributed it to the deformed
shell, N =86 — 88. In order to see whether these findings are
the universal evidence, the charge distribution of fission prod-
ucts was measured in the systems of proton-induced fission of
8 and Z°Th at various incident energies. The charge distrib-
ution is discussed from the view point of charge polarization.

2. EXPERIMENTAL

The experiments were performed by using an azimuthally
varying field (AVF) cyclotron and an ion-guide isotope sepa-
rator on-line (IGISOL) at the Cyclotron and Radioisotope
Center in Tohoku University. The Tohoku IGISOL is
composed of an ion-guide chamber, a mass separator, and a
tape transport system. The details of the Tohoku 1GISOL
system are described in References 14-16. The ion-guide
chamber consists of an ion-guide vacuum chamber and an ion-
guide target chamber. The target in the ion-guide target
chamber consisted of two self-supported foils of 2°U and #*Th
in thickness of 20 and 100 mg/cm?, respectively. The two
targets kept the angle of 45° and 135° with respect to the inci-
dent beam direction. The bombarding energies were, 13, 18,
and 24 MeV for #U and 13, 20, and 24 MeV for #Th at the
point between the two target foils. The data for light fragment
mass region in the system of 24 MeV proton-induced fission of
28 were re-obtained because of large errors in Reference 14.
The beam energy losses in the window foils and target material
were evaluated from the range-energy relationship.” The
beam intensity was monitored by a Faraday cup equipped with
a current integrator, and was checked at both the entrance and
exit points of the target chamber. The beam current was typi-
cally about 2 pA on target.

M ass-separated fission products were collected on an
aluminized Mylar tape. The mass calibration was performed at
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A=16, 32, and the mass numbers of interest. The mass
resolving power M/dM was determined by measuring the y-ray
activities of fission products at each mass number. The typical
mass resolving power was about 150.

The radioactivities of fission products collected on the tape
were identified and determined by y-ray spectrometry. Two
high-purity germanium (HPGe) detectors coupled with 4096-
channel pulse height analyzers were used for the detection of
y-radiations. One detector was positioned just behind the
collecting point of transported fission products and used for the
measurement of accumulating radioactivities. The other was
set about 38 cm away from the first detector along the collec-
tion tape and used for a growth and decay measurement. |t
took 0.6 s to move the collection tape between the two
measuring positions. The time interval of the tape transporta-
tion was varied from 5 s to 30 min according to the half-lives
of the nuclides of interest. In order to reduce statistical errors,
the counting cycle was repeated appropriate times. In order to
avoid the counting loss from the photopeak through coinci-
dence summing, the detectors were placed at positions which
are more than 2 cm away from the source positions. The
typical energy resolutions (FWHM) of the two HPGe detectors
were 2.1 and 2.8 keV for 1332 keV y-ray of ®°Co, respectively.
The energy and efficiency calibrations for y-ray energy range
from 50 to about 2500 keV were performed using a set of y-
ray reference sources (**Ba, *Co, ©*'Cs, *Mn, ?Na, and “Co)
of Amersham, a mixed radionuclide y-ray reference sources of
Amersham (containing ‘®®Cd, %’Co, ***Ce, *®Hg, ***sn, ®Sr,
1¥7Cs, ®8Y, and °Co), and handmade sources of **Co and of
1%2Fu. The y-ray spectra data were recorded event by event
together with time information.

The charge distribution of fission products in 13 and 20
MeV proton-induced fission of *?Th was also measured by a
direct collection technique. In this measurement, Z*Th targets
were prepared by electrodeposition onto a 6.7 mg/cm? thick
aluminum backing foil from an isopropanol solution. The
thickness of each target was about 500 pg/cm? and the precise
amount of **?Th was determined by o spectrometry with a
surface barrier detector of a known counting efficiency. The
obtained #2Th targets were wrapped with 6.7 mg/cm? thick
aluminum cover foils for a complete collection of fission prod-
ucts. Two of the wrapped targets were stacked for irradiations.
Irradiations were carried out with the proton beams from the
JAERI tandem Van de Graaff accelerator. The proton energy
in each target was calculated from the range-energy relation-
ship.” Beam intensity was monitored with a Faraday cup
during the irradiation. The beam intensity from the accelerator
was in the range of 0.3to0 0.4 pA. Theirradiation duration was
5 min for short-lived products and 30 min for long-lived ones.
The radioactivities of fission products were identified and
determined by y-ray spectrometry.

