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Conclusive evidence for the influence of nuclear orientation on quasifission
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Fission fragment anisotropies and mass distributions have been measured to high accuracy, over a wide
range of angles, for th&0 + 233 reaction. The bombarding energies spanned the fusion barrier distribution,
in steps of 1 MeV. Fission following transfer reactions was rejected by making use of the deduced velocity
vectors of the fissioning nuclei. The resulting mass distributions for full momentum transfer fission show a
small but significant skewness, which increases as the beam energy falls through the fusion barrier region,
displaying a similar energy dependence as the fission fragment angular anisotropies. This is conclusive evi-
dence for the interpretation that collisions with the tips of the deforfiéld target nuclei lead to quasifission,
while collisions with the sides result in fusion-fission.

PACS numbes): 25.70.Jj

[. INTRODUCTION K degree of freedom. Herk is the projection of the total
angular momentum on the nuclear symmetry axis; the mean
Measured fission fragment anisotropies for reactions ofquare value oK at the fission saddle point determines the
12C,%0, and °F projectiles on actinide targefd—5] in-  anisotropy. Nonequilibrium fission would have a large an-
crease as the beam energy falls through the fusion barriésotropy. Models have recently been described which attempt
region. This is contrary to predictions based on the statisticao explain the large sub-barrier fission anisotropies in the
transition state model of fission decf§]. In this picture, framework of the nonequilibrium fission picture. One is for
fusion leads to a fully equilibrated compound nucleus, at itfission where the mass asymmetry in the entrance channel is
equilibrium deformation, which undergoes fission by passindess than the Businaro-Gallone critical asymmef@0],
over the true(unconditional fission barrier. This is referred while one is applicable specifically to reactions on deformed
to subsequently as fusion-fission. actinides[11].
There are two classes of explanations for these anoma- Another type of fission has been termed quasifission
lously large anisotropies. The first is that the parameters usdd 2,13. This is conceptually quite distinct from nonequilib-
in the transition state mod€T'SM) are wrong. Attention has rium fission, in that the fusion process is not followed by
been focused particularly on the mean-square angular m@ompound nucleus formation inside the fission saddle point.
mentum in fusior[1,4,5,7. The second is that the transition Instead, the configuration of the dinucleus, initially trapped
state model itself is not applicable, because the fission fragnside the conditional saddle point, evolves over the potential
ments do not result from the decay of a fully equilibratedenergy surface and crosses the saddle line before reaching
compound nucleus. mass symmetry, as experimental results demonsftig
It was recently showri8] that for the reaction'®0 + Thus in principle there is always some memory of the mass
208pp, the transition state model, in conjunction with a stan-and direction of the projectile in the initial collision. This
dard barrier passing model of fusion, can describe the newlghould result in a measurable correlation of fragment mass
remeasured fission fragment anisotropies at energies bothith angle, unless the system lives long enough to rotate
above and below the average fusion barrier. This result remany times. Such a correlation cannot exist if the system
solves a long-standing puzzJ&], and re-establishes confi- passes from the equilibrium configuration over the true fis-
dence in TSM calculations of fission anisotropies at energiesion saddle point. The quasifission anisotropies are large, be-
near the fusion barrier. It thus seems likely that the anomaeause the dinucleus never becomes compact, and addition-
lously large anisotropies measured for actinide targets arally, K equilibration may not be attained.
evidence that at least some of the fission events do not result To distinguish unambiguously between the two possible
from the fusion-fission process. explanations described above requires the measurement of
It has been proposed that as well as fusion-fission, addfission mass distributions at forward or backward angles, to
tional classes of fission exist. One, which has been calledetermine whether there is a correlation of mass with angle.
nonequilibrium fissior{9], is proposed to occur following a Such a measurement was mgdé for the reaction'’C +
fusion reaction and subsequent compound nucleus formatiof®®J, where a small anomaly in the anisotropies was ob-
inside the true fission saddle point. In the case of a higlserved, but it was concluded that there was no evidence for
fission probability, it was postulatd@] that fission may take quasifission. Either the effect was too small to be identifiable
place after equilibration of all degrees of freedemceptthe in that measurement, or quasifission is not responsible for the
large anisotropies.
It has been showf8] that the characteristic energy depen-
* Present address: Department of Physics, State University of Neslence of the measured fission anisotropies for the reaction
York at Stony Brook, Stony Brook, New York 11794. 180 + 238 is consistent with a picture where collisions with
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the tips of the deformed®U target nuclei lead to quasifis- energies of interest here, nor is there any evidence for it in
sion, while collisions with the sides result in fusion-fission. these experimental data.

This paper reports on a complete analysis of these data, The first requirement in the analysis is separation of the
with particular emphasis on a detailed investigation of thetransfer fission from the FMT fission. The result of a prelimi-
fission fragment mass distributions, to search for evidence dfiary analysis of these measurements was given in[Befin
quasifission in the mass spectra. that work, transfer fission was separated from FMT fission
using the measured fission fragment folding angles. A more
complete data analysis, making use of the fission fragment
velocities is described below. This results in better separation

The experiment was carried out using pulsed beams o¥f the two components, and in addition allows extraction of
160, from the 14UD tandem electrostatic accelerator at théhe fission fragment mass distributions.

