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Abstract. The reaction of 23U with '?>C was studied radiochemically with the purpose of elucidating fast
fission characteristics. From the difference in the mass distribution below and above the critical energy
where fast fission is predicted to set in, fast fission component was extracted in far-asymmetric mass region
and interpreted as the mass diffusion following the Fokker-Planck equation. Anomalous charge dispersion
widths in the corresponding mass region and a sudden increase of the whole mass distribution width at the
critical energy were also observed to support the above result. The reaction time of fast fission deduced
from the width and position of the mass distribution was 5x10~2!s as well by taking into account the effect
of neutron emission during the diffusion process, which turned out to be more than one order of magnitude
longer than the corresponding life time of typical deep inelastic scattering but substantially short compared
to ordinary fusion-fission life time. Evaluation of the driving potential for mass drift required dinuclear
configuration be of an elongated or deformed form for fast fission in contrast to a more compact form for

the deep-inelastic process.

PACS. 25.70.Jj Fusion and fusion-fission reactions — 25.85.Ge Charged-particle-induced fission

1 Introduction

The effect of the angular momentum on the fission phe-
nomenon appears as decrease of the fission barrier [1-4].
The fission barrier finally vanishes when the angular mo-
mentum introduced to the compound nucleus exceeds a
critical value £p,. The fission with no fission barrier is
called fast fission. Though the definition of fast fission is
thus quite clear, the mechanism of formation of the system
undertaking fast fission is not quite distinguished from
deep inelastic scattering, quasi-fission, etc. The character-
istics of fast fission are not very well known either in spite
of several experimental and theoretical works [5-17].
Gregoire et al. [6,8,9] have concluded that fast fission
is an intermediate mechanism between compound nucleus
formation and deep inelastic collision by means of a dy-
namical approach [11] for dissipative heavy-ion collisions
leading either to a compound nucleus or to fast fission.
Subsequently, they claim fast fission is a long-lived deep
inelastic component [7]; that is, fast fission lasts very long
(~ 10729 5) so that the angular distribution has 1/sinf de-
pendence and the mass asymmetry has been almost com-
pletely relaxed to give a symmetric mass distribution. Fur-
thermore, the total kinetic energy of the products is ex-
pected to be the same for fast fission and for compound fis-
sion. According to them, the characteristics are observed
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only as broadening of the product mass distribution [6-
11,13].

Heusch et al. [14] observed the angular distribution
of products, Z distribution of the angle-integrated cross
section and the mass distribution width for the 490-MeV
84Ky plus 27Al reaction to extract a fully damped reac-
tion component distinguished from deep-inelastic prod-
ucts by a 1/sinf angular distribution and from compound
fission by a different Z distribution due to an incomplete
mass asymmetry relaxation. Hefter treated theoretically
fast fission as a dissipative collision leading to fusion im-
mediately followed by fission by the “inverse mean-field”
method [10].

Zheng et al. [12] also found that the difference in the
total kinetic energy was too small to detect between fusion
fission and fast fission. On the other hand, they observed
substantial increase both in the widths of mass and ki-
netic energy distributions for fast fission. Gippner et al.
[17] treated collisions of 32S (192 MeV) + 28U and 4°Ar
(220 MeV) + 232Th with one-dimensional diffusion model
based on a calculated driving potential to deduce the ex-
istence of two independent modes of the mass relaxation
process, the “fast-fusion” channel leading to a symmetric
mass distribution and the “quasifission” process driving to
an asymmetric mass distribution due to incomplete mass
relaxation.

To summarize the above-mentioned discussions, fast
fission is understood either as the statistical fluctuation
controlled by the stiffness coefficient and the temperature
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of the trapped system or as the mass relaxation due to
diffusion process. No matter which mechanism is control-
ling fast fission, experiments tell us it is difficult to dis-
tinguish fast fission from normal fusion fission in terms of
the product angular distribution, total kinetic energy or
the mass asymmetric degree of freedom. Instead, widths
of the mass and kinetic energy distributions are reported
to be substantially large for fast fission compared to those
of compound fission. The product charge distribution is
also shown to be different between the two mechanisms.

The above consequences suggest the fast fission char-
acteristics may be prominently observable in the form of
broadening of the distribution width of various fission ob-
servables. On the other hand, it has been shown that
counter experiments hardly succeeded in distinguishing
fast fission phenomena from those of ordinary fusion fis-
sion. This is probably a consequence of smearing out of
any fine structure in the distribution of fission observables
due to finite mass and/or energy resolution.

The conventional radiochemical technique which is
able to strictly specify A and Z of the product nuclei is
expected to supply sufficient information to isolate fast
fission from ordinary fusion fission and subsequently to
shed light on the mechanism of fast fission.

The present purpose is thus to radiochemically investi-
gate the characteristics of the 2C-induced fission of 238U
at incident energies below and above the borderline for
the appearance of fast fission. Any notable difference in
the feature between them, if any, should demonstrate the
fast fission characteristics.

2 Experimental

2381 targets were prepared by electrodeposition of UO,
on Al backing foils. Details of the procedure are described
elsewhere [18]. The target assembly consisting of thus pre-
pared 2*¥U target of about 1 mg/cm? in thickness and Al
catcher foils to retain all fission product nuclei was irra-
diated with '2C beams in a pneumatic irradiation facility
installed in the AVF cyclotron at Research Center for Nu-
clear Physics, Osaka University.

2380 was irradiated with 110-, 130-, and 140-MeV 2C
for three hours and the irradiated target was subjected to
off-line Ge vy-ray spectrometry. 30-min irradiation was un-
dertaken as well in order to determine the yields of short-
lived activities. Further, iodine and rare earths were chem-
ically separated as described elsewhere [19] in separate
runs before Ge y-ray measurement. Chemical yields were
determined by comparing the yields of common nuclides
between the destructive and non-destructive samples.