3. RESULTSAND DISCUSSION

The obtained radioactivities were converted to either cumu-
lative yields or independent yields as follows. After the end of
collection, the radioactivities of the members of a given decay
chain at timet are given by

A; = Ay exp(—Aqt) (@)

A
A=Ay ?2}\1{ exp(—A1t) —exp(=Axt)} +Apexp(-Aat) (2)

where Ao, Ay, . . . are the activities at the end of collection.
The obtained activities at the end of collection were converted
to corresponding cross sections by correcting for saturation
conditions. The next differential equations hold during the
period of collection.
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where N, is the number of target nuclei, g; is the cross section,
&; is the transport efficiency in IGISOL, and ¢is the proton
beam flux. These differential equations can be easily solved
and the relative yields in the form of Nyo;g; are obtained by
substituting Ajp's in egs 1 and 2 for the resulting equations.
The transport efficiency may be affected by both the operating
conditions of the mass separator and the chemical properties of
elements. But the differences in transport efficiencies can be
eliminated by taking an appropriate ratio of the obtained yields
as described in Reference 14. The measured nuclides and the
nuclear data used for the analysis are summarized in Table 1
with quated References 18-54.

Empirically, the charge dispersion of fission products has
been well represented by a Gaussian function.® The theoretical
calculations with the asymmetric two-center shell model® %
and the statistical model by Fong et al.%” also give a Gaussian
function. At low energy fission, a certain deviation from the
Gaussian curve was observed because of an odd-even effect.”
But in a charged-particle-induced fission, the odd-even effect
is presumed not to appear because high excitation energy of
fissioning nuclei washes out the effect. It is reported that the
odd-even effect is reduced when an extra 3 MeV is added to
the system of neutron-induced fission of 2°U.% Therefore, the
analysis of the charge dispersion was performed assuming the
following function

0 o2

where P(A, Z) is the independent yield of the nuclide with an
atomic number Z and a mass number A, P is the chain yield of
the mass chain A, Z; is the most probable charge, and C is the
width parameter of the charge dispersion.

There are several indications about the dependence of the
width parameter on the excitation energies, fissioning systems,
and mass chains. Baba et al.® reported that the charge disper-
sion width in proton-induced fission of Z8U changes with the
incident-proton energy. On the other hand, there are also
contrary evidences that the width parameter is independent of
the excitation energies. For example, McHugh and Michel?
indicated that the fractional yield data of **I, ***Xe, and **Cs
obtained in a-induced fission of #*Th with the various excita-
tion energies up to 39 MeV are well represented with a single
charge dispersion curve. The value of C that best fits all ener-
gies was 0.95 + 0.05. This value was quite similar to the
value, C=0.94 + 0.15, determined in thermal-neutron-induced
fission of #°U.>“ Since the same compound nucleus (*°U*)
was produced in both systems, the above results indicate that a
single charge dispersion function is maintained through a wide
range of excitations. Umezawa™ reported that the charge
dispersion isidentical for all investigated mass chains obtained
in the system of proton-induced fission of 2U. Besides,
Blann® has reported that the width of the charge dispersion
curveis 0.9 + 0.1 in the fission of gold with 112 MeV C ions.
These results suggest that the width of the charge dispersion is
identical for any mass chains in various fissioning systems. In
the present analysis, the width parameter is assumed to be
independent of excitation energies, mass numbers, and
fissioning systems investigated. If more than two same Z
nuclides of mass number, A, are observed at different proton-
energies, E; and E,, the difference of the most probable
charges between E; and E, can be expressed as follows

