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It is demonstrated experimentally that the reaction systems on the different side of Businaro-Gallone critical
mass asymmetryazc) have different characteristics in fusion-fission reactions. Fragment anisotropies result-
ing from the reactions with the entrance-channel mass asymmetrygg are well described by the saddle-
point transition-state model. However, the measured fragment anisotropies for the systemswith are
obviously greater than the predictions of this model at subbarrier and near-barrier energies and gradually tend
to coincide with the theoretical expectations as the bombarding energy increasing over fusion barrier. These
observations have led us to a suggestion of preequilibrium fission for low angular momentum. The predictions
of such a preequilibrium fission model are compared with the available experimental data and it is shown that
they can satisfactorily reproduce the observed trends as a function of the bombarding energy for the reaction
systems studied S0556-28136)00507-9

PACS numbsgps): 25.70.Jj

[. INTRODUCTION Gallone(BG) ridge in mass degree of freedom. Ramamurthy
et al.[10] recently carried out the measurements of the frag-
It is well known that the saddle-point transition-state ment angular distributions for the reactions induced by pro-
(SPTS model has become the standard theory of fissionjectiles lighter thanAp=20 on the thorium and neptunium
fragment angular distributions and received great succedargets at above-barrier energies. Their results show an
since it was proposed. However, in a number of fusion-entrance-channel dependence of the fragment anisotropies.
fission reactions with projectiles heavier thap=24[1],the  However, in their measurements, the observed fission events
fission fragment angular distributions are much more anisoincluded both fusion-fissiofFF) and transfer-induced fission
tropic than predicted by the SPTS model. It has been sug-TF) components, making the observed dependence some-
gested 2] that this deviation from the standard theory is anwhat uncertain. In terms of the fragment folding angle tech-
indication of the failure for the compound-nucleus formationnique, we have separated the FF and TF events, and mea-
in the reaction. The suggested reaction mechanisms includgired the fragment angular distributions of the FF
fast fission[3] and quasifissiofi4] which result in a fission- component for several systems with projectiles lighter than
like fragment without going through a well-defined fission Ap=20 at near- and subbarrier energies. Among the mea-
saddle point. Recently, the anomalous anisotroj®$] sured reaction systems, we have specially chosé®
have been observed in the angular distributions induced by 2Np and %0+ 232Th which both populate the fissioning
the reactions with projectiles lighter thake=20 at near- nucleus?*Cf at the same excitation energies, but on a dif-
and subbarrier energies. To our knowledge, fast fission carferent side of the BG critical mass asymmetry point. In a
not take place in the low energy cases, because the involvddtter [8], we have compared the fragment anisotropies as a
angular momenta are not high enough to make the fissiofunction of excitation energy for the systems ofB+
barrier vanished. Very recently, Hind al. [7] have mea- 2*'Np and '°0+ 2%?Th, and found that there exist distin-
sured the fission fragment angular distributions for the reacguishable differences in the experimental data between these
tion of %0+ 233 at energies around the Coulomb barrier, systems. From the above statements, it may be seen that our
and found that the fragment anisotropies rise rapidly, themesults would give more reliable evidence for the entrance-
ultimately seem to saturate, as the bombarding energy deshannel dependence of the fragment anisotropies. Besides,
creases through the barrier region. They interpreted this obwe found that the near- and subbarrier data could provide
servation as collisions with the tips of the target nuclei re-much clearer evidence of this entrance-channel dependence
sulting in quasifission. As an alternative suggestion for thehan the above-barrier data. Actually, at well-above-barrier
origin of the observed anomaly, Liet al. [8] have put for-  energies, the experimental fragment anisotropies from the
ward a new version of the preequilibrium fission model. Inreactions with projectiles lighter thafip=20 are in agree-
this paper, we will show further experimental evidence forment with the predictions of the SPTS model in which it is
the assumption of preequilibrium fission. assumed that fission is independent of its formation history.
As pointed out by Ramamurthy and Kapd®, charac- In this paper, we will show our main experimental results
terized evidence for preequilibrium fission would be anand demonstrate experimentally that the reaction systems on
entrance-channel dependence of the fragment anisotropiesdifferent side of the Businaro-Gallone critical mass asym-
for target-projectile combination across the Businaro-metry have different characteristics in subbarrier fusion-
fission reactions. Such a characterized behavior in fusion-
fission reactions with respect to the entrance-channel mass
“Present address: Department of Technical Physics, Peking Unasymmetry provides further experimental verification of the
versity. preequilibrium fission assumption. So far, the puzzling prob-
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lem of the anomalous fragment anisotropies observed in the A. Fission excitation function
subbarrier fusion-fission reactions can be understood on the The theoretical fusion excitation functions were calcu-
basis of our preequilibrium fission model. lated in terms of the coupled-channels mofdEd]. In these

coupled-channel calculations, the effects of the target static
deformations 3,=0.224, B,=0.050 for 2% and
Il. EXPERIMENTAL PROCEDURE B,=0.26 for 2’Np) were taken into account. The inelastic
The experiments were performed using the collimate hannels, the 0.7319 Mev stat_e%ﬂsu with 5=0.084 and
P P 9 he 0.0759 MeV state of*’Np with 3,=0.19, were coupled