Obtained series of time-sequential vy-ray spectra were
analyzed by BOB code [20] to construct decay curves for
individual yields of the relevant photopeaks at the end of
bombardment (EOB). The energy and the half-life of the
relevant y ray let us allow to identify the nuclide to which
the ~ ray belongs, and the obtained EOB value, corrected
for the ingrowth during irradiation [21], is converted to the
formation cross section. Gamma-ray emission probabilities
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and half-lives used to deduce cross section values were
taken from the table by Reus and Westmeier [22].

3 Results

Resulting independent and fractional cumulative yields
are summarized in Table 1 for three incident energies.
Three or more isobaric yield data sets were obtained for
several mass chains, from which we constructed charge dis-
persion curves by the least squares fit to the Gaussian dis-
tribution. Resulting charge dispersions are depicted in Fig.
1 for 140 MeV carbons. Furthermore, determined disper-
sion widths are plotted versus fragment mass A in Fig. 2.
From Fig. 2, we can draw the following conclusions; i) the
width is independent of A except for the far-asymmetric
mass division in the case of the 140-MeV incident energy
and the constant width agreed with dispersion widths ob-
served among various types of energetic fissions within
the experimental error [19], ii) the charge dispersion in
the mass chains A=132 and 134 reveal complex features
indicating coexistence of complete and incomplete fusion
fission as mentioned by Lee et al. [23], and iii) the widths
at far-asymmetric mass region were definitely large for
140-MeV beam compared to the normal value.

The broadening of charge dispersion width in far-
asymmetric mass region is expected to represent the effect
of fast fission since it sets in above 110 MeV. That is, the
products of fast fission may locate in the far asymmetric
mass region only.

Results of the fission fragment angular correlation
measurement [19] tell us the incomplete fusion fission
takes place by fusion of *He with the incident velocity
produced due to break-up of the '2C projectiles. With
this knowledge, we determined apparent most probable
charges Z}, for mass chains in which two or more isobaric
yields were given. The obtained Z, values are listed in
Table 2 and visualized in Fig. 3. The Z, values are found
to clearly follow a linear relationship (solid lines) with A
in all the cases except for the double-magic mass region.
In the top of Fig. 3, the regions where incomplete fusion
fission and sequential fission give substantial influence are
indicated with horizontal segments of line for the 238U
fission with 240-MeV carbon beam [23].

The charge distribution in the light-ion-induced fission
can be systematically treated [24-26] as

Zy = — 2 At vpon(A) £ AA)),

- Ze (1
P Ac - Vprc )
where A, and Z; are the mass and charge of the compound
nucleus, Vpre and Vpost give the numbers of pre- and post-
scission neutrons, and A is the charge polarization. Here,
Vpre is found to linearly depend on the excitation energy
Ey;

(2)

Then, we assumed the following values; a = 7.5 MeV, v
= 18.5— Z2/(2A.), Vpost = 2.7, and A = 1.7 within the

X
Vpre = — + -
«
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Table 1. Independent (o7) and cumulative (oc) yields of the 233U fission with *2C of three incident energies