P(A 2) =




Most Probable Charge of Fission Products J. Nucl. Radiochem. Sci., Vol. 3, No. 2, 2002 9
TABLE 1: Nuclear Data Used for the Analysis Only a Main Characteristic Gamma Ray of Each NuclideisListed
Nucide Ty,  EJkeV 1,/% Ref.type?|Nuclide Ty,  EJkeV 1/% Ref.typ?|Nuclide Ty,  EJkeV 1% Ref.type?|Nuclide Ty, EJkeV 1,/% Ref. type
2Ge 46 s 10919 90 [18] C |®*™Nb 26 min 2533  3.71[29] | |*®In 24 s 13599 388 [38] | |*™"™Cs 29 min 1917 154 [44] |
As 136 s 3435 576 [18] | |*®Nb 15 s 1377 906 [29] | |2%n  317s 9978 211 [38] | |®Cs 322 min 1009.8 29.8 [44] |
®As 191 s 6544 151 [18] | |Mo 1461m 5909 1566[30] C |1*Cd 051s  260.1 896 [39 C |®Xe 3968s 2186 52 [45] C
¥As 55 s 14551 49 [19] C |“Tc 1422m 3068 88 [30] | |™n 145s 1118 88 [39] | |°Cs 927min 12832 7.7 [45] |
#Se 31 min 4082 100 [19] | [®Mo 112 min 2117 382[22] C |®n 15 s 9696 14.9 [39] | [™Ba 1.38h 1658 23.8 [45] |
“mBr 6 min 424 100 [19] | | Tc 435min 6281 252[22] | |™In 09 s 187 323 [40] C |“Xe 136 s 8055 20 [46] C
“oBr 318 min 18976 147 [19] | |'®Tc 528s 4751 625[22] | |n 09 s 11688 503 [40] C |“Cs 637 s 9084  7.89[4f] |
®Se  152s 1592 106 [20] C |*™Tc 76 m 1433 157 [31] C |®"sn 65 s 8315 100 [40] | |“Xe 173s 9094 133 [47] C
®gr 165 s 7753 63 [20] | |'™Ru 444h 4697 1755[31] | |Sn 591 min 4823 58 [40] | |“Cs 2494s 5616 47 [47] |
®Kr  2.84h 1963 26 [20] | |®Ru 3.75m 1941  9.85[32] C |2"Sh 104 min 314 916 [40] | |“Ba 1827min 1903 47 [47] |
®Rb 17.78min 1836 214 [20] | |Rh 217 m 3028 66 [32] | |Sb 90lh 5265 45 [40] | |“Ba 106 min 2553 211 [4§ C
®Kr  315m 586 166 [21] C |™Tc 517s 2422 824 [33] C |™7Sn 17 min 1449 34 [22] C |“La 911 min 6413 474 [4g |
®Rb 1515m 12481 426 [21] | |™®Ru 455min (4341 43)Y[33] | |®¢Sn 372min 1925 71 [22] | |“Cs 178s 1955 12.6 [49] C
©Br  192s 7071 38 [22] C|™Rh 6 min 58.1 59 [33] | |®™®Sh 63 min 10175 30 [22] | |™Ba 145 s 2115 249 [49] |
YKr 323 s 11187 362 [22] | |Rh 168 s 4341 43 [33] | [™™®sh 40 min 3309 78 [22] | |™La 142 min 6437  155[49] |
“Rb 43 min 8242 864[22] | |“Pd 1272s 1147 88 [22] C |™ 9 min 5361 167 [22] | |"Ce 33 h 2933 428 [49] |
%Rb 26 min  83L7 278 [22] | |""Ag 104 s 10289 30 [22] | |™ 1236h 6685 96.1 [22] | |™Ba 115 s 3882 135 [50] C
“Kr  857s 1088 435 [23] C |"9Ag 268min 6993 109 [22] | |™Sn 40 s 3408 432 [22] C |“La 408 s 3974 943 [50] |
“Rb 584 s 936 337 [23] | |"mn 218s 1624 366 [22] | |“®Sp 28 min 9896 15 [22] | |MCs 0594s 1754 156 [51] C
olgy 9.52h 10243 334 [23] | |YMn 5415min 4169 262 [22] | |®#Sh 42 min 10415 18 [22] | |*Ba 4.3ls 96.6 7.73[51] |
“Kr 185s 1424 66 [24] C |™Ag 21 s 6264 107 [22] C |™Te 782 h 2282 81 [22 | |"La 248 s 3558 383[51] |
“Rb 45 s 8147 8 [24] | |™"Cd 22 min 1025 25 [22] | |™" 836 min 5998 132 [22] | |“Ce 30lmin 7242 589 [51] |
“S  271h 13839 90 [24] | |"%Cd 269min 2929 41 [22] | |[®g 23 h 527 161[22 | |“Ba 22 s 2512 18 [57 C
2y 354h 9345 139 [24] | |¥Cd 508 s (11725 20)?[34] C |®Te 418 min 2105 225 [41] C |™"a 10 s 4099 87 [52] |
BKr 129s 2668 203 [25] C |®™@n 473 s 89.9 77.6 [34] | |¥m 3.69min 2719 79 [41] | |““La 6.27s 2585 76 [52] |
®Rb 57 s 9862 443[25] | |®™In 462 s 8637 32534 | |8 526 min 10725 15 [41] | |"Ce 1352min 3167 51 [52] |