Australian National University, over an energy range 76
MeV <E , < 112 MeV. The pulse width was= 1.5 ns,
with a pulse separation of 106.6 ns. The target of,Wras

Il. EXPERIMENTAL PROCEDURE

A. Rejection of transfer fission

=220 ugcm™ 2 in thickness, on a=15 ug cm™2 C back- A new method was developed to cleanly separate the
ing. The backing faced downstream, so as not to degrade thieansfer fission from the FMT fission, event by event. This
beam energy before interaction with tR&U. To allow cali-  was achieved through the experimental determinatiomvof

bration of the mass distributions, measurements were alscomponents of the velocity vector of each fissioning nucleus.
made with a C-backeet 24 ug cm™? target of “*PbS. Fis-  The component in the beam direction, denotedbpy, was
sion fragments were detected in large area multiwire propordeduced from the folding angle and the velocities of the two
tional counteryMWPC’s), position sensitive in two dimen- fragments. The other componerny,is in the plane perpen-
sions. Each had an active width of 284 mm, and height 35dicular to the beam, and is perpendicular to the projection of
mm. The time signals from the position-sensing wires, sepathe scission axis onto this plane. It was determined from the
rated by 1 mm, passed through delay lines with 1 ns delagzimuthal folding angle and the projection of the measured
between each wire. Position resolution wasl mm. The fragment velocities onto this plane. Details are given in the
detectors were placed 180 mm from the target, giving a scatAppendix.
tering angle coverage of 95°6,,,<170° in the backward Figure 1 shows scatter plots of the measurgg against
hemisphere, and 162 6,,,<85° in the forward hemisphere. v, for an angular range d,, = 95° to 105°. Panelt)
Signals in the forward detector were only accepted when irand (b) correspond to beam energies below and well above
coincidence with the backward detector. The central foils othe average fusion barrier, respectively. For FMT fission, the
the MWPC's provided energy loss and arrival time signalsdistribution ofv ., would be expected to be centered around
The position information allowed these signals to be corzero, while at the low beam energies of interest herg,
rected for the significant geometrical effects caused by thevould be expected to peak around the center-of-mass veloc-
large angular acceptance of the detector, permitting precisiéy v, . The high intensity regions in the middle of the plots
determination of particle velocities. Each event at positionthus correspond to FMT fission. For fission following a
(x,y) on the active area of the detectors was transformed toransfer reaction, per, Would be expected to be close to zero
give the scattering anglé, with respect to the beam axis, only in the case that the fission occurs in the plane of the
and the azimuthal anglé,,. The differential cross sections transfer reaction, otherwisg,,is only constrained by kine-
doys/dQ) were obtained by calibrating each 5° bin with Ru- matical limits, which will generally force transfer fission
therford scattering at a far sub-barrier energy. Details of thigvents to lie inside a circle of radius.,,, centered at
procedure are described in R¢8]. Two Si surface-barrier vp,=vem, vpep = 0. At energies below the fusion barrier,
detectors, positioned in the vertical planeta22° relative to  where the projectilelike nucleus recoils to backward angles,
the beam axis, were used to count the elastically scattereg},,, for transfer fission events will be larger thag,,, , while
yield, providing a normalization between the calibration andat energies well above the fusion barrier, where the projec-
the fission measurements. tilelike nucleus continues to forward angles,, will be
smaller tharv ., . The scatter plots indeed show events cor-
responding exactly to these expectations, lying within the
circles of radiuswv ., . It is noteworthy that a large fraction
The measured fission yield for reactions on actinide tarof transfer fission events do occur out of the plane of the
gets contains three components. The first results from fissiotiansfer reaction. This feature, though interesting, is not the
of the targetlike nuclei, which occurs by excitation over thesubject of this paper, and will not be further discussed here.
fission barrier during transfer reactions, in grazing collisions. Light particles(n,p particles will be evaporated from
The second component, which is of interest here, resultthe nuclei before scission, or from the fission fragments. This
from fission following complete amalgamation of the projec-results in a slight broadening of the distribution of velocity
tile and target, in more central collisions. This is referred tocomponents expected from the kinematics of the massive
subsequently as full momentum transtEMT) fission. The reaction products alone, and also gives a small spread to the
third component results from fusion following break-up of observed correlation angles. It can easily be shown that at
the projectile, which is referred to as incomplete fusion. Itscenter-of-mass angles, ,, around 90°, this spread in angle
presence is revealed by an asymmetry in the folding angleesults in a slight spreading in both the dedueed, and
distribution. It occurs at bombarding energies well above thenass; this is however small compared to the characteristic
fusion barrier, and is not expected to be significant at theangular and mass variation intrinsic to the fission process. At

IIl. EXPERIMENTAL ANALYSIS AND RESULTS
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FIG. 1. Experimentally determined velocity components of thepeak correspond to transfer fission. The transfer fission yields sub-
fissioning nuclew . andv e, for beam energies belo®@2 MeV) tracted from the centrdFMT) region are indicated by the horizon-
and well above(112 MeV) the average fusion barrier fofO + tal lines.
283, shown in panelsa) and (b), respectively py is plotted rela-
tive to the calculated center-of-mass veloaity;, for each energy. expected from inspection of Fig. 1. The resulting spectra of
FMT fission events lie in the center of the figures, while transfery perpWere projected, typical examples being shown in Fig. 2.
fission events are spread out within the circles of radiys, as  The transfer fission component under the FMT peak was
expected. The white rectangles indicate the cut used to select th&stimated and subtracted by performing a linear fit to the
FMT fission events for the mass-spectrum determination. transfer fission yield adjacent to the FMT peak, as illustrated.

