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Most probable charge of fission products in 24 MeV proton induced fission of3%U

H. Kudo, M. Maruyama, and M. TanikaWa
Department of Chemistry, Faculty of Science, Niigata University, Niigata, Japan

T. Shinozuka and M. Fujioka
Cyclotron and Radioisotope Center, Tohoku University, Sendai, Japan
(Received 10 May 1996; revised manuscript received 25 April 1997

The charge distributions of fission products in 24 MeV proton-induced fissiéffdfwere measured by the
use of an ion-guide isotope separator on line. The most probable chigspef(the charge distribution was
discussed in view of the charge polarization in the fission process. It was found timaainly lies on the
proton-rich side in the light mass region and on the proton-deficient side in the heavy mass region compared
with the postulate of the unchanged charge distribution. The charge polarization was examined with respect to
productionQ values.[S0556-281®8)04101-4

PACS numbdps): 25.85.Ge, 24.75:i

I. INTRODUCTION Presen{11] and found to describe the fission &’/Au with
112 MeV 2C rather wel[12]. However, none of the various

The process of nuclear charge division of a fissioning : !
yostulates have succeeded in becoming a general rule.

nucleus between two fragments is of great interest in conne Many experimental studies have been carried out to de-
tion with the mass splitting n _nuc_lear f'S.S'on' Wadt al. .termine the charge distribution in various reaction systems
proposed that the charge distribution of fission products Ifl—4 13-20. Most of them were performed using radio-
well represented by a normal Gaussian funcfibh Earlier cherﬁical separationil—4.13—19 or by using an ordinary

experiments in thermal neutron-induced and spontaneous ﬁ?s'otope separatof20]. The majority of fission products
sion show that the width of the charge dispersion is not dégomeq in low-energy fission of actinides are neutron-rich

pendent essentially upon either the fissioning nucleus or thgclides that have relatively short half-lives. Since the radio-
curve have been explained due to the odd-even effects whiciifficult to measure the products with very short half-lives.
enhance the yield of nuclei with even numbers of protonsalso the method using an ordinary isotope separator is not
and/or neutron$4,5]. Attempts have also been made to re-applicable to highly refractory elements. Mass-gated x-ray
late these yield deviations to the shell effects by which nuclemeasurement also gives information about the charge distri-
with magic numbers are favorably produddds]. bution [21]. However, this method contains fairly large am-
Several hypotheses about the most probable charge habéuity in determining yields due to the nuclear de-excitation
been proposed. According to the unchanged charge distribyrocess resulting in large variations of x-ray fluorescence
tion (UCD), primary fission fragments have the same proton-yields from isotope to isotope. In this sense, the direct mea-
to-mass ratio as in the fissioning nucleus. If the charge in theurement of nuclides of interest is superior to the x-ray mea-
fissioning nucleus is distributed homogeneously and the resurement. And yet, up to now, the obtained nuclides were
distribution of the charge does not occur in the course of theestricted to several masses and mostly situated on the
fission process, the charge density of fission fragments wilheutron-deficient side of the charge distribution at each mass
be the same as that of the fissioning nucleus. In this sensehain.
the UCD hypothesis is straightforward and permits a simple In the present work, the charge distributions in the proton-
method to estimate the most probable chaf§e8]. The induced fission 03U were obtained by the use of an ion-
equal charge displaceme(iCD) states that the most prob- guide isotope separator on-lifEG1SOL). As IGISOL does
able charges for one fission fragment and for its complememot have an ordinary ion source and thus most difficulties
tary fragment lie an equal number of charge units away fronarising from the ion source are not encountered. Using this
the B stability line. This ECD hypothesis was empirically method, very short-lived nuclides were measured with a rea-
suggested by Glendenjf] and seems to reproduce the mostsonably high efficiency22].
probable charge in low excitation fissidd,2,10. In the
minimum potential energy modéMPE), a nucleonic redis-
tribution occurs such that a minimum in the sum of the Il. EXPERIMENT
nuclear potential energy and Coulomb repulsion energy is
attained and fission proceeds along the minimum potential
energy surface. This MPE hypothesis was proposed by The experiments were performed by the use of the AVF
cyclotron and IGISOL at the Cyclotron and Radioisotope
Center in Tohoku University. The Tohoku IGISOL is com-
*Present address: Faculty of Science, the University of Tokyoposed of an ion-guide chamber, a mass separator, and a tape
Tokyo, Japan. transport systemi23]. The ion-guide chamber consists of an

A. Irradiation and mass separation
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Beam ucts, and used for the measurement of accumulating radioac-
ﬂ tivities. The other was set about 40 cm away from the first
Havar foil Target detector along the collection tape, and used for a growth and

decay measuremef5]. It took 0.3 s to move the collection
tape between the two measuring positions. The energy reso-
lutions full width at half maximum of the two detectors were
2.1 and 2.8 keV for the 1332 key ray of 5°Co, respec-
tively. The calibrations ofy-ray energy and detection effi-
ciency for the energy range from 50 to about 3000 keV were
performed using a set of reference source&Na, >*Mn,
. 5Co, ®Co, 137Cs, '¥Ba, and **!Am) and handmade
Skimmer sources of°®Co and '®%u. In order to avoid loss from the
L 1 1 | photopeak through summing of detector pulses, the detectors

01 2 3 4 bem were positioned at more than 2 cm from the source position.