935y 7.423min  590.3 657 [25] | |®2®n 3.08s 11725 19 [34] | |™Te 19 s 6035 37 [42] C |™pr 2415min 4539 48 [52] |
“Rb  2702s 8369 87.1[26 C |®Ag 072s 3416 309 [35] C |™  657h 12604 289 [42] | [*La 448s 1176 15 [22 C
%S 751 s 14276 942 [26] | |¥"Cd 83 s 10209 189 [36] | |™™Xe 15.29min 5266 805 [42] | |*'Ce 564 s 268.7 55 [22] |
%S 251 s 6859 24 [27] C |9Cd 135 s 3242 495 [36] | |“%Xe 914h 2498 902 [42] | |“La 105s 1585 56 [53] C
%y 103 min 9542 19 [27] | |¥®In 231s 9256 87 [22] | |™Te 175 s 334 188 [43 C |™Ce 56 s 2695 17 [53] |
7S 042s 1905 28 [28] C |2Cd 524s 11403 39 [37] C |™ 469 s 3814 998 [43 | |“*Pr 2 min 4508 50 [53] |
omy  123s 1614 707 [28] | |*n 108 s 4073 7837 | |4 834 s 13211 248 [43] | |“ePr 227min 3017 61 [53] |
ooy 35 s 32877 181 [28] | |®In 103 s 11903 20 [37] | |™Cs 13.16d 8185 997 [43] | |*pr 226min 1385 1.02[54] C
®y  147s 1218 4381[29] C |"n 15 s 10131 27 [37] | |  641s 5888 60 [44 C |“Nd 172h 2113 259 [54] |
®z7r  21s 4691 552 [29] | |*'Cd 09 s 1799 499 [38] C |™Xe 1408min 2584 315 [44] |
a) C: cumulative yield, I: independent yield
b) Used daughter activity
dZ, (Energy) = Zo(Ey) — Zo(Ey) 65— T T 65 T T T
238 232 e
B c { Peu(A, Z1) - Pex(A, Zz)} ® 60 [ () “°U+p(24 MeV) -1 60 |- (d) **Th+p(24 MeV) &
= n ’
20Z2,-7y) Pey(A, Zo) - Peo(A, Z3) | 55 - - 551 l{!@'ﬁ .
Similarly, if more than two identical nuclides at different 50 - 1 S0r- s .
targets, **?Th and #*®U, are observed, the difference can be 451 A - a5 .
expressed by the following function a0l égx 1 »oL 8/ |
> - LA -
dZ (Target) =Zp(Th) - Zx(U) e B
il R T A 1 [
30 30
B C | P(A, Zy) - Pu(A, Zy) ) 80 100 120 140 160 80 100 120 140 160
T2AZ-2) M Pu(AZ) PuAZY) | S e e v Al I B B By
. . 60 |- (b) Z*U+p(18 MeV) __.~ | 60 |- (€) ***Th+p(20 MeV) .~ |
As aresult, the dZ-(Energy) and dZs(Target) were given in a ~
unit of the width parameter C. So far, the most probable 55 1 F }@& =
charge was precisely reported in the 24 MeV proton-induced Q 501 I - 50 .
fission of 28U,** where the value of the width parameter was N sl o 1 sl |
given as 1.00 £ 0.12. The most probable charges for other o
systems were evaluated by converting the obtained data using 40 ﬁ@ - oF ﬁv -
eqs 6 and 7. Theresulting information is based on their differ- 35~ 7 - 3B .
ences, but the transport efficiency in IGISOL is eliminated. In gobt 1o v gl
the course of the analysis, the width parameter was intention- o 80 100 120 140 160 o 80 100 120 140 160
aly varied from 0.90 to 1.10, but the most probable charges . ‘ ‘ T o ‘ A
were almost unaffected with variation of the width parameter. 60— (¢) Up(13 MeV) o7 60 (1) T Thep(13 MeV) 7
In the case of the direct collection technique, 13 and 20 MeV 55 |- g 4 55| o~
proton-indeced fission of ?2Th, the most probable charges sl Fad 1 sl iﬁé |
were directly obtained using a fixed width parameter, C=1.00. ’ e
Mass distributions calculated with these parameters well e B Y% 7
agreed with reported ones.®® Therefore, the most probable o b I N .
charges obtained in the present work can be regarded as a5 L ? 4 5L AA}" |
reasonable ones. The evaluated most probable charges are I R R R R R 7 R R
plotted against the product mass number in Figure 1. The 80 100 120 140 160 80 100 120 140 160