The background varied with energy and angle, but was at

angles close to the beam direction, the different geometrynost a few percent of the FMT yield.
leads to a significant spread in bat},, and mass. However, From these data the FMT fission angular distributions
if in the determination of the masses, the experimentally dewere determined, and were fitted by varying the parameters
termined value ob ,, is not used, but rathar,,, is fixed to  of the transition state model describing angular distributions
be equal taw.,,, then only the small effect of the spread in for fission following fusion[12]. This fit procedure resulted
velocities remains, and accurate mass spectra can also bereasonably good representations of the experimental data,
obtained at these angles. At such angles, the deduced valuasd allowed the fission anisotropies to be determined from
of v, are spread beyond the kinematical limits discussedhe ratio of the extrapolated yields &t ,=90° and 180°.
above, but the separation of FMT fission from transfer fissiorThe total fission cross sections were also obtained from the
is not compromised. fits. It is possible that a systematic error may be introduced

The assumption that,,=v.m, Which is made in the by using angular distributions calculated within the TSM to
mass determination, is reasonable for the FMT fission eventgxtrapolate tof . ,,=90° and 180°, however since the ex-
because the bombarding energies involved are low, leadingerimental data spanned an angular range ;.
to the expectation that the incomplete fusion yield should be<160°, this could only cause a small change in the anisotro-
negligible. Experimental evidence supporting this expectapies, and a negligible change in the cross sections.
tion comes from the observation, at angles where the de- The error bars shown in Fig. 3 correspond only to statis-
ducedv  is reliable, that the deduced,,, spectra show a tical uncertainties, which were determined from Nfeenve-
single symmetric peak. The assumption is not appropriate topes obtained in fitting the angular distributions. The high
determine mass spectra for the transfer fission events, bstatistics obtained at each ener@gy E. ,, around 75 MeV,
since one objective of the analysis is to reject such events, it 10* fission events were measured, increasingstb0® at

causes no problem. E.m=85 MeV) result in low statistical uncertainties. The
To deduce the yield of fission following full momentum observed scatter of the points suggests that there are no sig-
transfer, a cut ow p,, was applied which varied witld ¢ , . nificant additional sources of random uncertainties.

This cut accepted 99% of FMT fission events, but removed a It should be noted that the method of rejecting transfer
substantial fraction of transfer fission events, as would bdission based on determination of,, and v, does not
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800 rrr T e e e 3(a). The shape is almost identical to that determined from
16 4 238y (a) 4 the FMT fission yields which were obtained in the earlier
. folding angle analysis of the daf&].

. The fusion barrier distribution resulting from a geometri-
- cal calculation, using the code CCMdD8], with tabulated

. [19] quadrupole and hexadecapole deformation parameters,
. is indicated by the solid line. Coupling to the 3state in

1 233 is included. The calculation represents well the main
: features of the measured distribution. The small discrepan-
- s |4 1 cies can be reduced by the inclusion of other weak couplings
-200 HH * A in the calculation. These will be discussed elsewhere. The
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FMT Fission (®) fact that some of the fission yield results from quasifission
does not invalidate the comparison of measurement and
H s Reference [3] | theory. This point is extensively discussed in H&0].

b ~ It is concluded that the deformation 61U plays a domi-

%t 0% , & nant role in the fusion process, and to a good approximation
it can be modeled classically as a static deformation. This
conclusion is vital for the subsequent interpretation of the
7 fission anisotropies and mass distribution data.

+ e This analysis
¢
?

W(180°) /W(90°)

T T S R Y

L C. Fission fragment anisotropies
o all Fission

Pl lene b b b b b The deduced fission anisotropi&¥(180°)MW(90°) are
775 80 85 90 95 100 shown in Fig. 8b), for the case where no discrimination
Eeom. (MeV) against transfer fission is applie@utlined circle$, and
where only FMT fission is selected as described aliswid
FIG. 3. Panela) shows for the'®0 + 2*% reaction the second circles. The anisotropies extracted for FMT fission from the
derivative with respect to energy of the fusion excitation functionfolding angle analysis of Ref3] are shown by stars. The
multiplied by E ., which is proportional to the fusion barrier current FMT anisotropies are quantitatively somewhat differ-
distribution. The calculation is described in the text. The fissiongnt from the former, due to the better separation of transfer
anisotropies for the®®0 + * reaction are shown in panéh).  fission from FMT fission in the present analysis. Neverthe-
Hollow points represent the case where no discrimination againqbss, qualitatively they show the same feature as was pre-
transfer fission is made. The solid points represent the anisotropie§ented in that workand in another measurement for this
for FMT fission only, when selected using the velocity componentsreactiOn [2] also based on the folding-angle technigue
of the fissioning nuclei, as described in the text. The stars show thﬁamely a significant rise in the anisotropy as the beam en-
aqisptropies f.or FMT ﬁSSio.n v_vhen using the folding angle to OIiS'ergy fails through the fusion barrier region. This is in con-
criminate against transfer fission. trast to TSM predictions of a decreasing anisotropy.

N N = S =N
T

require the fission fragment velocities to be known to very D. Determination of fission mass distributions
high accuracy, since the FMT fission events can be easily T -
identified and separated from the transfer fission events. The To test for the presence of quasifission, it is sufficient to
mass-spectrum determination, described in Sec. Il D, doe¥/€aSUreé mass ratigthe ratio of the observed fragment mass

however require a very accurate velocity determination. at scission to 'the total mass at S.C'S.$'0Nh'0h will be de-
noted byM. Since only small deviations from a completely

