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Disappearance of entrance channel dependence of fission fragment anisotropies
at well-above-barrier energies
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Fission fragment anisotropies have been measured to energies extending well above the barrier for three
entrance channels leading to the same compound nut&@k For the*?C + 2% and 10 + 2%2Th systems,
lying on either side of the Businaro-Gallone critical asymmetry, the mean square angular momentum is
matched at an excitation energy of 62 MeV. The anisotropies, although different at lower energies, are in
agreement within experimental errors at this excitation energy and thus show no entrance channel dependence.
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Recently two puzzles have emerged in the study of fissioBusinaro-Gallone critical asymmetrygg). For values of
fragment angular distributions from heavy-ion induced fis-« greater thamvgg, the driving force favors amalgamation
sion. The first of these is the observation that the anisotropiesf the nascent partnergusion and compound nucleus for-
for essentially all target-projectile combinations involving anmation, whereas for smaller values the smaller partner gains
actinide target do not decrease in the subbarrier region da mass at the expense of the heavier, and the dinuclear sys-
expected. When interpreted in terms of the generally actem may reseparate as a fissionlike event withowquili-
cepted transition state model, this result implies a largebration and formation of a compound nucleus.
mean-square value of the compound nuclear spin distribution The above studjy4], however, involved formation of dif-
than expectedll]. Very recently two quite different sugges- ferent compound nuclei and the data for the anomalous sys-
tions have been put forward for the origin of this effect. Onetems were not very far from the fusion barrier, as only an
[2] involves the large deformation of actinide targets, invok-energy range of up to about 10 MeV above the barrier for the
ing the idea that collisions with the tip of the deformed O + Th and F+ Th systems were spanned. It is also now
nucleus lead to fission without ever forming a compoundknown [5] that the 2C + 232Th, as well as the'®C +
nucleus (quasifission The second 3] attributes the large 23%U [6], systems on the other side of the Businaro-Gallone
anisotropies to a failure to equilibrate the angular momentungritical asymmetry, also exhibit anomalous asymmetries at
bearing degrees of freedom when the angular momentum igie barrier. We report here the results of a more definitive
small and the mass asymmetry of the entrance channel isxperiment by studying three entrance channels that lead to
larger than that for the Businaro-Gallone critical asymmetrythe same compound nucleus. Two of these entrance chan-
(defined below. This puzzle has yet to be completely re- nels, *'B + #Np (¢ = 0.91) and *C + #% (a =
solved. 0.903, have a greater than the Businaro-Gallone critical

The second puzzle, which is the focus of the presenasymmetry and the third®0 + 23?Th (a = 0.871), hasa
work, has to do with anisotropies at bombarding energiesmaller than the critical asymmetry.
above the fusion barrier where uncertainties in the mean- A definitive test of an entrance channel mechanism re-
square spin of the compound nucleus are small. It has bee&juires making the same compound nucleus at the same ex-
observed4] that the anisotropies for actinide targets are wellcitation energy and angular momentum. Fission fragment
accounted for by the transition state moEEM) for lighter  anisotropies are sensitive to the mean-square angular mo-
projectiles such ag?C, °B, and °Be but are larger than mentum of the fissioning system. We show in Figa)lthe
expected for the heavier projectiles such'®® and°F. The  excitation energy dependence of the mean-square angular
target-projectile combinations having an entrance channehomentum for the three systems. The mean-square angular
mass asymmetryg = (At—Ap)/(At+Ap) less than about momentum values have been obtained from fits to fission
0.88 exhibit anomalous anisotropies, whereas systems witbxcitation functions using coupled channels calculatidtjs
a greater than 0.9 generally exhibit the expected anisotropythat take into account the static quadrupole deformation, oc-
These observations have been interprétddas an entrance tupole vibration, and most-positive neutron transfer channel.
channel effect arising from contributions of fissionlike eventsThe barrier height is adjusted to reproduce the absolute val-
from preequilibrium fission expected to arise only in the casales of the cross sections measured in this work as well as
of heavier projectiles such &80 and°F, on the basis of the data at other energid$,4,9. The couplings are only very
variation of the liquid drop model driving force at the saddleimportant for the O+ Th system where energies closest to
in the mass asymmetry degree of freedom. Thesalue the barrier were considered. One sees from the figure that at
where the driving force changes direction is called thean excitation energy of about 62 MeV the average angular
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pies, as these were the kind of results that led to the motiva-
on of the present measurement. A monitor detector was
placed at 27.5 degrees for normalization purposes. The
anisotropies from the Si detectors could also be obtained
from a single run independent of this normalization. We
show examples of the angular distributions in Fig. 2.
momentum is the same for th#C + 2% and %0 + The inclusive anisotropies for the different entrance chan-
232Th entrance channels. This corresponds to laboratory emels are shown in Fig.(lh). Our results for'®0 + 23Th are
ergies of 91 MeV for'?C and 105 MeV for'®0. We have in good agreement with previous inclusive measurements
measured the fission fragment anisotropies for bombardinghere they overlap in enerd,10]. It is seen in Fig. (b)
energies over a range on either side of this matching energghat at excitation energies up to around 56 MeV the mea-
For the 1B + 2®'Np system it is not possible to match sured anisotropy for the @ Th system is somewhat larger
excitation energy and angular momentum simultaneouslyhan for the C+ U system, even though tH¢?) for O + Th
with either of the other two systems. We have measured this somewhat smaller indicating an entrance channel effect up
anisotropy for this system over the same range of excitatioto this energy. The''B + 23Np anisotropy at the lowest
energy. energy is also in good agreement with the results ofdtial.
The experiment was performed using beams from thé3], who have separated out fission following transfer. This