11 1
B, *C beams from the HI-13 tandem accelerator at the, ihq entrance elastic channel in the calculations, respec-

. . . e 3
China Institute of Atomic Energy, Beijing. Thé U and tively. Displayed in Fig. 1 are the excitation functions for the
23/Np targets were about 350g/cm? thick. A Si(Au) detec-  aaction systems of UB+23), B4 27Np  and

tor was placed at-20° relative to the beam direction as a 12¢ 1 237\p, The solid lines in the figure are the results of the

monitor to detect the elastic scattering. Fission fragmentgoupled-channel calculations. It may be seen from Fig. 1 that
were detected by twX-Y position sensitive double-grid ava- the agreement between the experimental and theoretical ex-
lanche counterdDGAC’s) with an active area of 2820  citation functions is quite satisfactory for all three systems.
cm?, which were placed at either side of the beam. In termsThe angular momentum distributions:(J) and their second

of the difference of the fragment folding angle distributions,moment(JZ)ﬂ1eory values were extracted from these calcula-
we have successfully separated the fusion-fission antlons.

transfer-induced fission events, and measured the FF angular

distributions for the B +2%U, B+2Z'Np, and !°C B. Entrance-channel dependence of fragment anisotropies
+23'Np systems at near- and subbarrier energies. In the pro- Displaved in Fia. 2 is the rati IA
cess of data treatments, a cut of a horizontal slice of 4 cnL ISplayed n g. IS the ratioAepi/ Atmeory VErsus

was made in the center region of the forward DGAC detec- om./Ve. HereEqm is the center-of-mass enerdys is the
tor, and the condition e;)e m+ (fes)em=180°%2° for height of fusion barrier, ané\eqr, the theoretical fragment

each event was required. Heréy(), .. and (fg,), , are the anisotropy of the SPTS model. In the treatment of the SPTS

emitting angles of the detected particles in the center-of-magddel theK distribution is Gaussian with the variance
system. Thg a_ngular range was set _Wide_ enqugh so that all of Ké:geﬁTsad./ﬁz- 1)
the fusion-fission events were within this window. The ex-
perimental details were described elsewhglrg]. We find
that it is very important to set rather strict conditions to rule
out the events of the accidental coincidence between the prq>ng| around the symmetric and perpendicular axes of the

jectilelike particle and fission fragment, because the DGAG, |es at saddle point, respectively. They were calculated in

d_etectors are sensitive to projectilelike partiqles. In the Preterms of the rotating finite-range mod@FRM) [14]. To.y i
vious treatment of our datgl2], we had not imposed this the nuclear temperature at saddle point sad.
! ,

condition, so that these accidental coincidences were no
completely ruled out. Therefore, the data published1ig] E .+ Q—B(J)—E,|2
are wrong and the relevant conclusions are not correct. In Tepd=| —= ! ne
order to correct the mistakes, we have reanalyzed the experi- Acn/8

mental data for thé'B+ 23U and *?C+ 2*"Th systems.

Here, the effective moment of inertig.s is equal to
GG, 1(G.—G)). Gy andg, are the moments of inertia rotat-