Nuclide Half-life 110 MeV 130 MeV 140 MeV

o1(mb) oc(mb) o1 (mb) oc(mb) o1(mb) oc(mb)
7™ 3.94 h - 1.37+0.17 - 1.2340.09
27n 46.5h 0.43+0.05 0.915+0.042 0.68+0.08 1.2940.08 0.9240.05 1.68+0.05
2Ga 14.10h 1.0+0.8 2.340.8 1.6+0.7 3.840.8
Ga 4.86h 0.34+0.32 1.184+0.32 2.140.5 3.3740.47
TGest™ 113 h 0.9240.15 1.9240.15 1.30+0.20 2.4140.20 1.6+0.8 2.840.8
8Ge 1.47h 1.33+0.26 2.264+0.26 1.52+0.16 2.3440.16 1.23+0.18 1.86+0.18
8 As 1.51h 0.5440.90 2.940.9
82ppetm 35.3h 1.54+40.12 - 2.2140.16 - 3.074+0.17 -
82Rp™ 6.47h 0.4440.44
83Ge8 22.5m - 4.4+41.3
84pye 31.8m - 4.94+1.8 - 2.2540.30
8iRpsT™  32.87d 0.5140.07
85K ™ 4.48h 4.254+0.26 - 5.2040.32 - 8.14+0.5
87Ky 76.3m 3.240.9 6.4+0.9 4.740.7 8.440.7 3.6+0.5 6.1740.45
88Ky 2.84h 3.1+0.6 5.240.6 4.3+0.9 6.5+0.9 4.841.7 7.0+£1.7
88Rb 17.8m 3.3+2.3 10.3+£2.3
88y 106.6d 0.5040.05
89Rb 15.4m 4.1+1.2 9.7+1.2 5.4+0.6 11.64+0.6
90y m 3.19h 0.7640.06 - 1.53+0.11 - 2.0640.20 -
olgr 4.52h 4.540.6 12.1+0.6 7.440.7 16.2+0.7 9.34+0.7 19.540.7
9lym 49.71m 0.884+0.21 - 3.154+0.25 5.840.7 -
928y 2.71h 5.440.6 10.8+0.6 8.1+1.2 14.241.2 10.3+2.3 17.5+2.3
92y 3.54h - 14.6+1.1 11.4+1.3 24.841.4 11.1£1.5 28.64+2.5
92Np™ 10.15d 0.1044+0.016
93y 10.1h 5.3+1.6 14.9+1.2 8.9+2.5 22.442.5 9.94+2.6 23.842.6
9y 18.6m 7.143.2 16.2+3.2 10.1+1.5 19.5+1.5 10.0£1.2 18.5+1.2
95y 10.3m 12.5+0.6 19.54+0.6
9%7r 64.03d 5.04+1.2 19.3+1.2 9.740.9 28.4+0.9 10.14+2.7 27.54+2.7
95Nbet™  34.98d 1.38+0.48 20.84+1.3 4.0+2.4 32.442.5 3.4640.26 31.04+2.8
96Nb 23.35h 2.54+0.18 - 5.6940.32 - 6.3940.17 -
% 17.0h 9.0+1.3 18.4+1.3 13.2+1.4 22.841.4 13.1+0.6 21.54+0.6
9BNBB 51.3m 12.940.7 - 11.5+1.5 - 12.140.9 -
Mo 2.75d 4.24+1.6 24.94+1.6 9.34+1.2 38.7+1.2 9.54+1.2 39.44+1.2
99pem 6.01h - 24.8+1.6 0.21+0.37 38.9+1.3 0.5240.07 39.44+1.5
1010V o 14.6m 18.54+2.8 39.8+2.8
101 14.2m - 46.84+2.2
101pp™ 4.34d - 0.57+0.10
103Ru 39.25d 3.1+1.6 31.0£1.6 6.242.2 44.0+£2.2 7.7+4.4 48.44+4.2
104pe 18.4m 16.44+1.5 31.1+1.5 17.64+2.0 31.742.0
105Ru 4.44h 7.14+1.0 30.0+1.0 12.6+1.5 41.5+1.5 23.74+1.7 42.3+1.7
105gphet™ 35360 29.1+1.6 4.4+1.4 40.84+1.7 3.24+4.0 46.143.5
106Ru 371.6d 11.24+3.4 28.7+3.4 17.74+4.1 36.8+4.1 1546 29.5+5.5
107Rh 21.7m 5.4+3.9 24.6+3.9 6.942.7 35.6+2.7 8+7 34.846.9
HOpgm 249.9d 2.04+0.30 - 2.540.6 - 4.2840.34 -
Hipgm 5.5h 8.840.5 - 11.3+1.5 - 12.5+0.6 -
HIpgstm 7454 3.6+3.4 31.943.4 9.447.1 48.34+4.5 9.645.2 43.545.2
Hippstm 9834 - 0.276+0.029 - 0.334+0.13
H2pq 21.05h 14.7+1.9 28.24+1.9 19.5+2.0 31.942.0 21.943.0 34.3+3.0
H2pg 3.14h 10.3+£1.7 38.54+2.8 9.241.2 41.142.3 12.440.7 48.442.2
H3Age 5.37h - 34.843.2 - 54.6+3.1
15 A g8 20.0m - 16.0£0.9
1150qe 2.23d - 23.1+0.9 - 27.8+1.1 - 26.7+2.1
H5ym 4.49h - 23.240.9
el 2.94h - 24.64+0.9 - 24.04+1.1 - 24.142.0
H7ogm 3.36h 17.940.8 17.0£0.7 17.14+3.4
HTpe 43.8m 5.54+0.7 35.74+1.9 6.91+0.24 35.7+3.4
HTpym 1.94h 2.8440.22 - 5.54+1.1 4.0+0.5
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Table 1. Continued.
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Nuclide Half-life 110 MeV 130 MeV 140 MeV