symmetric mass distribution are expected, extreme care was
taken to obtain accurate mass spectra, free of systematic er-
The fusion process in th®0 + 238 reaction is expected rors, as detailed below.
to be strongly influenced by the static deformation?3iU. Fission fragment mass-ratio spectra can be determined
For this reaction, the fusion cross sectiarng can be iden- from the angle and time-of-flight information obtained in the
tified with the measured FMT fission cross sections, due t@xperiment, based on the principle of conservation of linear
the very small survival probability of evaporation residuesmomentum, as described in the Appendix. The two fission
[14]. The fusion barrier distributioi15] was determined fragment velocities must be determined very accurately,
from the second derivative of the functidh. o5 With  which requires calibration of each of the two fission frag-
respect toE . ,,, using a point-difference formuld 6] with ment time-of-flight spectra, knowledge of the flight path for
an energy step of 1.87 MeV. It was shown experimentallyeach event, and accurate determination of the time zeros of
[16,17] for the reaction'®O+1>“Sm that a deformed nucleus each time-of-flight spectrum. The last is the most difficult to
with a prolate deformation and a positive hexadecapole dedetermine. A technique making use of a calibration reaction
formation displays a very distinctive fusion barrier distribu- was employed to determine the time zeros for each beam
tion, which is characteristic of its static deformation. Theenergy. This involved making measurements for tf@ +
nucleus?3®U has similar deformation parameters ¥'Sm,  2°%Pb reaction, which were interleaved with tHé0 -+
and the shape of the measured fusion barrier distributiorf*®U measurements at both low and high beam energies. By
proves to be very similar. This distribution is shown in Fig. assuming that the fission mass spectrum from the calibration

B. Fusion barrier distribution
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021 FIG. 5. Representative mass distributions for the two reactions,

integrated over the angular range 1¥0¥.,,<155°, shown in
terms of the ratio of the fragment mass in the back angle detector to
the summed masses of the two fragments. This is denoted .by
FIG. 4. Scatter plot of deduced mass-radloagainst the parallel ~ The indicated beam energies are belawpper panelsand well
velocity component of the fissioning nuclei,, for the same beam above(low_er panely th_e average fusion barrler_s for each reaction.
energies as in Fig. 1. FMT fission events lie in the center of theFits by a single Gaussian, and by three Gaussians, are shown by the
figures, while transfer fission events, with an asymmetric mass dissolid and dashed lines, respectively.
tribution, lie at higher and lowey ,, values, respectively.

narrower cut onvpe, of = 0.01 cm/ns. These restrictions,
tion i tricand Ki liaht . indicated on Fig. 1 by the white rectangles, reduced the es-
(rjeac lon 1S sym:ne rlc_(anh making a verly_ SIgNt COITECLion i ated transfer fission contamination to a small fraction of
ue to energy loss In the target, resulting in an expecte#%_ The data for all center-of-mass angles between 110° and
\Kﬂalug 4%; trt‘ﬁ rg_?rss ratio '?_ the bacl; a:lhglet de:_eCtorf°155° were summed to maximize statistical precision. These
=0. e difference in time zeros for the two time-of- imi i
! ' ! C10S angular limits were chosen to ensure that no cut was applied
flight spectra was determined. This difference was constanp the mass spectra due to the angular acceptance limits of
to + 25 ps over a number of energies. The high energy datghe detectors. These velocity and angular cuts were in fact
were used, because _of the good statistics. The al_asolute tin@so applied to thé®O + 2°%Pb data. This avoids the possi-
zeros for each reaction and energy were determined by reyility of introducing small systematic errors, although for
quiring that the average value of,, should equal the calcu- this reaction the difference between the mass spectra with
latedv ., taking into account the small corrections due toand without these cuts was negligible.
energy loss in the target. Thus reliable mass-ratio distribu- Any deviation from symmetry in the mass ratio spectra,
tions were extracted at each bombarding energy. The positionhose average angle is 135°, can be attributed to a cor-
of the centroids of the distributions proved to be sensitiverelation of fission mass split with angle, due to the presence
principally to the difference between the time zeros, and relaof quasifission. _
tively insensitive to changes in the assumed value gf. Typical mass ratio spectra for energies below and above
Figure 4 shows scatter plots of the mass rafidor the ~ the {gspecg(\)/sle; fusion barriers are shown in Fig. S'ZE%h for
back detector as a function of,.. The reactions and angu- the O + “*Pb reaction(eft panel3 and the ™0 +
lar range are the same as for Fig. 1, but a cutvgg, of reaction(right panel$. It is important to note that no assump-
+ 0.05 cm/ns was applied, to reduce the transfer fissiofo" was, mad‘gogggard'”g the mass distribution for the low
component. These plots illustrate the apparently symmetrignergly O + Gb dat% They were treated in exactly the
- . same way as thé®0 + 233U data, and the degree to which
FMT fission, withv ., centered around ., , and show that th how th ted tri distributi )
despite assuming the kinematics for FMT fission, the mass €y Snow e expected Symmetric mass distriputions repre
distributions for transfer induced fission dis Ia, a clearSents an excellent control measurement, and indicates the
double-peaked structure, as would be expecte% y reliability of the calibration methods used, and thus of the

23 :
For the 10 + 2%ph reaction, no further data processing " 2> spectra extracted for theO + **U reaction.

was necessary, however for the0 + 238 reaction, further
measures were taken to minimize the contribution from
transfer fission. A narrow cut around the peakjg, (corre- The fission mass distributions were initially fitted by a
sponding to+ 0.02 cm/ng was applied, in addition to a single Gaussian. The high enerd§O + 2%Pb data were

E. Characterization of fission mass distributions
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well reproduced, however, there were significant discrepan- 7.0 P
cies between the data and the fits, both for tf@ + 238U B o
data, and, perhaps surprisingly, for the low enef§® + 6.0 I 1604238y o oeo000®%%,0 (3)
208ph data. This is shown in Fig. 5, where the single Gauss- o L e’ o® -
ian fits are indicated by full lines. S 5.0 A -

The deviations between the fits and tH® + 2%%U data e
are particularly apparent fad ~ 0.4. This deviation is con- © 4.0
sistently present, and demonstrates that there is a small but
definite skewness in the mass distributions. The low energy 3.0
160 + 20%p data exhibit no such skewness, but do show a
narrow central peak and slight shoulders in the mass distri- 0.50
butions, which are not well reproduced by a single Gaussian.