For the growth and decay measurement the time interval

FIG. 1. Cross-sectional view of the IGISOL target chamber. ¢ the tape transportation was variedfros s to 30 min
. ) ) . according to the half-lives of nuclides of interest. In order to
ion-guide vacuum chamber and an ion-guide target chambe@et a reasonablg-ray photopeak area of the nuclide of in-
The chamber is separated from the cyclotron beam line bysrest, counting cycles were repeated from 10 to 5000 times
two titanium foil windows of 6.8 mg/cfthickness at the \yhich correspond to about 2—9 h measurements. For the de-
entrance and the exit of the beam line, and evacuated by thy analysisy-ray spectral data were recorded on a magnetic
large-capacity mechanical booster pumping system. The tagape event by event together with the time information of a
get chamber is separated by windows ofu thick Havar  myiti Channel ScaleMCS), and monitored by the GPIB-
foils from the vacuum area of the vacuum chamber and fillethzsed fast data acquisition syst¢26]. The time signal of
with helium buffer gas of about 140 mbar pressure. Thehe end of the tape movement was used for the trigger pulse
cross-sectional view of the target chamber is shown in Fig. 15 McCS.
The target in the target chamber consisted of two self- For some nuclidesy-ray measurements were performed
support foils of 2% whose thicknesses were 20 mgfcm  py a simple accumulation method. In this method, only the
Proton bombarding energy was 24 MeV at the point betweefirst detector was used. The activity was simply measured for
the two target foils. The beam energy losses in the windowp_3 h through the irradiation period, and the tape transport
foils and the target foils were calculated from the range-system was used only to discard the radioactivities of long-

energy relationship24]. The beam intensity was monitored jived nuclides which disturb the spectra as a background ac-
by a Faraday cup equipped with a current integrator, and wagyity .

checked at both the entrance and exit points of the target
chamber in order to correct for the effect of the scattering in
the window foils and the targets. The beam current was typi-
Ca”y about 15,LLA on target_ In the present Work, however, Most of fission prOdUCtS are on the neutron-rich side of
it was not necessary to measure a precise beam current, j&e B stability line. They will become stable after successive

cause only the relative cross sections of isobaric memberg decays. Therefore, in order to deduce the independent
were of interest. yield from the measured radioactivity, it is necessary to cor-

Most of the helium gas from the target chamber is re-rect for the contribution from precursors. For the growth and
moved by differential pumping with a skimmer system. Thedecay analysis, the event-by-event data were converted to
electric field of around—500 V between the exit hole and 3—10 consecutive singles spectra in time sequence according
the skimmer guides thermarized recoil ions in the extractiorio the MCS data. The time interval corresponding to each
part of the mass separator. The ions are accelerated with tig®ectrum depends on the half-life of the nuclide of interest.
extraction field applied to the skimmer and the extraction? he obtained singles spectra were analyzed by the program
electrode, and are introduced to the analyzing magnet aftéAMPO [27] and an originally developed program which
being made into a parallel beam by two lens systems. Mas40rks interactively. .
separated ions are collected on an aluminized Mylar tape of The obtained radioactivities were converted to either par-
the tape transport system which is controlled by a microcomtial cumulative yields or independent yields as follows. After
puter_ For the adjustment Of the mass Separaﬁoms were the end Of CO”eCt|0n, the f-OIIOW|ng dlffel’e_ntla| equatlons
used and the optimum magnetic field was determined byiold for the members of a given decay chain:
measuring they-ray activities of fission products at each

C. Data treatment

dN;
mass number. W:_Nl)\lv (1)
B. Measurement
The identification and the determination of the radioac- dN; )
tivities of fission products were made byyaeray spectrom- W:Ni,l)\i,l— Nihi, 1=23,..., @

etry using two high-purity Ge detectors coupled to 4 K-
channel pulse height analyzers. One detector was positioned
just behind the collecting point of transported fission prod-whereN;,N,,Ns,... are thenumber of nuclei at time, and
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N1,N2,\3,... are thecharacteristic decay constants. TheseThe obtained activities at the end of collection were con-

differential equations can be easily solved and activities argerted to corresponding cross sections by correcting for satu-

given by ration conditions. The next differential equations hold during
the period of collection:

A1=Ag0 eXp(—Agt), (€©))
Ao dN;
A2 AlO)\ {eX[X )\1t) eXp( )\2t)} dt N00'181¢ Nl)\ll (6)
+ Ay expl—A,t), (4
dN;
[ exp(—\qt) exp(—\,t) Tt~ Nogigid+Ni—ihi—1 =Nk
A=A N
3= Arohzhs (A2=Ap)(A3—=N1) (M= A2)(A3—Ay)
eX[i—)\gt) ] )\3 i:2,3, PR (7)
+ + A, —— {exp(— Aot
(A1=N3)(A2—N3) 2ON3— X, fexpt=hat)
—exp(— Aat)}+Agp exp( — Ast)..., (5  WhereNg is the number of the target nucleiy,o;,03, ...