o1(mb) oc(mb) o1 (mb) oc(mb) o1(mb) oc(mb)
Hrgym 13.61d 1.03+0.07 - 3.624+0.31 - 4.240.8 -
H8gpm 5.00h 1.22+40.07 - 0.9640.38 -
H8Te 6.00d - 0.1440.05
119pem 4.69d 0.60+0.08 -
1209, B 5.76d 1.38+0.09 - 3.574+0.28 - 4.7840.20 -
121mee 16.8d 0.224+0.029 1.884+0.27 1.1840.08 2.68+0.12
121 pem 154d 1.37+0.55 1.37+0.09
1211 2.12h 0.1740.08 -
122gpetm 9 70d 8.154+0.41 - 14.440.8 - 16.2+1.4 -
123gpm 40.08m - 6.1+0.8 - 5.540.8
123 em 119.7d 2.154+0.18 - 7.06+0.45 - 7.540.9 -
1231 13.2h 1.1240.11 1.2240.11 1.26+0.13 1.38+0.13
124gpetm  g60.2d 14.9+40.7 - 18.8+1.7 - 21.441.1 -
1241 4.18d 1.604+0.25 - 3.840.8 -
125gpe 9.64d - 6.440.7 - 5.940.7 - 5.140.7
12581, 2.73y 13.842.2 23.942.2 7.64+2.3 24.945.4
126ge 12.40d 10.02+0.29 - 11.11+0.25 - 11.5+0.6 -
126gpm 19.0m 3.4+0.8 - 2.340.6 -
1261 13.02d 4.2440.39 - 8.9240.41 - 11.240.4 -
127gp8 2.10h - 8.1+1.1 - 7.6+1.8 - 6.6£3.6
127gh 3.85d 7.240.5 9.564+0.41 9.3+0.5 11.240.5 10.0£0.7 11.8+0.7
127X estm  36.41d 2.70+0.35 - 2.1340.10 - 3.6340.45 -
128gpet™  59.1m 0.95+0.16 0.99+0.16 0.98+0.10 1.1140.10 1.664+0.13 1.7440.13
128ghe 9.01h - 3.104+0.15 - 5.674+0.29 - 4.0940.39
1281 25m 16.340.6 - 13.4+1.7 -
129Gy, 4.32h 2.53+0.22 2.88+0.22 3.1+0.6 3.440.6 1.840.5 1.8840.42
129pem 33.6d - 14.84+1.5 - 13.6+1.5
1290 32.1h 2.6+0.4 2.7140.36
130gpHA 40m - 2.39+0.37 - 3.95+0.34
1307e+m 12.36h 13.00+0.34 - 14.040.7 - 14.941.0
131, 23.0m - 4.0+1.6 - 3.8640.39
1318 25m 2.63+0.55 10.84+1.0 2.7+1.3 12.14+1.5
131pem 30h 3.4740.26 - 4.60+0.44 5.2240.37
1311 8.02d - 17.0£0.8 - 19.4+0.9 - 19.7+£1.2
131Bgstm™  11.8d 1.0040.19 1.104+0.19 1.39+0.38 1.55+0.38
132 3.26d 3.834+0.33 4.7340.33 4.140.3 5.62+0.23 4.440.6 5.55+0.41
1321g+m 2.30h 8.1+0.6 12.840.7 7.6+0.8 13.240.8 10.54+2.1 16.34+2.2
1820 6.48d 6.0£5.7 - 12.140.7 - 13.64+0.9 -
133pem 55.4m 2.6+0.7 - 2.740.6 - 2.9340.48
13318+m 20.8h - 8.840.5 - 11.940.8 - 12.1+0.5
133 estm 5994 10.2+0.7 18.940.9 13.3+1.3 24.64+1.5 7.6+£4.2 21.0+1.5
133Bgm 38.9h 5.5+0.6 - 9.8+1.9
134 e 41.8m - 1.840.7 - 6.2+1.3 - 8.840.9
1341g+m 52.6m 6.3+0.7 8.1+0.6 11.4+0.6 17.6+1.2 8.9+1.4 17.7+£1.6
134cgetm 9 06y 13.240.9 - 15.6+1.1 - 17.142.0 -
134Cgm 2.91h 10.84+1.2 - 11.441.2 - 15.2+1.2 -
1351 6.61h 4.240.5 5.1840.36 4.5+0.5 5.2740.40 4.440.5 5.4340.46
135K g8 9.08h 5.41+0.35 10.64+0.5 5.0+0.5 11.840.6 3.1+1.1 11.94+1.2
135% gm 15.6m 4.040.5 4.3840.17
135 Cgm 53m 9.7+1.5 - 5.1240.49 -
135Bgm 28.7h - 6.5+0.6
136 g 13.16d 8.94+0.41 - 9.24+0.27 - 9.64-+0.20 -
187 Cem 34.4h 1.59+0.49 -
138Cgstm  32.9m 5.440.7 6.5+0.7 6.6+1.3 7.6+1.3 8.841.6 9.841.6
138ppm 2.10h 0.204+0.038 - 2.2840.30 -
1398y 1.38h 5.7+ 0.8 9.04+0.8 10.6+1.4 13.0+£1.4 11.240.7 13.6+0.7
139Cestm  137.7d 2.774+0.19 3.4640.19 2.740.7 9.340.7 3.94+1.6 10.9+1.6
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Nuclide Half-life 110 MeV 130 MeV 140 MeV

o1(mb) oc(mb) o1 (mb) oc(mb) o1(mb) oc(mb)
BB9Nd™  5.5h 0.674+0.11 -
140B,, 12.75d 6.15+0.20 7.5940.20 7.740.7 9.040.7 8.614+0.27 9.7840.27
1407 40.28h 7.68+0.38 15.2640.43 9.794+0.26 18.8+0.6 9.6240.45 19.1+0.7
141Bg 18.27m 8.0+0.6
B ) 3.92h 5.7+1.7 9.4+1.7 9.5+1.4 12.3+1.4 9.44+2.0 12.9+1.5
H4lce 32.50d 9.54+2.0 18.9+1.0 12.4+1.0 24.941.0 10.6+1.8 23.64+1.0
M2 1.52h 5.940.5 6.8140.43 7.0£0.5 7.4040.46 7.74£0.7 8.14+0.5
142pretm 19 13h 6.84+0.8 - 7.5+1.0 -
143Ce 33.0h 7.840.9 12.940.9 10.5+0.8 13.8+0.8 10.5+0.6 13.7+£0.6
144Ce 284.9d 6.540.7 8.740.7 7.54£0.7 9.240.7 8.2+1.8 9.841.1
146py 24.1m 6.6+4.7 8.14+4.7
146pm 5.53y 2.5640.48 -
H47py 13.6m - 7.34+4.1 6.1+2.0 7.14+2.0
TN 10.98d 7.240.2 12.840.8 9.1+0.5 13.8540.44 9.1+0.8 13.04+0.8
MRy 24.0d 0.31140.031  0.32240.031
148pme  5.37d 0.3240.08 - 0.0814+0.033 - 2.0340.11 -
M8pmm™  41.3d 3.0940.31 - 5.1840.16 - 8.0+0.7 -
9N 1.73h 4.6+0.5 6.21+0.47 3.5+0.5 4.3140.42 4.140.9 4.740.9
49pm 2.21d 6.5+1.9 12.7+1.8 8.0+1.5 12.1+1.4 9.64+2.9 14.442.9
19Gq 9.4d - 0.05340.035 - 0.14140.043
150py 2.68h 4.67+0.31 - 5.2540.27 - 4.46+0.39 -
BOEyA  12.6h 0.77+0.18 -
1Blpm 28.4h 4.7+0.4 6.6640.40 5.340.5 6.611+0.43 4.840.5 5.9440.49
152pyml 9.32h 0.96+0.24 - 0.9940.24 -
152Fym2  1.60h 0.1954+0.025 - 0.9440.38 -
152 ppetm 17 54 0.06540.024 -
1539m 46.7h 4.240.5 6.4140.42 5.740.6 7.540.6 6.840.8 8.74+0.8
153 2.34d 1.0340.09
154pe 21.4h 0.9240.16 -
sappml 9 0h 0.15240.028 - 0.24940.035
14ppm2 - 99 6h 1.1740.09 - 1.3440.20 - 1.2940.24
1559m 22.1m 1.39+0.25 1.56+0.25 1.20+0.15 1.35+0.15
155Fy 4.68y 5.842.8 7.942.8
155, 5.32d 0.7140.28 0.75+0.28 2.44+0.28 3.15+0.28
1569m 9.4h 1.01+0.11 1.17+0.11 0.934+0.17 1.01+0.17
156y 15.2d 2.504+0.25 3.624+0.22 2.764+0.35 3.3840.35 2.564+0.21 3.1340.21
156pe 5.35d 0.32140.035 - 3.240.6
156ppml 94 4h 0.9640.10 -
TRy 15.1h 2.444-0.20 2.6940.20
159Gd 18.56h 1.7440.16 2.11+0.16 1.7840.21 1.984+0.21
160 72.3d 1.4740.12 - 2.1340.12 - 2.1540.22 -
160y 28.6h 0.6040.06
166y 7.70h 0.50+0.21 0.63+0.22 0.85+0.09 1.304+0.14
166y, 2.36d 1.4740.48
167Ho 3.1h 0.304+0.07 0.37+0.07
167 Pm 9.24d 0.25+0.03 0.33540.024 0.8040.29 1.25+0.29 0.764+0.12 1.23+0.12
168y 93.1d 0.48+0.14 - 0.6540.06 - 0.9640.11 -
169y phe+m 39 02d 0.414+0.16 0.974+0.16
2Ry 2.05d 0.031+0.015
72 uet™ 6.70d 0.13940.013 - 0.16740.015 -
LTSHE 70.0d 0.1240.11 0.1740.11 0.26+0.18 0.4940.18
225 A¢ 10.0d 100411
2Ty 6.75d 70.54+3.8
29Np 2.36d 14.740.8 8.9+1.8
240Np 65m (1.3140.14)x 10®