@

where Q and B;(J) are the reactiorQ value and fission
barrier height of RFRM, respectivelcy is the mass num-
ber of the composite systerk,, is the energy carried away
by prefission neutron emissi¢th5,16. In the calculations of
The measured FF angular distributions were extrapolatethe SPTS model, the angular momentum distributions
to 0° in terms of the Legendre polynomial with even terms,o(J) were taken from the coupled-channels modd] fit
and the corresponding fragment anisotropies,; were cal-  of the measured fusion-fission cross sections. In the figure,
culated. The absolute fusion-fission cross sections were ol is the entrance-channel mass asymmetry defined as
tained by integrating the Legendre polynomial fit of the an-a=(Ar—Ap)/(Ar+Ap). The BG critical mass asymmetry,
gular distributions and normalizing them to the Rutherfordagg is about 0.9 for the range of nuclei studied. In order to
scattering cross sections. The experimental errors include theake a comparison, we also displayed in Fig. 2 the results
counting statistics, the correction uncertainty of the fragmenf11,17] of the reaction system¥0+ 232Th, 19F+232Th, and
folding angle distribution overlap and error of the extrapola- 10+ 23%. Some trends in the experimental data are imme-
tion of the angular distribution, etc. The total uncertaintiesdiately obvious and worth noting. First, the systems on the
for the fragment anisotropies range between 5% and 8%jifferent side ofagg show different characters in fusion-
while for the fission cross sections between 8% and 15%. Fdission reactions. For the reaction systems with agg, the
the reactions of B+ 228, 1B+ 2%'Np, and'*C+2*'Np, the  measured fragment anisotropies are in general agreement
detected transfer-fission events are in the range 0.15-2 % wfith the predictions of the SPTS model. On the other hand,
the total fission events. Within the experimental error, thefor the systems witha<agg, the measured fragment
fragment anisotropies before and after correction of the TRnisotropies are obviously greater than expected on the basis
component are the same for tleand C induced fission of the SPTS model. Second, in the latter case, the differences
reactions. Our experimental data are summarized in Table between the experimental and theoretical values depend on

Ill. EXPERIMENTAL RESULTS
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TABLE I. The experimental resultsX and « are the fissility parameter and entrance-channel mass
asymmetry, respectively.

System Compound X a Ecm. oF Acpt (P expt® (I expr”
nucleus (MeV) (mb)
1238y 249K 0.8134 0.9116 46.53 2#40.5 1.122-0.074 8G-49

4749 7.2-15 1.133-0.066 89-44
4847 25550 1.15%*0.066 10144
49.45 42.78.0 1.152-0.076 10352
50.41 9920  1.220-0.070 15@-48
51.39 14730 1.255-0.067 176-46
52.35 23146 1.253-0.057 176-40
53.33 27250 1.286-0.073 20G-51
5429 3570 1.323-0.077 22&54
56.23 45190 1.402-0.082 28759
1B+ 287Np 248t 0.8258 0.9113 49.88 340.8 1.133-0.092 98-68
51.66 15.33.2 1.114-0.070 86-53
52.60 30.46.1 1.18%0.079 13760
53.53 5310 1.1510.069 11553
55.41 11521 1.297-0.075 23G-58
57.28 16734 1.335-0.077 26361
61.16 50195 1.358-0.077 290G-62
68.81 925167 1.621-0.081 53369
160+ 2%2Th 248t 0.8258 0.8710 72.61 0.330.07 1.535-0.091 38%-66 82+14
7449  2.3:0.3 1.684-0.067 50549 127:13
75.43 3.6/05 1.715-0.067 53150 157+16
76.36  7.+-0.7 1.785-0.074 58855 19720
78.24 16.21.4 1.7380.083 56@-63 231+26
80.11 34.822 1.70r0.056 53%30 253+19
19F4 2321 BlEg 0.8337 0.8486 78.00 0.3®.08
80.80 2.2%0.42 1.91%30.081 74166 222+22
82.70 6.4%0.95 2.1450.080 94566 363+27
84.50 15219 2.2310.078 10365 443+31
87.40 44.64.6 1.9880.065 84656 431+30
92.00 16914 1.795-0.063 70560 445-34
96.80 34920 1.953-0.058 87753 606+ 37
12C+28Np 24%Es 0.8361 0.9036 56.90 0.340.10
57.90 1.35-0.36
58.86 4.5-1.0 1.08%-0.092 68 70
60.72 17.33.6
61.72 25848 1.1050.070 82:55
62.68 45584 1.135-0.070 10755
63.60 80-15 1.176-0.056 14145
64.58 10317 1.253-0.054 20444
66.48 17434 1.280-0.059 22848
7124 40758 1.370-0.059 31851
76.01 61776 1.523-0.059 47153
160238y X%m  0.8415 0.8740 76.49 5859 1.77t0.080 63%66 155-16
78.36 17.61.7 1.684-0.058 57749 19016
80.24 35927 1.6530.057 56149 227+20
84.09 1227  1.650-0.138 595126 27831

®The data 0K J?) ey, Were extracted in terms of tH€ values.
®The data 0K J%)expr Were extracted in terms of therg(J)) values.

bombarding energy. At subbarrier and near-barrier energies, C. The mean-square angular momentum
the experimental data deviate from the theoretical calcula-
tions. As bombarding energy increasing o%y, the mea- _ . . e
sured anisotropies gradually tend to coincide with the expec- 't 1S Well established that the anisotropy of the fission-
tations of the SPTS model. which is consistent with Backsfragment angular distribution can be characterized by the ap-
proximate relation

observation$18].
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FIG. 1. Fission excitation functions. The solid curves are the Ecm. / Ve

results of the coupled-channels calculations.
FIG. 3. The ratio, (J%) ep/(I%)theory as a function of

<32> E.n/Vg for the systems with > agg (@) and the systems with
A=1+ K2 3 a<agg (b). Here(J?),,, were extracted on the basis kf values
0 of Eqg. (2).