are the cross sections, ,&5,£3,... are tharansport efficien-
whereA;,A,,A;,... are theradioactivities at the timé and  cies in IGISOL, and¢ is the proton beam flux. By solving
A10,A2,A5,... are theactivities at the end of collection. these differential equations, the next equations are derived:

A10=Ngoie1h{1—exp(— N\ t)}, (8

A A
Ax=Ngo1816 X _2)\1 {1—exp(—Nqt)}+ X _1)\2 {1—exp(—N\,t)} |+ Ngoep{1—exp(— A t)}, 9

~ Aohs NiN3 A1\s
Aao=NoT2220| (0 X 0va—n) {1_exq_xlt)}+(>\ T W R e e A T S W
X {1 eXF( )\3t)} +N00’282¢ {1 eXF( )\2t)}+ {1—eX[?(—)\3t)}
)\3

Thus, the relative independent yieldé;o;e; can be obtained by substitutidgy's in Egs. (3)—(5) for Egs.(8)—(10).
For the simple accumulation method, E¢®)—(10) were integrated over the collection tirfe

1
C]_:N00'181¢ T—)\—l{l—exq—)\lT)}}, (11)

Co=Ngo181| T +Noorer¢

T——{l exp(— )\ZT)}}
(12)

A
—m{l exp(— N\ T)}— m{l exp(—\,T)}

Aohg Nqh3

e Wive W v Wi W VS WP W

) {1_eXF(_)\2T)}

NN, A3
A3(A1=N3)(A2—\3) {1—exp(—\3T)} [+ Nooe,¢ T—m{l—exq—)\zT)}
Ao
:;(T {1 eX[X )\ST)} + N00'383¢ T_ N {1 eXF( )\3T)}j| (13)
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whereC,,C,,Cs,... are thenumber of disintegration during clide of interestP is expressed as s Ngo.
the collection. For the nuclides with the same mass numbgr, the
If there is a branch of disintegration, the correspondingtransport efficiency , arising from the operating conditions
terms in the above equations are multiplied by the branchingf the mass separator is considered to be the same, because
ratios. The nuclear data used for the analysis are listed ithe members of a given isobar chain are simultaneously mea-
Table | with quoted referencé28—64. sured in a single experimental run. Therefore, the ratio be-
Since the time taken to transport the products from theween the yields of isobaig, andZ, includes onlys,
target chamber to the collecting position is short enough in
comparison with the half-lives of the nuclides of interest, the Pa ez, TAZy
decay during the period between production and collection p = - . (14
was neglected in the above calculation. AZy Bz, TAZy

Il RESULTS AND DISCUSSION In the_ same way, for the other mass number, the next
equation holds,

A. Relative yield of fission product

The relative yields of 143 nuclides in 40 mass chains were Paz, ez 9A2,
measured in the system of 24 MeV proton-induced fission of -
238 py the use of IGISOL. The results are summarized in
Table |, where the relative yields are expressed as fraction
yields. For the conversion of the relative yield into the frac-
tional yield, it is necessary to evaluate the chain yield for
each mass number. The chain yields were estimated assu - ;
ing a Gaussian charge distribution with the parameters d .4).and (15), the transport efficiency in IGISOL can be
scribed in the next section. The mass number of the observe‘%l'mmated
nuclides ranges from 82 to 149, including symmetric fission p P
products. The half-lives of these nuclides range from 0.320 s AZy T AZy  TAZy TR,
(%°Ag) to 13.16 days?%Cs). In particular, it is noteworthy Paz, Paz, Oaz, -0az,
to have determined the yields of 76 nuclides having half-
lives less than a minute. Such short-lived nuclides could nofherefore, if two kinds of isotopes are measured in different
have been measured using conventional methods over suchass chains, one can extract the relationship between the

wide range of mass numbers. The errors in the yields wergields independent of the transport efficiency in IGISOL.
estimated from counting statistics, uncertainties in half-lives

and errors propagated from parent nuclides if any.