286

H. Baba et al.: Fast fission mechanism and duality of the diffusion process

=132

T T T T

A=131

A

A=133

Yield (mb)

0>1.01 0=1.13

AR S N | 2

\ i ° $-
o 1 1 ]
£ / \
O
K]
=
o>1.17 ¢=1.06 \ 0>0.94
50 51 53 52 54 56 52 54 56
A
A=135 A=147 A=149 A=156

Fig. 1. Charge dispersion curves obtained for the
140-MeV incident energy. Closed circles indicate
independent yields while open circles are for the
partial cumulative yields. In the mass chain of 132

1

60 62 64 62

allowance range [24-26] for respective quantities. The re-
sulting charge distribution of the incomplete fusion fission
is indicated in Fig. 3 with dashed lines for each incident
energy. One may recognize that the most probable charges
in the light-fragment mass region of the incomplete fusion
fission coincide with those of the complete fusion fission
for all three cases. This makes the evaluation of the total
chain yields quite easy in this region.

The mass-yield distribution for 110-MeV '2C is shown
in Fig. 4 in which complete fusion fission (A), incom-
plete fusion fission (B), and the so-called “sequential fis-
sion (C)” are extracted. Solid marks represent the sum of
the total chain yields of complete and incomplete fusion
fissions evaluated by applying two different charge dis-
tributions. The complete fusion fission distribution was
determined by fitting the outskirts of the whole mass dis-
tribution to a pair of the identical Gaussian curves (chain
lines) [19]. The surplus portions were then attributed to
incomplete-fusion and sequential fissions.

Figure 5 represents the mass distribution for the 130-
MeV 12C beam deduced by alike procedure as in the case
of Fig. 4. The gross distribution (thick full line) was de-

and 134, the charge dispersion of incomplete fusion
fission is superimposed on the dispersion of fusion
fission

64

e

0 130MeV
® 140MeV

1

1 1 1 -

1 1 1
120 140 160

A
Fig. 2. Obtained width parameters plotted versus mass num-
ber A. The horizontal line with hatched band gives the
weighted mean of the resulting widths except for the two out-
ermost values at 140 MeV, namely, < ¢ > = 1.0540.04 charge
unit

O 1
80 100

composed into three components, complete-fusion fission
plus fast fission (trapezoidal thin full line), incomplete-
fusion fission (B), and sequential fission (C).
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Table 2. Apparent most probable charges determined with the
sets of two or more isobaric yields using the charge dispersion