linear broken lines depicted in the figure show the most prob-
able charge expected from the unchanged charge distribution
(UCD) hypothesis. According to the UCD hypothesis, the
primary fission fragments have the same proton-to-mass ratio
of the fissioning nucleus.

Figure 1. The most probable charge, Zp, plotted as a function of
product mass number, A. The linear broken line shows the most prob-
able charge expected from the unchanged charge distribution hypoth-
esis.
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The fissioning nuclei were assumed to be °Np for the 13
MeV p + 28U system, *'Np for the 18 and 24 MeV p + 28U
systems,® #*Pafor the 13 MeV p + #?Th system, and Z'Pa for
the 20 and 24 MeV p + #?Th systems.®® The most probable
charges gradually increase with an increase of the fragment
mass number in all the systems. It is necessary to elucidate
masses of primary fragments for the precise comparison. The
primary fragment mass can be estimated by adding the number
of emitted neutrons, v, but they were reported only in a
limmited number of systems. In the present analysis, the
correction for the emitted neutrons was performed by using the
data of 12.7, 22.0, and 25.5 MeV® ® for the 13, 18, and 24
MeV p + 28U systems, respectively. And for the 13, 20, and
24 MeV p + #2Th systems, the data of 13.2, 14.7, and 14.7
MeV,* respectively, were used. The comparison revealed the
distinct deviation of the experimental Z, from the charge
expected from UCD, Z,cp. The deviations of Z, from Z,cp are
displayed as a function of the fragment mass number, A', in
Figure 2. Asseen in the figure, Zx's mainly lay on the proton-
rich side in the light fragment mass region and on the neutron-
rich side in the heavy mass region in all the systems. These
results imply that the charge polarization occurs in fission
process. The nuclides of higher charge density are formed in
the light fragment region, while those of lower charge density
are produced in the heavy fragment region compared with the
UCD hypothsis. As the neutron-to-proton ratio of stable nuclei
increases with an increase of the mass number, the present
results suggest that the nuclear stability of fission fragments
reflects the charge polarization in fission.

The deviation of Zp of the complementary fragment from
the corresponding Zycp should be the same but with an oppo-
site sign because the probability of charged particle emissionis
quite small in low energy fission. This can be ascertained by
superimposing the complementary light fragments to the heavy
ones. The results are shown in Figure 3, where the primary
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Figure 2. Deviation of Z from Z,cp plotted versus primary fragment
mass number, A'.

Kaji
heavy fragment mass number, A, istaken as an abscissa. The
deviations of the complementary fragments are nearly consis-
tent. These results indicate that the most probable charge is
not seriously affected by neutron emission from fission frag-
ments.

For a given mass split, many combinations of charge divi-
sion are possible. The most probable charge was examined in
connection with the most energetically favorable combination.
The most energetically favorable charge, Zqo,, Was estimated
by the ground-state Q value as in Reference 14. In this estima-
tion, the Q value was defined as the difference between the
mass of the fissioning nucleus and the ground-state masses of
fission fragments.®> ®® The results are shown in Figure 3 by
solid curves. The experimental Z, seems to agree with the
evaluated Zoy, in the systems of 18 MeV protons on *8U, 24
MeV protons on *®U, and 20 MeV protons on *?Th. But the
agreement between the experimental and evaluated Zy's is not
good in the case of other systems showed in Figures 3(c), 3(d),
and 3(f). The data in Figure 3(c) and 3(f) are for the lowest
proton-energy studied in the present work. The effect such as
shell effect, which is emphasized in low energy region, may
influence of the most probable charge. For example, in
A =135 the charge of nuclide with N=82 shell is larger than
Zggg- Astheyield of nuclide with N=82 shell may be
enhanced, the most probable charge increases and conse-
quently deviates from Zyy. The same kind of explanation is
applicable to the disagreement at other nuclear shell and
deformed shell, N=86-88, which is suggested by Wilkins et
al.’” The existence of the nuclear shell effect in this energy
region was also reported in the isomeric yield ratio measure-
ment.® On the other hand, the reason why Z, dose not seem to
agree with Zgg, in the 24 MeV proton + ?**Th system is prob-
ably because of the inadequate correction of emitted neutrons.