The obtained yields include the transport efficiency in
IGISOL which may differ element by element and/or mass Empirically, the charge dispersion of fission products has
chain to mass chain. The difference of the transport effibeen well represented by a Gaussian distribufibh The
ciency in IGISOL can be eliminated in the following way. theoretical calculation with the asymmetric two-center shell

To begin with, in IGISOL we can measure only the frac- model also gives a Gaussian charge distribufi®®,67]. In
tion of produced fission fragments that are thermalized in dow-energy fission, such as thermal-neutron-induced and
helium buffer gas. The recoil ranges of fission fragmentsspontaneous fission, deviations from a Gaussian have been
differ from one another due to the wide variety of mass num-observed. This is ascribed to the odd-even nature of nuclides
bers, atomic numbers, and kinetic energies of fission fragk5]. In charged-particle-induced fission, however, the odd-
ments. The position of the effective region in the target var-even effect is presumed not to appear because the high exci-
ies with the recoil range of a fragment. However, thetation energy of the fissioning nuclei should wash out the
differences of the effective target thicknesses are expected &ffect. A great reduction of the odd-even effect has been
be small for neighboring fragments of interest. observed to occur when only an extra 3 MeV is added in the

Next, the transport efficiency may be affected by bothsystem of neutron-induced fission 6#°U [68]. The same
operating conditions of the mass separator and the chemickind of reduction of the odd-even effect is observed in
properties of the elements. The former defined as a physicghoto-induced fission of3%U [69]. In the present work,
transport efficiency, comes from the operating conditions therefore, the analysis of the charge dispersion was per-
of the mass separator such as the width of the defining sliformed by assuming the following Gaussian function:

The latter defined as a chemical transport efficiengyis )
related to the thermal equilibrium of ions in a helium atmo- - A exr_{ _(Z=2Zy
sphere. The transport efficiency also depends on the proton AZ (Cw)“2 C
beam intensity{65]. Although the magnitudes of the trans-

port efficiencies were considerably affected by the change ofvhere o, is the independent yield of the nuclide with an
the beam intensity, the ratios of the yields between the mematomic chargeZ and a mass numbd, o, is the chain yield
bers of the same mass chain were quite constant. Thereforef the mass chaii, Z, is the most probable charge, aGd
the dependence of the beam intensity could be included iis the width parameter of the distribution.

g, . Since the overall transport efficieney can be regarded If the width parameters of the charge distributions for
as the product of, ande., the observed yield of the nu- different mass chains are constant as reported eatlieg],

B . (15
AZ, oy TAZ,

ince the nuclides with the same atomic number have the
same chemical property, the correspondinygcan be re-
arded as the same. Consequently, by taking the ratio of Egs.

(16)

B. Evaluation of the most probable charge

: (17)
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TABLE I. Nuclear data used for the analysis and the obtained relative yields. Only a main characjenstiof each nuclide is listed.