curve with ¢ = 1.05 charge unit

A 110MeV 130MeV 140MeV ~ 240MeV®

72 30.254+0.85  30.701032  31.35+0.25

78 31.75+1.35 33.357950

82 <34.40+0.50

84 <35.03-0.25

87 36.7540.10

88 36.75+0.10  36.9040.10

91 >37.40-0.10 >37.60—0.05 >37.90—0.10

92 38.05%93%  38.65+0.05 38.607015

95  39.05%030  39.2340.08  39.25+0.10

96 40.3040.30  41.0019%5

97  40.554+0.10  40.0040.05 40.0040.05  41.0575 1%

99 41.3040.05

101 >42.20—0.10

105 43.40+0.10 <43.154+0.45  44.4015%

106 >43.75-0.50 >43.73-0.15

111 45357052 45.9040.10  46.10+£0.20 <46.55+0.05

112 46.057050  45.9240.20  46.00+£0.15  46.4340.15

117 >47.70—0.10  48.30+0.05 48.17+0.11 >49.00-0.15

118 >48.45-0.35

123 <50.90+0.10 <50.5540.75

124 50.6570 15 51.0540.15

125 <52.00+0.55

126 <51.504+0.15 51.75+0.05 51.90+0.05 <52.65-+0.10

127 52.1040.10  51.954+0.05 52.1840.10  52.5340.10

128 >51.50—0.25 52.50+0.05 52.30+0.10  53.1070:22

129 52.9540.05 >53.50—0.40  53.25+0.10

130 <53.1040.10 <52.83+0.15

131 <53.90+0.20 52.7340.06 52.46+0.11  54.157515

132 53.624£0.12  53.0040.10  53.3840.35  54.6070 (%
54.104£0.10  54.5040.10

133 53.95701°  53.8740.10 53.48+0.11

134 54.0040.10 53.4040.20 52.85+0.25  52.95703°
53.90+0.10  53.90£0.10

135  53.85702%  54.0040.10 54.03+0.06

138 >56.10—0.15 >56.65—0.10  56.40%0.10

139 56.65709%  57.0040.10 57.0540.10 56.4040.10

140 56.404£0.05 56.804+0.10 56.75+0.05 56.50+0.15

141 57.9540.20 57.90+0.25 57.67+0.25  58.757550

142 58.2040.10  58.05+0.10  57.4570 50

146 60.7570 30

147 60.3540.10  60.33+0.03  60.7840.07  60.7540.10

149 60.85704%  61.4040.10 61.7140.10  61.75+5:20

150 >61.20—0.15

151 62.3540.30

152 <62.40+0.35

153 62.8040.05

155  63.0040.30 63.90+0.10  63.9040.10  64.3570:3

156 63.60+0.05 64.1740.12  64.2570-2%

160 66.00+£0.10  66.2540.10

166 <68.30+0.05 68.6570 32

167 67.95701%

169 69.3015-4%

Since the maximum angular momentum brought in by
the 110-MeV '2C is close to £, = 607, the fusion fission
mass distribution for 130- or 140-MeV fission will be well
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Fig. 3. Determined most probable charges plotted versus mass
number. Sold lines represent the charge distribution of com-
plete fusion/fast fission while dashed lines give that of incom-
plete fusion fission. Horizontal segments of lines indicate the
mass regions where the incomplete fusion fission and sequen-
tial fission give substantial influence to the mass distribution
in the case of the 240-MeV incident energy [23]

approximated with that for 110 MeV when the height is
slightly adjusted as depicted with a chain line (A) in Fig.
4 or 5. Hence, the difference (D) between the trapezoidal
distribution and A-component is expected to give the fast
fission mass distribution. The resulting fast fission mass
distribution is consistent with the result obtained for the
charge dispersion width (Fig. 2).
The extracted D-component is expressed as

A— Ay)?
o:(A) = Pexp{—g}, 1=1,2 (3)
W
and the quantities appearing in (3) are summarized in Ta-
ble 3 together with the yield ratio of fast fission to com-

plete fusion fission (og, /o).

Table 3. Parameters fitted to the Gaussian distributions for
fast fission

FWHM A10 A20 P O'fa/O'fu
130 MeV18.0+£0.5 96.5£0.5 148.0+£0.5 6%£1 0.12
140 MeV18.0£0.5 96.0+0.5 148.0+£0.5 6+£1 0.12
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Fig. 4. Mass yield distribution for the 110-MeV *2C beam.
Circles represent the total chain yields determined with cumu-
lative yields and triangles designate those obtained from inde-
pendent yields. Solid marks are the chain yields evaluated by
means of the duplicated charge distributions for complete and
incomplete fusion fissions. The complete fusion fission compo-
nent was fitted to a pair of Gaussian distributions represented
with chain curves, while a pair of solid Gaussian curves give
the incomplete fusion fission. A dotted curve corresponds to

the sequential fission by Lee et al. [23]

100

100 + E

0 (mb)

60 80

100 1§O 140 160 180
Fig. 5. Mass-yield distribution for the 130-MeV '2C beam.
The mass distribution depicted with a solid trapezoidal curve is
considered to consist of complete fusion fission and fast fission
which is decomposed into complete fusion (a trapezoidal chain
curve) and incomplete fusion (a pair of Gaussian chain curves)

fissions. The rest are the same as Fig. 4

4 Discussion

The widths of the obtained mass distributions are plotted
versus center-of-mass energy Fcy in Fig. 6. The widths
obtained at lower energies [19] are also added in the figure.
The solid circle at 228 MeV is the re-evaluated width for
the 240-MeV '2C data [23] using a trapezoidal distribution
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80
S 60} 5a -4 ¢
s |
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40t
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50 100 150 200 250
Ecm (MeV)

Fig. 6. FWHM of the mass-yield distribution of the complete-
fusion/fast fission component as a function of the center-of-
mass energy. The solid curve represents the energy dependence
of FWHM when it is analyzed as [13]

1000 T T T T T T T T T T T T T

100
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1 i 1 1
120 140 160 180

A
Fig. 7. The mass-yield distribution for the 240-MeV '2C beam
[23] in which a trapezoidal curve (dashed line) seems to give a
much better fit rather than the Gaussian curve (chain line)

L
100

which turns out to reproduce the observed yield data much
better than the single Gaussian curve for fusion-plus-fast
fission component as depicted in Fig. 7.