These characteristics may be attributed to components of '=
mass symmetric and mass-asymmetric fission, the latter ~ 0.49
probably being associated with last-chance fission. Recent
results[21] confirm the presence of this asymmetric compo-
nent in the mass distribution at low beam energies.

To investigate the energy dependence of the mass spectra,
the moments of thé/ distributions were evaluated, and the
values of the varianca;@) and mean 1) were determined.
They are shown in Figs.(8 and(b), respectively. The vari-
ance falls smoothly with decreasing energy in both reactions,
giving little insight into the detailed variation with energy of
the mass spectrum. The mean mass splitfar + 2%pb, as
expected, is centered at 0.4@8e Sec. Il D for both high
and low energies, indicating no correlation of mass with
angle. For the'®0 + 238 reaction,M is not centered at
0.500, but is slightly below at the higher energies, averaging
M =0.497, and makes a transitionE&t ., around 83 MeV to
a value of=0.490. This is a small effect, however having
the %0 + 2%%b data as a control makes its significance
convincing.

The fact that the centroids of the mass distributions for the
180 + 238 reaction are belovi =0.500 cannot be attrib-
uted to energy loss in the target, and is by itself good evi-
dence for the validity of the quasifission interpretation of the
large fission angular anisotropies. However, as will be
shown, the energy dependence Mf provides even better
evidence. | | | | | | |

The skewness of eadfl distribution was also evaluated, e e e
from the second and third moments of the distribution. The 7075 80 8 90 95 100
values showed a relatively large scatter, which was attributed Ec . (MeV)
to sensitivity to fluctuations in the yield at the extremes of
the mass distributions. FIG. 6. Panela shows the energy dependence of the variance

Instead of pursuing further the moments of the mass disof the M distribution, for the two reactions. Pan@) shows the
tributions, a method of characterising the data was chosefjean values oM, while panel(c) shows the ratio of the yields of
which is more transparent, and may be more closely relateEF_e Ipwe_r and upper of the three Ga_lus,_5|ans fitted to the fission mass
to real physical processes occurring. It was found that all thdistributions. Pane(d) shc_)w_s the fission angular _amsotropy. All
160 + 238 mass distributions could be fitted well by the data _c_orrespond to FMT fission only. The expectations _based on the
sum of three Gaussians with fixed positions. The lowgst transition state model are .Sh.own. by the dot-dashed “ne?" The as-

- . . sumed behavior for quasifission is shown by the dotted lines. The
values were obtained if the Gaussians were centerbtl at calculations which reproduce the energy dependence of the data
0.425, 0.500, and 0.575. The widths of the three Gaussiang ., |: : ;

. . olid lineg are described in the text.
were constrained to be equal, but the common width wa
varied, along with the three intensities, to give the optimumG;. These data are shown in Fig(ch for both reactions.
fit to each mass spectrum. The components and the fits althe FMT angular anisotropy data f6fO + 238U are shown
indicated by the dashed lines in Fig. 5. in Fig. 6(d).

Both the centroid shift and the skewness will significantly A number of features of the data will be commented on,
affect the ratio of the intensities of the two outer Gaussianshefore proceeding further with the interpretation.
thus the deviation of the mass distribution from a symmetric (i) For both reactions, & . ,, = 94 and 95 MeV, most of
shape can be characterized by this ratio, denotedshy the measured quantities show anomalous values. This is at-

0.48
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tributed to a transient problem in the electronics for theseenergies, but approach closer to them as the energy increases
energies; these data were not used in the calibration. through the fusion barrier region. This suggests that the same
(i) The excitation function was measured by increasingphysical effect is responsible in each case for the deviation
the beam energy during the course of the experiment. To teftom the TSM calculations.
for the possible presence of systematic errors introduced by
this procedure, the point &, = 76.8 MeV was measured
at the end of the run. It shows no discrepancy compared to
neighboring points measured at the beginning of the run, Considering the collision classically, the highest energy
which is good evidence for the absence of such errors.  fusion barriers correspond to contact of the projectile with
(iii ) As well as the three-Gaussian fit, two Gaussians werehe flattened side of the prolate target, resulting initially in a
fitted to the mass spectra. Although th# + 2°%b data compact dinuclear system. Conversely, the lowest energy fu-
could not be well reproduced, the energy dependence of thsion barriers correspond to contact with the tip, giving an
ratio of the yields for the'®O + 2% data was the same as elongated dinuclear system. Intuitively, it seems reasonable
that of G,/G3, showing that the energy dependence observethat the former configuration would be more likely to result
was not an artefact of the three-Gaussian fit. in fusion-fission, and the latter in quasifission.

IV. DISCUSSION

F. Transition state model predictions A. Simple geometrical model

The predictions of the measured quantities for the case of
fusion-fission are made with the transition state mode\N
(TSM). It is implicit in the TSM that the mass distributions
will be symmetric at all angles, independent of beam energ