If the values ofKé is known, then the mean-square angular
momentum(JZ)eXpt of the fissioning nucleus could be in-
ferred from the measured fragment anisotropy. In terms o
this approximate relation, the experimentat),,, data were
deduced with the KS values of Eg. (1). The ratio
(I expt! (I2) theory IS Shown in Fig. 3 plotted as a function of
Ecm/Vg. Here, the values o(sz)theorywere extracted from
the coupled-channels modglL3] fit of the experimental IV. DESCRIPTION OF PREEQUILIBRIUM FISSION
fusit_)n—fission cross sections. The results shown in Fig. 3 o experimental results apparently illustrate the
again illustrate the effects of the entrance-channel masgnirance-channel dependence of fragment anisotropies for a
asymmetry on fu3|on-f|253|on processes. For the systems Wity get.projectile combination across the Businaro-Gallone
a>agg, the data of{J°)ex are in agreement with the ex- yigge in mass degrees of freedom, therefore provide experi-
pectations of the coupled-channels model. However, for théqental evidence for preequilibrium fission. In the case of
systems witha<agg, the results 2°f<‘]2>e><pt are much |5\ angular momentum for the systems with< agc, the
greater than the theoretical valugsS)ueoy. It should be  tojaxation time ok degrees of freedom may be longer than
the fission lifetime. If the relaxation processkfdegrees of

pointed out here that the data ¢F%).,,, were extracted on
the basis of th& 3 values. However, we will show later that
this basis might not be correct for the fusion-fission reaction
systems with the entrance-channel mass asymmetry
a<agg.

16 freedom is taken into account, then the variance of Khe
14l (@ @ > o 23%‘3:2{’52 distribution, 0% can be expressed as
F v "B+

12 -
10 é;g%ﬁ:ﬁ%g% e ot=K3 1—exp(—7i) : (4

. 08 f K

g osl wherery is the relaxation time oK degrees of freedom and

L o K2 is the statistical equilibrium value @fZ, which is given

$ sl o %1% by Eq.(1). Déssing and Randrufll9] studied the dynamical

< g [ @ < Ca » 1°0+2%Th Back st al. (1990) evolution of angular momentum in damping nuclear reac-
s %‘}J} :1%”12:;? tions, and derived the coupled equations which governed the
14 %@ evolution of theK distribution. They have the expression for
12} ;}H i o, @ the relaxation time oK degrees of freedom which depends
10k ! on the rotational frequencayg . Under some approximations
08 L e [8], we obtained the following equation for preequilibrium
‘080 085 080 095 100 105 110 115 120 125 130 fission:

Eor / Vs o&() =K 1—exp(—GI?)] ®

FIG. 2. The ratio of the experimental fragment anisotropy to the B ) )
value of the SPTS model as a functionBf,, /Vg for the systems ~ With G=2.2385//(G Ger) . We did not adjust any parameters
with a> agg (a) and the systems with<a gg (b). in the calculations with this equation.
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FIG. 4. (¢%(J)/K3) vs mean-square angular moment(as)
for the reaction systerﬁ60+ 2321H. FIG. 5. The ratioAcpi/ Atheory @S @ function ofg; ., /Vg. The
values ofAy,qqry Were calculated in terms of the SPTS model and
the preequilibrium fission model for the systems with- ez and

Figure 4 shows the rati¢oZ(J)/K3) versus the mean- _
a<apg, respectively.

square angular momentutd?). The solid point and open

circles are the results extracted from the measured fragmeré%(tracted the mean-square angular momentdfio, from
anisotropieg 11,17 of the reaction system®0+232Th. The d g expt

solid curve is the theoretical predictions of the preequilib-theI mea?“geg frdagfmegt anisotropies in terms of the average
rium fission model in terms of E45). The average value of V&U€sS 0 ok (J) defined as
0% (J)/K3 is defined as

> oor(Da(d)

. y (ok()= - )
<U_2§> ) 2 1 o0r(DoR(/KE] © Zj:o‘TF(J)
K2 '