University of Washington Nuclear Physics Laboratory latter contamination is said to be smEgdl.
Tandem-booster accelerator facility. The targets were metal As stated previously, the most model independent test for
oxide or fluoride of 50 to 300 microgram per éron 50 to  an entrance channel effect is to simultaneously match exci-
100 microgram per cr carbon or nickel backings. Two tation energy and angular momentum. The excitation energy
kinds of fission fragment detectors were used. Inclusiveand angular momentum for the © Th and C+ U systems
single-fragment anisotropies were obtained from Si surfacare matched aE* = 62 MeV. Interpolating between the
barrier detectors of about 20 micron thickness. At this thick-measured anisotropies gives 2.689.1 for the O+ Th sys-
ness the projectilelike particles deposit very little energy intem and 1.96+0.1 for the C+ U system at this excitation
the detectors, whereas the fission fragments deposit almoshergy. As these two values are the same within the experi-
all of their energy. This leads to a clean separation of thenental error there is no evidence that the entrance channel
fission fragments from the other reaction products. We alsemass asymmetry relative to the Businaro-Gallone critical
used three large-area segmented gas detectors. These wasymmetry plays any role in determining the fission anisot-
primarily used for measurements of fragment-fragment coinropy at energies well above the fusion barrier. This is not
cidences in order to determine the folding angle distribu-very suprising as the potential energy surface is very flat
tions, which will be presented in a later publication. We alsowith respect to the mass asymmetry coordinate in this vicin-
determined inclusivésingles fission fragment angular dis- ity and the entrance channel mass asymmetry differs little for
tributions from the gas detectors, and the anisotropies frorthe two systems.
these measurements agree well with the Si detector results. We turn now to a discussion of the absolute magnitude of
We report here the average value of the independent detethe anisotropies in the framework of transition state theory.
minations with the two kinds of detectors. In the presentWe make the usual assumption that the orientation of the
communication we focus on the single-fragment anisotrofission axis with respect to the angular momentum vector is

FIG. 1. (@) The mean-square angular momentum as deduce
from fits to the fission cross section as a function of excitation
energy of the compound nucleyb) The experimental anisotropies
as a function of excitation energy.



54 DISAPPEARANCE OF ENTRANCE CHANNEL ... R979

determined at the saddlepoint. The shape and effective mo-

ment of inertia of the saddlepoint is taken from the diffuse . 5' 'Ajéolﬂ'o;q;!ﬂ'w' 'e; ;} o ‘E
surface liquid drop model of Siefld 1]. The variation of the o5 [ Q0ock ela =
shape and moment of inertia on angular momentum was E oy eta ? 2 ]
taken into account. The nuclear temperature was deduced 20 3
using a nuclear level density parameterAd® MeV ~1. We B 18 .
have made two sets of calculations. In one we have not taken 15 ) -
. . . . . . C - 16 232 ]
into account cooling by neutron emission prior to reaching - 0 + **Th 1
the saddlepoint. In the second calculation the maximum cor- 10 FHHHH
rection has been made, assuming all prescission neutrons .— - 3
were emitted prior to reaching the saddle point. Prescission i% 25 -
neutron multiplicity values were taken or extrapolated from a = L g .
recent work{12]. It may be mentioned that somewhat larger g 20 =
prescission neutron multiplicity values for the © Th sys- © B S .
tem as compared to the B Np system as measured in their = 15 - -7 120 4 23ey B
work have been used in our calculations. It is assumed that T
the prescission neutrons for the4€ U system are the same 3.0
as that obtained for the B- Np system. The values range o5 o mox. n corr. B
between 0.9 and 3.0 for ® Th and 0.6 and 2.3 for the other R o corr ]
two systems foE* between 40 and 65 MeV. In the calcula- 20 E A
tion it is assumed that 10 Mebinding + kinetic) is carried C ]
away by each neutron. These TSM calculations have been 5 L A E
terminated around* = 65 MeV as beyond thi€* the - 2 UB + #¥Np 1
fraction of fast fission events corresponding to vanishing 10 Dol b bvinn b w0
B; for largel values become substantiat10%). Also with 30 40 50 60 70 80 90
increasing angular momentum for very low valueBgfthe Excitation Energy (MeV)
saddle shapes become triaxial before the barrier vanishes. '
Thus the highest value considered wals = 46 where the FIG. 3. Comparison of experimental anisotropies with calcu-