Now, let us assume the FWHM of the mass distribu-
tion of either of fusion fission or fast fission is constant
with respect to the incident energy and angular momen-
tum. Then the total variance o2 is expressed in terms of
the variances o} and o3 of fusion fission and fast fission,
respectively, as [13]

2 0-% for gmax < ng
o = ”?(er+1)2+‘7§{(€max+1)2_(53f+1)2} f /¢
(Tman 102 or

max > EBf
(4)
with £p, = 60h for the (*38U + '2C) system [3]. When we
assume o2 = 560 and 03 = 762 (amu)? so as to reproduce
the FWHM = 65.0 amu at Ecy = 228 MeV, (4) gives the
total width as illustrated with a solid line in Fig. 6.
Observed variances do not, however, follow (4) above
the critical energy. Therefore, it is obvious that the width
of fast fission can not be controlled by the stiffness coef-
ficient and the temperature as discussed by Gregoire et
al. [6] but it is rather provoked by the appearance of far-
asymmetric mass distribution associated with the set-in
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of fast fission as concluded in Figs. 4 and 5. It follows
that the mechanism of fast fission is different from that
discussed ever.

An alternative reaction mechanism of fast fission one
can think of is then the mass drift in the initial trapped
system by the diffusion process. One dimensional Fokker-
Planck equation [27] is described as

OP(x,t)  Ov(x)P(x,t) = 0*D(x)P(z,t)
o~ ox o ¥

where P(z,t) is the probability for the system possessing
the value z for a given characteristic variable at time t.
In the present case where z is the mass number of the
product nucleus, D and v are diffusion coefficient and the
drift velocity, respectively, which are angular-momentum
dependent. They are given for the mass diffusion process
[28-32] as

N\ 1/4
D(A;) = 0.464 <%> <

1/3 41/3 \ 2
fll/ls A21/3> ©)
A+ A

(in  10*s71)
and
D(A;) 90U (A, As) )
Ty 0A,

with the nuclear temperature

’U(Al) = —

(8)

Ef(Ar, As)\ '
A, '

Ty = 3.46 <

E} and U, are the excitation energy and the driving
potential which are given [28] by

ez [ Z, 2
00+ 1)R?

_Vp(AlvAQ)_ 2 Jeot

and

Ue(A1, Az) = Up(A1) + Unp(Az2) — ULp(Ac)

+E(3k _EZ(A1>A2)a (10)
where Ef is the excitation energy for £ = 0 and Jit is the
rigid body moment of inertia with the sticking condition

2 2
Jtot = ,LLR% + gAlRf + 5A2R§ (11)

with the reduced mass p, and the nuclear radii R; =
’I“()A;/B(Z. = 1,2) and Ry = Ry + Ry + d. Here, we eval-
uated E} for £ = {p, since we are dealing with the system
just above the critical energy. Furthermore, Urp is the
liquid drop energy [33].

V}, is the nuclear attractive potential calculated with
the proximity potential ¢(€) [34];

Vo = 4myR - b (§), (12)
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Fig. 8. The driving potential [28] for the 2C + 23U (solid

curves), 10 + '°TAu (dashed curves), and 0 + Mo (dot-
dashed curves), calculated with three sets of nuclear radii;
(i) Ro = Ri4+Rs and R; = 1.24)% fm, (ii) Ry = Ri+R»
+ 0.5 fm and R; = 1.364,/% fm, and (iii) Ry = Ri+Rs +
4 fm and R; = 1,225143/3 fm. Solid vertical arrows represent
the entrance channels, while dashed vertical arrows give the
Businaro-Gallone points of the respective reaction systems

0.4 0.5

where
v =0.9517[1 — 1.7826(1 — 2a)?]  (a = Z./A.) (13)
and R R
R-b~ ﬁ. (14)

E; and U, are significantly affected by the nuclear
radii, and consequently D and v depend on the radii (par-
ticularly on Ry) through E; and U,. We demonstrate the
driving potential Uy (¢ = 0) in Fig. 8 for these cases of
the nuclear radii; (i) ro = 1.2 fm and d = 0 [28], (ii) ro
= 1.36 fm and d = 0.5 fm [30], and (iii) ro = 1.225 fm
and d = 4 fm [35]. It is noticed the turning point of the
mass drift from symmetric to asymmetric direction shifts
toward more asymmetric side as Ry increases. That is, the
influence of Ry is predominant in determining the direc-
tion of mass drift, indifferent of the change in rg.

If the presently observed fast fission is governed by the
diffusion mechanism, we must have the potential driving
the entrance channel toward symmetry so that Ry should
take at least the longest among the above three choices.
On the other hand, it is well known that the deep-inelastic
projectile-like products distribute among elements with
smaller Z in such highly mass-asymmetric entrance chan-
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Table 4. Computed diffusion coefficient and drift velocity, and the deduced reaction time when E; was assumed to be 33 MeV

D (s7) 7 (%) v (s7)

202 (amu?)

AA (amu)

7 (s)

7.8x10%! 117 3.7x10721  2.0x10%2 84.5

4.2x10~%

nels [35,36]. Hence, we must construct the driving poten-
tial supporting the mass drift in the opposite direction.
It follows that the dinuclear system should be more com-
pact in the deep-inelastic collision. Therefore, we conclude
from Fig. 8 that the Ry value of the deep-inelastic colli-
sion must not be longer than the case (ii). Bass [37] gives
1/3 1/3 —-1/3 -1/3 .
Ry =1.12(A7"+ A7) —0.94(A; "+ Ay '7)+3 fm with
ro = 1.2 fm, which well reproduces the elastic collision
cross sections. Actually, this value of Ry results in nearly
the same driving potential with the case (ii). Therefore,
it is very likely that Ry for the deep-inelastic collision is
close to the case (ii). Then fast fission and deep-inelastic
collision are different diffusion processes with each other.