2507 (D) The results 0fJ%) et/ (I%)theory are displayed in Fig. 6. The

open symbols are the results of the systems withapgg .
It may be seen from Fig. 4 thit degrees of freedom has not For these systems, the data <012)expt were extracted in
reached full equilibration for low angular momentum in the terms ofKS values of Eq(1). Figure 7 shows the ratio of the
fusion-fission reaction of'®0+232Th. The agreement be- measured fusion-fission cross section to the calculated cross
tween the experimental and theoretical results gives supposection of the coupled-channels model.,/Tineory @S @
of the exponential dependence @} on J2. As the value of  function of E,,,/Vg for the reaction systems studied. The
J? increasesyy decreases rapidly so thitdegrees of free- results shown in Figs. 6 and 7 lead us to the conclusion that
dom achieves its equilibrium distribution at saddle point.the coupled-channels calculations can give a reasonable self-
Therefore, the preequilibrium fission only takes place at low
angular momentum. Due to the fact that the contribution of 60

low angular momenta to the total fusion cross section de- i e
creases as the bombarding energy increases, the predictions 5‘“; o0 ey Bock et al (1900)
of our preequilibrium fission model gradually tends to coin- ol ;:‘.’g;iﬁm
cide with the expectations of the SPTS model as the bom- ¢ _ | 2 S P
barding energy increasing ovéf;. This trend is in agree- ~ f T
ment with the experimental observations. T 20 - ) -] % T

To test the availability of our preequilibrium fission ~ |t T *I%%ﬁrglﬁi &% - _
model, we have recalculated the theoretical fragment ? f ’T hi £t )
anisotropies in terms of E@5) for the reaction systems with %3 09
a<apgg, and compared the calculated results with the ex- a0l
perimental data in Fig. 5. Also displayed in Fig. 5 are the
results of the systems withk>agg, Where the theoretical 20F
fragment anisotropies were calculated by the SPTS model. It  50E . ‘ ‘ ‘ ‘ ! L \

0.80 0.85 0.80 0.95 1.00 1.05 1.10 1.15 1.20 1.25 1.30

is evident that the theoretical predictions are in general
agreement with the measured results. Therefore, the anoma-
lous fragment anisotropies from the fusion-fission reactions F|G. 6. The ratio(J%) expt/@?)meory as a function ofE, ,, /Vg.

in the near- and subbarrier energy regions are rather succeSge data(J?) ey Were extracted from the fragment anisotropies on
fully explained by means of our preequilibrium fission the basis of th&2 values of Eq(1) and the(o3(J)) values of Eq.
model. For the reaction systems with< agg, we also re- (7) for the systems withv> agg and a< agg, respectively.

Ec.m. / VB
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0 characteristics in fusion-fission reactions. For the systems
I with a>apg, the measured fragment anisotropies are in
g ® Sty general agreement with the expectation of the SPTS model.
L AVE ez However, for the systems with<apg, the experimental
- ;gmg;.f; fragment anisotropies are considerably greater than expecta-
20 v BV tions of the SPTS model at sub-barrier and near-barrier en-

ergies and gradually tend to coincide with the theoretical
30 — predictions as the bombarding energy increasing ager
These observations lead us to the suggestion that the com-
posite systems with their entrance-channel mass asymmetry
a<apgg proceed towards fission with some memories of the
entrance-channel plane. It has to be pointed out that the fail-
ure for the spherical compound-nucleus formation is the pre-
requisite for preequilbrium fission. Under this prerequisite, in
20 : ‘ ‘ ‘ L L L L the case of low angular momentum, the relaxation time of
0.80 085 0.90 0.95 1.00 1.08 1.10 1.15 1.20 1.25 1.30 . . ) . .
Eem. / Va K degrees of freedom will be longer than fission lifetime. By
taking the relaxation process &f degrees of freedom into
FIG. 7. The ratio of the experimental fusion-fission cross sectioraccount, we have the expressiono@(J) for preequilibrium
to the calculated value of the coupled-channels model as a functiofission. In the framework of our preequilibrium fission
of Ecm/Vs. model, the puzzling problem of the anomalous fragment
anisotropies is successfully solved and the discrepancy be-
consistent account of both fusion excitation functions andween the experimental mean-square angular momenta

H>A

aexp./ otheow

00—

angular momentum data for fusion-fission reactions. <\]2>expt and the predictions of the coupled-channels model
(J?)theoryls reasonably removed. Thus, we may conclude that
V. SUMMARY the coupled-channels calculations can give a self-consistent

account of both fusion excitation functions and angular mo-

In the present work, we have demonstrated experimenmentum data not only for systems leading to nonfissioning

tally that the reaction systems on the different side of thenuclei[20,21] but also for systems leading to fissionable nu-
Businaro-Gallone critical mass asymmetry have differentlei.
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