fission barrier is about 0.40 MeV. The results of these calcutated values based on the transition state model. The full curve
lations are shown in Fig. 3 where in addition to the presentesults when all prescission neutrons are assumed to be presaddle
results other available data in the literature are also plottedind the dashed curve results if cooling by neutron emission before
We show two curves in Fig. 3. The dashed curve represent&aching the saddlepoint is neglected.
calculations with no correction for neutron emission and the
full curve represents calculations with the maximum possible The transition state model calculations have not been car-
neutron cooling correction. It is seen from Fig. 3 that atried out above about 65 MeV as some of the highest partial
lower E*(<60 MeV) the data for B+ Np and C+ U agree waves have a vanishing fission barrier. It is interesting to
with calculations within errors whereas for © Th the ex- note, however, that at higher bombarding energies the
perimental anisotropies are substantially larger than TSManisotropies for the three systems follow the expectations
calculations, thus indicating an entrance channel dependen&®m Fig. 1(@) that °O + 32Th has the largest mean-square
at these energies. Liet al.[3] have also shown thafO + angular momentum and will have the largest anisotropy and
2327 anisotropies are larger thatB + 23Np in this energy  the !B + 2*'Np system with the lowest mean-square angu-
region. It appears that this anomaly for © Th does not lar momentum will have the lowest anisotropy. It is of inter-
disappear until one is at a bombarding energy 15 to 209st to explore the high-energy anisotropy somewhat more
above the barrier. This is considerably higher than where thguantitatively to see if there is an entrance channel effect
barrier anomaly is reported to disappear for the+CTh  related to the fraction of compound nuclei for which the
system[5]. fission barrier vanishes due to high angular momentum. One
However, in the region between 60 to 65 MeV the can explore this somewhat more quantitatively by assuming
anisotropies for the three systems agree with the TSM calcug dependence of the fori(180)W(90)= 1+ (1?)/4c2. In
lations. This quantitative agreement may be a little fortu-the transition state modetcz=K3=1.4T wherel is the
itous, as the experimental anisotropies will probably increaseffective moment of inertia of the configuration where the
a little when corrections for fission following transfer are orientation of the fission axis with respect to the angular
made. Also the saddlepoint excitation energies were calcunomentum vector is determined, afidis the nuclear tem-
lated assuming all observed prescission neutrons are preerature. If we compare anisotropies at the same excitation
saddle for the full curve that reproduces the data. As pointeénergy in the same compound nucleus, the temperature will
out before, at energies around 62 MeV where there is goolle the saméneglecting the small difference in prescission
matching of mean-squaievalues between the @ Th and  neutrons for the O+ Th and B+ Np systems We can test
C + U systems, there is no evidence for an entrance channéhis scaling by comparing the anisotropies for the three en-
effect. The fact that anomalies disappear at about the excitdrance channels. This is done in Fig. 4 using data sufficiently
tion energy where the angular momentum is matched for tw@15% above the fusion barrier to avoid the near-barrier
of the systems is thought to be accidental. anomaly discussed earlier. We have arbitrarily taken the
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is a finite fission barrier. This fraction varies from one sys-
tem to the other, as can be seen from the diffexitfy at
high energies in Fig. (& but becomes of the order of 1/2 at
the highest bombarding energy. Further work is required to
see if the available data allows a quantitative determination
of the dependence afy2 with (12) to confront the assump-
tion made in some models of nonequilibrium fission that the
anisotropy is independent bf13], or is independent df for

the lowestl [3].

The main conclusion of the present work is that when the
same compound nucleld8Cf is investigated via different
entrance channels on either side of the Businaro-Gallone
critical asymmetry ¥°C + 2% and 10 + 232Th), although

50 ~0 90 110 the anisotropies differ at lower energies, this entrance chan-
Excitation Energy (MeV) nel dependence of the anisotropy disappears when both sys-
tems are compared at bombarding energies at least 30%

FIG. 4. Scaling of anisotropies as a function of excitation en-a8bove the barrier. This result suggests that there is no sig-
ergy. The dashed curve is drawn through the data for'fge+  Nificant role played by the entrance channel asymmetry rela-
238 reference system. The full and dotted curves are obtained b§ive to the Businaro-Gallone critical asymmetry in determin-
scaling theW(180)MW/(90)—1 values obtained from the dashed Ing the fission anisotropies at sufficiently high energies
curve by the ratio of the mean-square angular momentum for th@bove the fusion barrier. It does appear that the excitation
comparison system to that of the reference system. energy required to wash out the anomalous anisotropies at
the barrier increases more or less continuously with increas-
ing entrance channel symmetry or entrance channel charge
productZ,Z;. This may reflect the influence of the latter
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12C + 289y data as a reference linglashed, and scaled
W(180)W/(90)— 1 values by(1?) to get the full and dotted , .

lines for the other systems in Fig. 4. This simple scaling?oarrig]rﬁteoru'g dtzi;gign% r?;;::ﬁnextra—extra push moué)
seems to adequately account for the difference in anisotro- P '
pies for the different systems. This is expected to be the case This work was supported in part by the U.S. Department
for that fraction of the partial wave distribution where there of Energy and by Bhabha Atomic Research Centre, India.
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