A simple empirical geometrical model to test this picture
as proposed in Ref3]. It was assumed that collisions with
the tips of the target nuclei result in quasifission only; the
’ yd_ata at the lowest energies then define the values of
ThusM is expected to be 0.500 at@h /G5 to be 1.0. These M, G,/Gs, andW(180°)MW(90°) for quasifission at these

values are m@cated by the _dot-da_shed lines in H) &nd energies. The energy dependence assumed is shown by the
G(C?' Th(_a fission ang_ular anisotropies were calculated as d’%iotted lines in Fig. 6. For the mass spectra, increased rota-
scribed in Ref[8], using the exact expressions of RHZ]'. tional frequency with increasing beam energy may be ex-
The dependence of th? calculated anisotropy on the 'npe“éected to attenuate the observed asymmetry, thus a linear
p_ararfnetehrs can be easily seen from the approximate expr end toward symmetry was assumed, as shown in Fig$. 6
sion for the anisotropy and Gc). Taking energy-independent values Mf and G,/
(I%h? G, f(_)r guasifission does not however change the results ap-
AT )’ (1)  preciably. _ _ _ _ _
et The assumption of an increasing angular anisotropy with
where 7 is the effective moment of inertia of the saddle- beam energy for quasifissigahown in Fig. &d) by the dot-
point (transition stateconfiguration and is the temperature ted ling| is reasonable, based on the observation of rapidly
at the saddle pointl is the angular momentum at the saddleincreasing anisotropies for reactions where quasifission is
point, which is closely related to the orbital angular momen-dominant[12,20.
tum in the fusion reaction. The effective moment of inertia, A sharp transition between quasifission and fusion-fission
as a function of angular momentum, was taken from a simpl&as assumed to occur at a critical fusion barrier radius. The
parametrizatiod22] of the rotating finite range model. This average values d¥1, G;/G3, andW(180°)AV(90°) were
gives larger effective moments of inertia than are obtainedletermined at a given beam energy using the values assumed
from the liquid drop model, and thus results in smaller cal-for quasifission, and the values for fusion-fission based on
culated anisotropies than those in Ref2]. The fusion an- the TSM. Each was weighted by the corresponding cross
gular momentum distributions were taken from a CCMODsections resulting from passage over fusion barriers with ra-
calculation which best fitted the fusion excitation function. dii, respectively, greater and smaller than the critical radius.
The deduced FMT fission cross sections are smaller thaAt low beam energies, only contact with the tips of the target
those in Ref.[12], perhaps due to the better rejection of nuclei are possible, resulting in quasifission. Above the fu-
transfer fission, thus the deduced angular momentum distrsion barrier region, all orientations of the target nuclei result
butions do not extend as high ih This difference also re- in contact, leading to a mix of quasifission and fusion-fission
sults in a reduction of the calculated anisotropies. The comevents, and to average values of measured quantities which
bination of these two effects causes the calculated fissiolie between those for quasifission and those for fusion-
anisotropies, indicated by the dot-dashed line in Fig),&o0  fission.
remain well below the data, even at the higher beam ener- Taking a critical radius corresponding to an angle between
gies. This is in contrast with the reasonably good agreemerthe beam axis and the target nucleus symmetry axis of 35°,
found in Ref.[12]. In the calculation shown, it was assumed the resulting predictions are indicated by the solid curves in
that the presaddle fission delay time is zE26]. The use of  Figs. @b), 6(c), and &d). The calculations follow the trends
a presaddle delay time adjusted to reproduce prescission neof the data very well. In reality, a sudden transition at 35° is
tron multiplicities for a similar reactioi23] increases the not likely, due to fluctuations in the trajectories. The effects
TSM anisotropies only slightly at bombarding energies in theof a =£5° change in angle are indicated by the dashed lines;
barrier region, as was also found in REZ0]. it is evident that a smooth transition may agree even better
The results in Fig. 6 show that the measured quantitiesvith the data. The success of these simple calculations
deviate substantially from the TSM expectations at the lowstrongly supports the hypothesis that collisions with the tips

W(180°)/W(90°) ~ 1+
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saddle point[24]. Nature must provide an effective ridge
line, since even the quasifission mass spectra are nearly sym-
metric, however its location should be at smaller values of
D than indicated by the dashed line.

The trajectories over the PES will depend in detail on the

5
o

L Tram% tion point out to the largest value &, corresponding to the
largest fusion radius, at poit in the figure, should cause
1.0 B Unconditional Saddle 2 the system to cross the ridge line at finite asymmetry as
C L] illustrated, resulting in quasifission. The experimental data

2.5 —— 7 features of the PES and the inertia and viscosity tensors.
[ 160 4 238y Ridge Line ] Experimental evidencEL3] shows that the mass-asymmetry
[ % =0.84 T i degree of freedom equilibrates more rapidly than does the
2.0 A ] elongation. Thus qualitatively, the trajectory leading from the
_ r N most compact injection poiriB) may be as indicated on Fig.
£ c ] 7 by the arrow, resulting in fusion-fission. Moving the injec-

- Sphere presented in this work indicate that the transition between

A S I quasifission and fusion-fission occurs around p@ntThe
0.0 0.5 T 1.0 combined effect of the larger effective moment of inertia
a 0.87 compared to that of the unconditional saddle point at

«a=0.0, and the fact thakK equilibration[9] may not be
FIG. 7. The fusion barrier configurations fofO+23%U corre- achieved, will result in a large anisotropy.

spondings to collision with the tipgA) and sides(B) of the de- The critical parameter in this picture is the difference be-
formed #*%. These points are indicated on the potential energytween the elongation of the unconditional saddle point, and
surface, as a function of the center-of-mass separddiand the  the elongation of the fusion configuration. Where this differ-
mass asymmetry. The spherical configuration and the estlmatedence is large, quasifission results, while where it is small,
position of the conditional fission saddle ridge line are shown. Post,sion-fission results.