3 L L R 3 T T T

| () 2U+p(24 MeV) ] (d) Z2Th+p(24 MeV)
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Figure 3. Same as Figure 2, but folded at the symmetric mass with

superimposing the complementary light fragments. The light mass

products are indicated by colsed symbols. The solid curveis the result
of the estimation by using production Q values.
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Figure 4. Comparison of Zqy, estimated from ground state masses
with Zgy estimated by considering deformation at scission for the
fissioning nucleus of **Np.

Because the number of the emitted neutrons were not reported
for 24 MeV proton-induced fission of ?Th, we used the data
of the 14.7 MeV protons on #*Th. The dependence of v on the
excitation energy was demonstrated by Bishop et al.%? and by
Strecker et a.,% and according to them, there are two striking
features. The first one is the disappearance of the sawtooth
structure with increasing excitation energy. The other one is
the tendency for v to increase more rapidly with an increase of
excitation energy for heavier fragment than for the light frag-
ment, even in the mass region away from closed shells. If the
dependence of v on excitation energy for the #*Th + p system
is similar to that for the 28U + p system, Z is expected to
approach to Zq,, in Figure 3(d).

If the shape of the (3 stability vs. nuclear charge curve at a
given mass number is about the same for the complementary
fragment pair, the maximum energy is available for the pair at
which the differences between the most stable charge and the
fragment charge are the same. In this sense, the ECD model
has the similar meaning as the present consideration by the Q
values.

It is generally considered that fission fragments are highly
deformed at scission point. Accordingly the masses at scission
point are expected to be different from the ground-state masses
and the explanation by the ground-state masses seems to be
unrealistic. As the deformation at scission point is not well
understood, two-spheroid model by Quentin® was assumed for
scission point configuration. Assuming that the degrees of the
deformation of complementary fragments are the same and
that the kinetic energy, TKE, of fission fragments is purely
originated from the Coulomb repulsion between two fragments
at scission, the deformation energy at scission was calculated
after the method of Brossa et al.”® The values of TKE
presented by Strecker et al.% for proton-induced fission of 22U
and by Croall and Cuninghame™ for proton-induced fission of
Z2Th were used in the calculation. For a given mass split, the
deformation energies, Eg, at scission point were calculated
with varying combinations of charge division. The charge
expected from the most energetically favorable combinations
at scission point, Zgx, was determined from the largest (Q -
E4) for agiven mass sprit. It was found that Zg is not largely
different from Zqog,. An example of the results is shown in
Figure 4 for the fissioning nucleus of **Np. This result indi-
cates that the ground-state masses can be used for the estima-
tion of the most energetically favorable charge.

4. CONCLUSIONS

The charge distributions of fission products were measured
in the systems of 13, 18, and 24 MeV proton-induced fission of
238 and of 13, 20, and 24 MeV proton-induced fission of
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22Th. A large number of these data enabled to get much infor-
mation on the most probable charge, Z,. In all the systems
studied, Zy's mainly lay on the proton-rich side in the light
fragment mass region and on the proton-deficient side in the
heavy mass region, that is, the nuclides of higher charge
density formed in the light fragment region and those of lower
charge density produced in the heavy fragment region. These
results imply that the charge polarization occurs in the fission
process and that the nuclear stability of fission fragments
reflects the charge polarization in fission. The charge polariza-
tion was examined with respect to the ground-state Q values.
The experimental Z, was fairly well reproduced by the estima-
tion by the Q values except for the system of 13 MeV proton-
induced fission of 28U and *2Th. These results suggest that
the fission path to the most favorable charge division may go
through the most energetically favorable path.
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