Nuclide Tuo E, (keV) 1, (%) Ref. Yield® Typée® Method
82Ge 46 s 1091.9 90. [28] 0.053+0.003 C GD
8DAs 13.6 s 3435 57.6 [28] 0.088+0.003 I GD
825 19.1 s 654.4 15.1 [28] 0.329+0.031 I GD
83As 134 s 734.6 43. [29] 0.451+0.016 C GD
8mge 22.3 min 1030.6 20.6 [29] 0.054+0.030 I GD
83se 701 s 356.7 69.9 [29] 0.418+0.052 I GD
84ps 55 s 1455.1 49. [30] 0.071+0.002 C GD
845e 3.1 min 408.2 100. [30] 0.564+0.003 I GD
sampy 6 min 424.0 100. [30] 0.044+0.001 I GD
849Br 31.8 min 1897.6 14.7 [30] 0.011+0.003 I GD
87Br 55.69 s 1419.8 32. [31] 0.036+0.052 C GD
87Kr 76.31 min 402.6 49.6 [31] 0.357+0.110 I GD
8imgy 2.81 h 388.4 81.8 [31] 0.175+0.084 I GD
885e 152 s 159.2 10.6 [32] 0.215+0.012 C GD
88gr 16.5 s 775.3 63. [32] 0.500+0.030 I GD
88Kr 2.84 h 196.3 26. [32] 0.438+0.061 I GD
88Rb 17.78 min 1836.0 21.4 [32] 0.163+0.014 I GD
°0Br 192 s 707.1 38. [33] 0.064+0.004 C GD
S0Kr 323 s 1118.7 36.2 [33] 0.178+0.006 I GD
S0MRb 4.3 min 824.2 8.64 [33] 0.459+0.006 I GD
S9Rb 2.6 min 831.7 27.8 [33] 0.102+0.035 I GD
9Kr 8.57 s 108.8 435 [34] 0.017+0.001 C GD
“Rb 58.4 s 93.6 33.7 [34] 0.524+0.016 I GD
EEST 9.52 h 1024.3 33.4 [34] 0.263+0.047 I GD
o1my 49.71 min 555.6 94.9 [34] 0.003+0.001 I GD
92Kr 1.85 s 142.4 66. [35] 0.011+0.002 C GD
“Rb 45 s 814.7 8. [35] 0.249+0.092 I GD
925y 271 h 1383.9 90. [35] 0.559+0.155 I GD
93Kr 1.29 s 266.8 20.3 [36] 0.008+0.001 C GD
“Rb 57 s 986.2 4.43 [36] 0.500+0.050 I GD
93gr 7.423 min 590.3 65.7 [36] 0.064+0.056 I GD
%Rb 2.702 s 836.9 87.1 [37] 0.359+0.010 C GD
%4sr 75.1 s 1427.6 94.2 [37] 0.518+0.044 I GD
95gy 251 s 685.9 24, [38] 0.481+0.102 C GD
9%y 10.3 min 954.2 19. [38] 0.454+0.231 I GD
97gr 0.42 s 1905.0 28. [39] 0.293+0.011 C SA
Ty 123 s 161.4 70.7 [39] 0.389+0.006 I SA
E% 35 s 3287.7 18.1 [39] 0.162+0.024 | SA
9%y 1.47 s 121.8 43.8 [40] 0.136+0.004 C SA
997¢ 2.1s 469.1 55.2 [40] 0.187+0.013 I SA
9MNb 2.6 min 253.3 3.71 [40] 0.348+0.026 I SA
9%Nb 15 s 137.7 90.6 [40] 0.227+0.019 I SA
1020 11.2 min 211.7 3.82 [33] 0.938+0.011 C GD
10T 4.35 min 628.1 25.2 [33] 0.043+0.002 I GD
1087¢ 528 s 475.1 6.25 [33] 0.020+0.005 I GD
1081¢ 5.17 s 242.2 82.4 [41] 0.469+0.001 C GD
108y 4.55 min (4341 43) [41] 0.465+0.010 I GD
10®RAp 6 min 581.1 59. [41] 0.019+0.001 I GD
108RKH 16.8 s 434.1 43. [41] 0.005+0.002 I GD
Hepg 12.72 s 114.7 88. [33] 0.487+0.004 C GD
Henpq 10.4 s 1028.9 30. [33] 0.290+0.003 I GD
Neag 2.68 min 699.3 10.9 [33] 0.161+0.024 I GD
118 2.18 s 162.4 36.6 [33] 0.037+0.006 I GD
118y 54.15 min 416.9 26.2 [33] 0.039+0.012 I GD
1og 2.1s 626.4 10.7 [33] 0.438+0.013 C GD
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TABLE I. (Continued).
Nuclide Tuo E, (keV) 1, (%) Ref. Yield?® Type® Method
Hancq 2.2 min 1025.0 25. [33] 0.420+ 0.005 | GD
1%cq 2.69 min 292.9 41. [33] 0.061+ 0.010 | GD
12%cd 50.8 s (11725 20 [33,47 0.176 = 0.004 C GD
12&)n 473 s 89.9 77.6 [42] 0.284+ 0.003 | GD
120y 46.2 s 863.7 325 [42] 0.129+ 0.011 | GD
126y 3.08 s 1172.5 19. [42] 0.145+ 0.049 | GD
12pg 072 s 341.6 30.9 [43] 0.040+ 0.003 C GD
12incq 8.3 s 1020.9 18.9 [44] 0.260+ 0.004 | GD
219cq 135 s 324.2 495 [44] 0.073* 0.003 | GD
2191 23.1s 925.6 87. [33] 0.746 = 0.054 | GD
122cd 5.24 s 1140.3 39. [33,45 0.491+ 0.016 C GD
12210 10.8 s 407.3 7.8 [45] 0.283* 0.010 | GD
1221 103 s 1190.3 20. [45] 0.079+ 0.010 | GD
1221 15 s 1013.1 2.7 [45] 0.078+ 0.026 | GD
124cd 09 s 179.9 49.9 [46] 0.135+ 0.010 C GD
128 24 s 1359.9 38.8 [46] 0.413+ 0.002 | GD
124 3.17 s 997.8 21.1 [46] 0.126 + 0.015 | GD
126cd 0.51 s 260.1 89.6 [33,47] 0.042+ 0.001 C GD
1281 1.45 s 111.8 88. [47] 0.204+ 0.009 | GD
12&)n 15 s 969.6 14.9 [47] 0.179+ 0.013 | GD
128 09 s 1867.0 32.3 [48] 0.023* 0.006 C GD
1281 09 s 1168.8 50.3 [48] 0.016+ 0.014 C GD
letmgp 6.5 s 831.5 100. [48] 0.193+ 0.003 | GD
128gn 59.1 min 482.3 58. [48] 0.177+ 0.011 | GD
128ngh 10.4 min 314 91.6 [48] 0.082+ 0.005 | GD
128gp 9.01 h 526.5 45, [48] 0.415+ 0.066 | GD
13tngp 1.7 min 144.9 34. [33] 0.022+ 0.001 C GD
13%gn 3.72 min 1925 71. [33] 0.043+ 0.001 | GD
13bgp 6.3 min 1017.5 30. [33] 0.167 = 0.005 | GD
13&gp 40 min 330.9 78. [33] 0.264+ 0.004 | GD
130my 9 min 536.1 16.7 [33] 0.038+ 0.007 | GD
130y 12.36 h 668.5 96.1 [33] 0.179+ 0.024 | GD
181gp 23 min 943.4 44, [49] 0.547 + 0.024 C GD
1397e 25 min 149.7 68.9 [49] 0.130+ 0.030 | GD
1825 40 s 340.8 43.2 [33] 0.0041=+ 0.0004 C SA
135gp 2.8 min 989.6 15. [33] 0.038+ 0.002 | SA
13Aagp 4.2 min 1041.5 18. [33] 0.026 = 0.002 | SA
1321¢ 78.2 h 228.2 88.1 [33] 0.482+ 0.053 | SA
132m) 83.6 min 599.8 13.2 [33] 0.305* 0.014 | SA
13 23 h 522.7 16.1 [33] 0.088+ 0.012 | SA
134Te 41.8 min 210.5 22.5 [50] 0.266+ 0.002 C GD
134m) 3.69 min 271.9 79. [50] 0.333+ 0.006 | GD
134 52.6 min 1072.5 15. [50] 0.225+ 0.007 | GD
135Te 19 s 603.5 37. [51] 0.021+ 0.001 C GD
139 6.57 h 1260.4 28.9 [51] 0.790+ 0.041 | GD
138y e 15.29 min 526.6 80.5 [51] 0.151+ 0.001 | GD
13%x%e 9.14 h 249.8 90.2 [51] 0.059+ 0.002 | GD
136Te 175 s 334.0 18.8 [52] 0.054+ 0.009 C GD
1360y 46.9 s 381.4 99.8 [52] 0.176 = 0.003 | GD
1368 83.4 s 1321.1 24.8 [52] 0.039+ 0.012 | GD
13¢Cs 13.16 days 818.5 99.7 [52] 0.202+ 0.003 | GD
13 6.41 s 588.8 60. (53] 0.041+ 0.006 C SA
138¢e 14.08 min 258.4 315 (53] 0.211+ 0.022 | SA
1s8ncg 2.9 min 191.7 15.4 [53] 0.479+ 0.045 | SA
138cs 32.2 min 1009.8 29.8 [53] 0.085+ 0.038 | SA
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TABLE I. (Continued).