sible trajectories are sketched from injection poiftandB, lead- This description assumes that after the projectile and tar-
Ing to quasifission and fusion-fission, respectively. get nuclei join together, the average trajectory results in the
. : e .._projectilelike part of the dinucleus gaining mass at the ex-
of the deformed target nuclei result in quasifission, Wh”eger{se of theptargetlike part, as tﬁe dingucleus evolves. in

collisions with the sides result in fusion, followed by com- h Whether th tem evolves in this direction. toward
plete equilibration, and statistical decay resulting almost al® _ape. ethe _e system evoves S direction, towa
ways in fission, a=0.0 or towarda—l.o, is e_xpected to be de_tgrmmed by the
PES. In particular, the Businaro-Gallone critical asymmetry
agg [25] defines the point on the ridge line where the poten-
tial energy is at its maximum. It separates the region of
A number of possible explanations can be put forward asmaller asymmetrieémore symmetric projectile and target
to why collisions with the tips of the deformed target nuclei massels where the projectile “sucks” mass from the target,
result in quasifission, while collisions with the sides result inand the region of larger asymmetries where the reverse hap-
fusion. They are discussed below. pens. For this systenaygg can be estimated by extrapolation
One likely scenario for such shape dependence of thef the results of Ref[24] to be ~ 0.90, while the injection
competition between fusion-fission and quasifission was dispoint is ata=0.87 (beforeN/Z equilibratior). Thus the pro-
cussed in Ref{3]. Once inside the fusion barrier, the radial jectilelike partner should gain mass, and the system should
motion is rapidly damped, and the nuclear system will starimove towards mass symmetry.
to evolve in shape over the potential energy surfdREes. The calculationg[24] of the conditional saddle points
Important features of the PES for this system are sketched iwere made allowing all the shape degrees of freedom to vary,
Fig. 7. The abscissa represent the mass-asymmetrge-  subject to the constraint that was fixed. This does not
fined in terms of the massésr mass ratigsof the heavy and necessarily correspond to the situation during the early
light fragments:a=(My—M)/(My+M_). The ordinate stages of equilibration following fusion. The present experi-
represents the separatibnof the centers of mass of the two mental results indicate that the targetlike component of the
incipient fragments, defined in units of the radius of thedinucleus retains some memory of its initial deformation,
spherical configuratiofR,), as in Ref[24]. The equiliborium  and orientation. The change in Coulomb energy resulting
configuration, which should be reached for fusion-fission tofrom charge transfer will depend on whether the projectile-
occur, is close to the dashed line corresponding to a spherke component is “stuck” to the side or to the tip of the
The ridge line represents the locus of configurations of theargetlike component. It would be interesting to have theo-
conditional ( fixed) saddle points. If D is outside the ridge retical calculations for a fixed targetlike shape corresponding
line, the PES forces the system to scission. The curve in Figoughly to the 8 ground-state deformation, which could
7 was estimated by extrapolation from the results of Refshow whethera g shifts in asymmetry, depending on the
[24] for lighter nuclei, since for fissile systems such as this, itrelative orientation of the symmetry axis of the targetlike
proved possible to define the ridge line only at large anccomponent of the dinucleus, and the axis joining the centers
small o (solid ling). At intermediate values of the larger of the two components. The change in the Coulomb energy
fragment may be thought of as deformed outside its ownresulting from charge transfer will certainly depend on the

B. Orientation dependence of quasifission
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relative orientation, so it is not unlikely that the peak positiontions allow extraction of the fusion barrier distribution,
may shift. which shows that’*% behaves in fusion as a prolate de-
If the peak shift were in the appropriate directimonsid-  formed nucleus, as expected.

eration of the Coulomb energy change alone would indicate The fission mass distributions for FMT fission show a
that it i), a second explanation for the observed shape desmall but significant skewness, which rises as the beam en-
pendence of the quasifission and fusion-fission competitio§dy decreases through the fusion barrier region, displaying
becomes possible. In this picture, collisions with the tips ofth® same very characteristic energy dependence as the rise in
the target nuclei would result in movement toward masdission fragment angular anisotropies. This is conclusive evi-

symmetry, and may lead to quasifission, while collisions Withd_ence in favor of the interpretation that collisions with the

3 . . .
the sides would result in absorption of the projectile by thellPS of th‘? _deformeoe U target nucle! Iead. to qua_S|f|SS|on,
hile collisions with the sides result in fusion-fission.

target, and thus to the standard fusion-fission process. The . . -
These experimental data show that a systematic deviation

theoretical calculations however need to be carried out to see o i .
of the measured fission fragment anisotropies from the tran-

whether this possible explanation needs to be taken seriousl| ition state model predictions appears to be the experimental

The current experimental data alone cannot dIStIngulsr(’ﬁuantity which is most sensitive to the presence of quasifis-

v_vh|ch_one, if only one, of the;e po_syble qualitative explana—sion. It is also the most easily measured of the fission char-
tions is closest to the true situation. Clearly,

eling the d o : dlt IS onrlly bylacteristics investigated in this experiment. These measure-
modeling the dynamical processes occurring during the Colg,o s confirm the validity of correlating anomalously large

lision, and successfully describing the experimental data, tha&nisotropies with the presence of quasifisgiBriZ].
a full understanding of the physical situation can be devel- 1,4 apove picture of the orientation dependence of the

o.pedl. llt mathe:J be that trajgcto:jy fluctuations ar.?. SUffi- competition between quasifission and fusion-fission implies

ciently large that for no orientation does “pure” quUasifission y4; tre compound nucleus formation is suppressed at sub-

or fusion-fission occur, but only their probability changesyy, rier energies, and enhanced at above-barrier energies,

with orientation Of the target. . . _ ompared to expectations if the target were not deformed.
In the explanations considered, collisions with the sides Oirpare have been tentative theoretical suggestises for

the target nuclel are more likely to result in the formation 0fexample Ref[28]) that shape effects should be important in

fully equilibrated compound nuclei. For reactions with g, orheayy element formation reactions. This work proves

heavier projgctiles, it may be only tra_jectories h_aving faVor'conclusively that such shape effects play a major role in the
able fluctuations from the average trajectory which can reaclyy namics of nuclear collisions with deformed heavy nuclei.
this configuration. The beam energy required to overcome

the Coulomb barrier for this orientation is higher than that
for the average barrier. The excitation energy of the com- APPENDIX: KINEMATIC COINCIDENCE METHOD
pound nuclei will thus be higher, so whether the orientation
dependence will act to enhance evaporation resi@iR.)