The duality of the diffusion process may be interpreted
by introducing deformation into the constituents of the
dinuclear system. That is, the ordinary deep-inelastic scat-
tering proceeds with the dinuclear configuration consisting
of a pair of nearly spherical constituents, while a trapped
dinuclear system with high angular momentum eventually
develops deformation of one or both of the constituents
which results in lowering of the Coulomb interaction by
elongation of Ry or deformation [39].

Though D and v are functions of mass number also,
their mass dependence turned out so weak that we can ap-
proximately treat them constant in (5). Then, the solution
of the Fokker-Planck equation becomes a closed form:

4Dt (15)

2

P(A,7) = (4nD7) " 2exp {—M} .
We can deduce then the life-time 7 of fast fission from the
observed dispersion and position of the mass distribution
as shown in Figs. 4 and 5.

The difference between the initial and final masses in
the target-like fragment was found larger than that in the
projectile-like fragment by 5.5 mass units as seen in Fig.
4 or 5. This disagreement is interpreted as the prefission
neutron emission from the heavy constituent. The average
energy required for evaporation of a prefission neutron is
known to be 8.0+0.5 MeV for light-particle-induced fission
[40,41], and 1042 MeV for heavy-ion fission [42]. Emission
of 5 neutrons, therefore, requires about 50 MeV. In the
case of 130-MeV '2C beam, E; is evaluated by (9) to
be 58.2 MeV for the case (iii) if no neutrons are emitted
during the process. It follows that the average excitation
energy of the dinuclear system in the diffusion process may
be 33 MeV if neutron emission takes place meanwhile.

Table 4 summarizes the evaluated values of the diffu-
sion coeflicient and drift velocity and the resulting life time
deduced from the dispersion and position of the mass dis-
tribution attributed to fast fission with £ = 33 MeV. The
obtained life times agree with each other and are compared
with those of the deep-inelastic reactions determined from

1 0-20 -

10—21 - -

Reaction Time (s)

10—22 1 1
05 0.6

0 0.1 0.2

1 1
03 0.4
A)/AC
Fig. 9. Reaction times deduced in the present work (solid
circles) in comparison with those determined from the angu-

lar distributions of projectile-like products; open circles [35],
square [36], closed triangles [43], and open triangles [44]

the projectile-like fragment angular distributions [35,36,
43,44] in Fig. 9. The life-times of deep-inelastic scatterings
are found linearly depending on the mass-asymmetry with
respect to projectiles [35]. On the other hand, the life time
of fast fission is more than one order of magnitude longer
than the corresponding life time of the deep-inelastic scat-
tering.

Thus, we conclude that the mass relaxation by diffu-
sion is the mechanism of fast fission. The obtained relax-
ation time is much longer than the life time of deep in-
elastic scattering but significantly short compared to the
fusion fission life time of the order of 3 to 5x1072%s [45-
49]. This is consistent with the picture of fast fission be-
ing incomplete mass relaxation process as pointed out by
Heusch et al. [14]. The specification of fast fission being
a sort of delayed deep-inelastic process by Ngo et al. [11]
also qualitatively agrees with the present conclusion.

The relationship among various types of reaction
mechanisms are schematically summarized in Fig. 10, in
which the hierarchy of reactions are shown in order of the
impact parameters. In the deep-inelastic collision, mass
diffusion starts from the initially formed dinuclear system,
whereas the once-formed dinuclear system evolves toward
a more elongated configuration, likely by deformation of
the heavy constituent, and then the mass diffusion takes
place in the fast fission. Meanwhile, neutrons are evapo-
rated from the heavy constituent. The mass relaxation in
the latter system is eventually interruped at an incomplete
stage by the reseparation of the composite system.
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Fig. 10. Schematic illustration of the hierar-
\ chy of the reaction mechanism with repect to

TIME(S) the angular momentum. The symbols, FU, FA,

DEGREE OF RELAXATION

5 Summary

The reaction of 238U with '2C was studied radiochemically
with the purpose of elucidation of fast fission character-
istics. From the difference in the mass distribution below
and above the critical energy where fast fission is predicted
to set in, fast fission component was extracted as a pair
of Gaussian distributions in far-asymmetric mass regions.
Anomalous charge dispersion widths in the corresponding
mass region and a sudden increase of the whole mass dis-
tribution width at the critical energy also supported the
above result.

Characteristics of the obtained fast fission mass distri-
bution suggested the fast fission mechanism should be gov-
erned by the mass diffusion process and were attempted to

DI, and QE, stand for fusion fission, fast fis-
sion, deep inelastic collision, and quasi-elastic
collision, respectively

interpret following the Fokker-Planck equation. The width
and position of the Gaussian distribution were analyzed
in terms of the computed diffusion coefficient and drift
velocity. The resulting life times from the two sources of
information agreed with each other to be 4x10~2's when
the effective excitation energy was assumed to be 33 MeV
considering the effect of neutron emission during the pro-
cess. The life time turned out to be more than one order
of magnitude longer than the corresponding life time of
deep inelastic scattering but substantially short compared
to ordinary fusion-fission life time.

Evaluation of the driving potential for mass drift re-
quired the dinuclear configuration be of a compact form
for the deep-inelastic process whereas it should be elon-
gated or deformed for fast fission process. Hence, the dif-
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fusion process in fast fission is understood to be different
from that of the deep inelastic scattering.

The authors are grateful to Dr. S. Morinobu of Kyushu Univer-
sity for his assistance in operation of the pneumatic irradiation
system attached to I course of RCNP. They are also indebted
to H. Kobayashi and T. Miyauchi of Osaka University for re-
modeling and maintenance of the irradiation system.
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