Nuclide T E, (keV) 1, (%) Ref. Yield?® Type® Method
13%e 39.68 s 218.6 52. [54] 0.087 = 0.008 C GD
13%Ccs 9.27 min 1283.2 7.7 [54] 0.566 = 0.050 [ GD
13%Ba 1.38 h 165.8 23.8 [54] 0.266+ 0.032 [ GD
140ce 13.6 s 805.5 20. [55] 0.009+ 0.003 C GD
l40cs 63.7 s 908.4 7.89 [55] 0.192+ 0.021 | GD
141xe 1.73 s 909.4 13.3 [56] 0.062+ 0.005 C GD
Yics 2494 s 561.6 4.7 [56] 0.545+ 0.021 [ GD
1413 18.27 min 190.3 47 [56] 0.281+ 0.031 | GD
1428 10.6 min 255.3 21.1 [57] 0.616+ 0.025 C GD
143 a 91.1 min 641.3 47.4 [57] 0.353+ 0.078 | GD
s 1.78 s 195.5 12.6 [58] 0.206+ 0.020 C GD
14384 145 s 211.5 24.9 [58] 0.543+ 0.029 [ GD
143 a 14.2 min 643.7 1.55 [58] 0.517 = 0.207 | GD
e 33 h 293.3 42.8 (58] 0.055+ 0.055 | GD
1498 115 s 388.2 13.5 [59] 0.479+ 0.077 C GD
14 a 408 s 397.4 94.3 [59] 0.455+ 0.044 [ GD
l45cs 0.594 s 175.4 15.6 [60] 0.030+ 0.002 C GD
1483 431 s 96.6 7.73 [60] 0.233* 0.012 | GD
149 a 24.8 s 355.8 3.83 [60] 0.543+ 0.047 | GD
e 3.01 min 724.2 58.9 [60] 0.223+ 0.017 [ GD
14834 22's 251.2 18 (61,67 0.030+ 0.012 C GD
148 5 10 s 409.9 87 [61] 0.225+ 0.004 | GD
46 6.27 s 258.5 76 [61] 0.106 + 0.006 | GD
lécce 13.52 min 316.7 51 [61,67 0.349+ 0.009 [ GD
L4&pr 24.15 min 453.9 48 [62] 0.346+ 0.015 | GD
17 g 4.48 s 117.6 15 [33] 0.289+ 0.029 C GD
14Tce 56.4 s 268.7 55 [33] 0.555+ 0.061 | GD
148 a 1.05 s 158.5 56 [63] 0.096 + 0.015 C GD
148ce 56 s 269.5 17 [63] 0.761+ 0.023 [ GD
L4dbpy 2 min 450.8 50 [63] 0.050+ 0.022 | GD
l4&py 2.27 min 301.7 61 [63] 0.201+ 0.005 | GD
149y 2.26 min 138.5 1.02 [64] 0.884+ 0.041 C GD
149d 1.72 h 211.3 25.9 [64] 0.115+ 0.084 | GD

8Expressed as fractional yields in each mass chain.

bC indicates cumulative yield, indicates independent yield.