cross sections in such reactions depends on the variation wi . e . .
b Inematic coincidence methdd3]. The particular applica-

excitation energy of the survival probability of E.R.’'s. This is £ th hod hi is d ibed h
sensitive to the excitation energy dependence of the fissiofion of the mgt od to this measurement is describe ' here.
The velocity vectors of the fragments were defined in

width, which in turn is dependent on the dynamical fission ; : .
time scale. A long dynamical fission time scd®6] wil spherical polar coordinates, by scalar velocitiesthe scat-
measured with respect to the beam direc-

enhance E.R. survival for nuclei formed at relatively hight,erlng angless . X .
excitation energy. The fact that very heavy elements hav8on: a@nd the azimuthal anglef;, defined with respect to a
recently been formefi27] through the use of reactions on COnvenient origin. ,
actinide targets, at bombarding energies above the average Nitially, it is taken that the two velocity vectors and the
fusion barrier, is surely because of this interplay between th8€am axis are coplanar. As will be seen, this is equivalent to
dynamics of fusion and fission. negle_c_tlngz_)pe,p. This geometry is defined in Fig(®. The
Realistic modeling of the dynamical competition betweenv€lOCities in the center-of-mass frame are denotedvby
fusion and quasifission, together with the fission-evaporatioN’Nil€ v par represents the component in the beam direction of
competition in the compound nuclei, should lead to a bettef® center-of-mass velocity of the fissioning system. The
understanding of the most favorable reactions and bombardP€asured velocity vectors can be decomposed into orthogo-

ing energies for very heavy and superheavy element produc'f‘-al components parallel and perpendicular to the beam axis.
tion. The former are given byw;=v;cos;, the latter byuy

=vp;sing,. Neglecting the small effects of prescission particle
evaporation, the two fragments are taken as colinear in the
center-of-mass frame, and the ratio

Fission fragment anisotropies and mass distributions have
been measured to high accuracy, over a wide range of angles,
for the %0 + 23U reaction. The bombarding energies
spanned the fusion barrier distribution in fine energy steps.
Fission following transfer reactions was rejected making use
of the deduced velocity vectors of the fissioning nuclei, al-can be defined, where the minus sign arises from the fact that
lowing precise determination of the properties of fission fol-u values(unlike w) can only be positive. Thus,,, is given in
lowing full momentum transfer. The FMT fission cross sec-terms of the measured velocity components by

The data analysis was based on the measured velocity
ctors of the two fission fragments. This has been called the

V. CONCLUSIONS

up _ W1 = Upar
u W2~ Upar
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(a) (b) fragment masses. To avoid this problem a different way of
determining the mass split was used in the analysis. The
Ypar Uperp fragment velocities in the center-of-mass frarkie were
Vi A 7 evaluated taking ,, to be fixed at the value expected for
v g complete fusion ., . Then the mass split can be determined
b up = vpsing up from theV; by
ﬂ \ M Vi
Beém 1T N\ ¢12 ‘ - V1+V2'
AX1s k
> Thus accurate mass spectra could be determined at all angles
1y = Vysind, | v, uy for FMT fission, since as discussed in Sec. IIl A, the assump-
| ; tion thatv pa=v.m, is appropriate for FMT fission in these
v \.'é' | reaqtions. . _
V) Vpar . Vperp Figure 8b) shows the geometry in the plane perpendicu-

lar to the beam. The measured componentare related to
the actual velocities of the fragments in the center-of-mass
FIG. 8. Diagrams of the relevant fission fragment velocity com-frame of the fissioning system by an in-plane vector having

ponents. Parfa) shows the plane including the fission fragment two components. The component parallel to the projection of
velocity vectors and the beam axis, while péit shows the plane 5 gcission axigsolid lines in the figurecannot be deter-
perpendicular to the beam. mined from the velocities alone. However that perpendicular
to the scission axis can be, and is related to the azimuthal
_ folding angle#;,, as illustrated, and is denoted bye,,. It
uptup is determined from the; and ¢4, by the relationship

u;Wwo + U,wo
Upar—

For fission following complete absorption of the projectile

by the target, the full momentum of the projectile is trans- . U1UsSings,

ferred, andu_par should be'e'qual to the calculated cen'ger—of— Uperp™ \/u§+u§—2u1u2cos¢12'

mass velocity for the collision. ,, . However, as described

in Sec. lll A, deviations from binary kinematics due to emis- o . ) o )

sion of light particles perturbs the fission fragment vectors, For FMT fission, it is only light particle emission which

resulting in a significant spread in, when thed; values are ~ CAUSE erp T0 deviate from zero, so the deviation is small.

close to 0° and 180°. This can seriously affect the deducedhus theu; are very close to the actual fragment velocities

mass split, if it is determined from momentum conservatiorSee Fig. 80)], so the assumption of planar geometry used in

in the p|aneperpendicu|arto the beam' using the equations the derivation ofM is Completely acceptable. For fission
following a transfer reaction; ,¢,can be much larger, and is

ug related to the center-of-mass velocity of the reaction. If

up+u,’ Uperp S NOt small compared to thg , as it may be for trans-
fer fission, the kinematic coincidence method must be used

Here theA, represent the masses of the two fragments, ansvith caution, since binary kinematics are no longer appropri-

M is the ratio of the fragment mass to the sum of the twoate.

A1U1:A2U2, M:
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