°GD indicates growth and decay analysis, SA indicates the simple accumulation method.
dObtained from daughter activity.

the differencedZ, of the most probable charges betweenence of the reciprocals of width parameters:pll/— 1/CA2,

mass numberé\; andA, can be expressed as can be evaluated in principle. However, due to the large er-
rors, we could not obtain a significant result in the present
dz=7 _7 - C In OAz," 9Ay2, work.
PTPa, TPa, 2(Z,-25) oAz, OAZ, The resulting information about the most probable

charges is based only on their differences, , but the trans-

C Pa,z, Pa,z, port efficiency in IGISOL is eliminated as described above.

- 2(Z,—2,) ! 18 The obtaineddZ,’s are not constant and some of them are
negative with increasing mass number. Rer 128 to 149, a

As a result, the differencéZ,, is given in a unit of the width ~ Series ofdZ, was obtained as a function of mass number.
parameteC. When more than two nuclides are measured forT herefore, if at least two of the most probable charges are
A; andA,, several combinations &, andZ, are possible known in this mass region, oth&g’s can be evaluated. A set

in the evaluation ofdZ,. In those cases, a least-squaresof the obtainedi Z, for the heavy fragments was transformed
method was applied. The same kind of the data treatment i® the most probable charges by a least-squares method with
applicable in the analysis of the width parameter in order tdhe known most probable charges/A# 132, 134, 136, and
eliminate the IGISOL transport efficiency. If three identical 148 which were interpolated form the reported data by
elements are observed at different mass chains, the diffetdmezawa, Baba, and Bab&7]. In this calculation the width

PAlzz' PAzzl
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FIG. 2. Fractional yields of fission products in the 24 MeV proton-induced fissici®f The closed symbols represent the fractional
cumulative yields and the open circles indicate the independent yields. The curves are the estimated Gaussian diSebugaf.

parameter was treated as a free parameter. The value of tilee calculation. As seen foA=128 to 149 of Fig. 2, the
resulting width parameter which gives the best fit was calculated Gaussian curves reproduce the observed yields
=1.00*+0.12 which is about the same as the reported valudairly well. Therefore, the transport efficiency may not be an
[2]. The Gaussian charge distribution curves calculated witimportant parameter in determining the gross structure of the
the obtainedZ, andC are shown in Fig. 2 together with the charge distribution. Using this assumption, the most probable
relative yields of the fission products. charges of light and medium mass chains were estimated
But in the case of light and medium mass products, therglirectly from the observed yields. The evaluated most prob-
are few normalizing points. If the transport efficiency in able charges are summarized in Table II.
IGISOL is regarded to be constant in a given mass ct@jn,
can be obtained directly. Thg, obtained under such an
assumption was compared with those above evaluated for
heavy mass chains. The comparison shows that directly ob- It is worthwhile to examine the present results in connec-
tainedZ,'s are in fair agreement with those evaluated fromtion with the charge polarization in fission. If the nuclear

C. Charge polarization
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TABLE II. The most probable charge of fission products in the T T T T T T T T

system of 24 MeV proton induced fission &1U. 2r 7

A Z, A Z, 5

82 33.55-0.09 124 49.230.04 1 o) B

83 33.58:0.06 126 49.620.05 a L OO § |

84 34.16-0.01 128 50.65 0.26 S {’

87 36.65-1.15 130 51.540.10 N o——if%o—_f’__o_n _____ ———

88 35.46-0.12 132 52.420.15 a o

90 37.07-0.65 134 52.96:0.01 N oo «%éé <} 3 .

91 37.33:0.13 135 53.160.05 1+ 0 % B

92 37.91-0.48 136 53.990.18

93 37.46£0.97 138 54.990.16 L _

94 37.74-0.31 139 55.2€:0.14

95 38.53-0.23 140 56.04 0.39 =20 T

97 38.85-0.03 141 55.25% 0.09 80 100 120 140 160

99 40.91+0.08 142 56.310.15 Al

102 41.50:-0.14 143 56.060.22

108 43.530.05 144 56.42.0.09 FIG. 3. Deviation of the most probable charge from that ex-
119 47.6:-0.02 146 57.7%0.49

120 47.81-0.04 1ar 57.86:0.08 fragments are nearly the same. Therefore, it is suggested that
121 48.58-0.06 148 ©8.040.10 the most probable charge is determined before separation.
122 48.51-0.03 149 58.730.42

The deviation is almost negligible at symmetric mass divi-
sions as expected. The absolute deviation tends to increase
with the degree of asymmetry. But the tendency is not mo-
§1otonouszp abruptly approache®p near the mass num-

ber A’=142 (or 95, beyond this region the deviation be-

charge is uniformly distributed throughout the fission proces
(the UCD mode), Z, is equal toZycp. The value ofZycp is

given by comes large, and, seems to approachycp again forA’
Z >150 (or A’ <87). A preference for 50-proton, 50- and 82-
Zycp= (A— A, neutron shell effect is not clearly seen and an odd-even effect
f

does not appear in contrast to thermal-neutron-induced and
whereZ andA, are the charge and the mass of the ﬁSSiO_”ingsp(')rwsniﬁg?csafiﬁigrtiﬁiﬁhe most probable charge is deter-
nucleus, respectively, andl' is the mass of the primary fis- nineq pefore separation and is affected by the nuclear sta-
sion product of interest. The deviation &, from Zycp IS jlity suggest a certain correlation betweEp and produc-
plotted in Fig. 3. The primary fragment mass€swere €s- o () values. For a given mass split, many combinations of
timated by adding the average number of emitted neutrongy, g6 division are possible, and the most favorable charge
[70] to the observed masses assuming that the fissioningjision may correlate with the most energetically favorable

. 237 . B -
nucleus is™Np. If no redistribution of the nuclear charge .,mpination. This kind of interpretation is similar to the pos-
occurred during fissionZ, would be equal taZcp. How-

ever,Z, mainly lies on the proton-rich side in the light frag-
ment mass region and on the proton-deficient side in the
heavy one. This observation implies that charge polarization
occurs in the fission process. The nuclides of higher charge
density are formed in the light fragment region and those of
lower charge density are formed in the heavy fragment re-
gion. In general, the proton-to-neutron ratio of the stable
nuclei decreases with increasing mass number because of the
Coulomb repulsion of protons in a nucleus. Therefore, it is
expected that the nuclear stability of fission fragments re-
flects the charge polarization in fission. From the charge con-
servation of the fissioning system the magnitudes of the de-
viation of complementary fragments should be the same but
with an opposite sign, if the nuclear charges of fragments are
determined before separation. This can be ascertained by su-
perimposing the complementary light fragments to the heavy riG. 4. Same as Fig. 3 but folded at the symmetric mass and
ones. The result is shown in Fig. 4, where the mass numbejperimposed. The light mass products are indicated by closed sym-
of the heavy fragmen#A\, is taken as an abscissa. In this bols. The solid curve is the result of the estimation using production
figure, one can see that the deviations of complementar® values.
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tulate of the minimum potential energy, MPEL]. However, division, which means that the main fission path to an asym-
the MPE prescription is extremely sensitive to both the massnetric mass division goes through the deformed shell.
equation used and the number of emitted neutrons and, there-

fore, we prefer the use of ground-state masses. The most IV. CONCLUSION

energetically favorable chargg,q, at each mass chain was  The most probable charges of 40 mass chains were deter-
defined as the midpoint of the interpolated charges whichnined for 24 MeV proton-induced fission o8 using
correspond to th& values of 5 MeV below the large®  |GISOL and by assuming a Gaussian charge distribution. It
value, since the shape of tvalues is not a simple one. In was found thaZ, mainly lies on the proton-rich side in the
this estimation, th& value is defined as the difference be- light fragment mass region and on the proton-deficient side
tween the mass of the fissioning nucleus and the ground-staie the heavy one; that is, the nuclides of a higher charge
masses of the primary fragmef®L,72. The resultis shown density are formed in the light fragment region and those of
in Fig. 4 by a solid curve. As seen in the figure, the experi-a lower charge density are formed in the heavy fragment
mentalZ, seems to correlate with the evaluatggl,, except rgg[on. This implies that_charge polarization occurs in the
in the A’=142 region. fission process. The deviation of the most probable charge
If the shape of thes stability curve vs the charge at a from the postulate of the unchanged charge distribution was
given mass number is about the same for a fragment pair, ti@imost equal to that of the complementary fragment at each
maximum energy is available for the pair by which the dif- Primary mass. This means that the most probable charge is
ferences between the most stable charge and the fragmefftermined before separation. , ,
charge are the same. In this sense, the ECD model has thﬁThe charge polarization was examined with respect to the

similar meaning as the present consideration byGheal-  c1ar96Zqgg expected from the ground-sta@ values. The

ues. Accordingly, by a proper estimation of emitted neutronseXpe”mentazp was fqund to be fairly well rgprpduced l.)y
the estimated 44, Which suggests that the fission reaction

the ECD model may be applicable to particle-induced fis- - .
sion. occurs through a minimum potential energy path. However,

A sudden approach t@,cp occurs in the mass region some structure in the differences between the experimental

near A'=142. Because this mass region is about in the?p @nd Zuco was recognized at the mass region néar

middle of the neutron shell closures, any specific combina— 142: This mass region is coincident with the neutron

tions of nuclear charges may not be pronounced, and accorglosed shell of the deformed nuclél=86-88, suggested by

ingly the charge polarization is not encountered. If this is the'VIIKins, Steinberg, and Chasm4n3]. This may imply that

reason for the sudden approach and the experimaptis the charge division of fission fragments is strongly affected
reproduced b4 as seen in other mass regions, the shapely the deformed shell.

pf Qgg.vs Z curves of this region is expected to have some ACKNOWLEDGMENTS

indications such as a larger width or a more flattened peak.

However, no such indication is observed in the shapes of the Grateful acknowledgments are given to Y. Horikoshi, Dr.
Qgg VS Z curves. This mass region is coincident with the M. Wada, and Dr. H. Sunaoshi for their technical assistance
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