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Unexpected entrance-channel effect in the fission of216Ra*
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We have studied the mass and energy distributions of fission fragments from the two reactions12C
1 204Pb and48Ca1 168Er that lead to the same compound nucleus216Ra* . Despite the fact that the excitation
energy was around 40 MeV in both cases, the contribution from asymmetric fission in the first reaction is only
around 1.5% but is about 30% in the second. This marked increase in the yield of asymmetric products is
connected to the quasifission process, in which important shell effects become evident. The mass-energy
distributions are interpreted in terms of an independent decay mode competing with the normal fusion-fission
process and possibly leading to a significant suppression of the fusion cross section itself.
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The multimodal nature of the mass-energy distributio
~MEDs! of fission fragments from both the low-energy a
spontaneous fission of heavy nuclei is now widely rec
nized @1–4#. Our recent efforts have been concentrated
investigations of multimodal structures in the region of tra
sitional nuclei, 219<ACN<226, which has so far bee
poorly studied. We have previously investigated these pr
erties for 220Ra* @5#, 219Ac* , and 220,224,226Th* @6,7#; in the
present work we report on the MED of fission fragmen
from 216Ra* . In contrast to our previous experiments, t
compound nucleus was populated through two differ
projectile-target combinations, namely12C1 204Pb and
48Ca1 168Er. The results turn out to be rather unexpected

The experiments were carried out using ion beams fr
the XTU Tandem1ALPI accelerator complex of the Labora
tori Nazionali di Legnaro. The beam energy range wasElab
556– 90 MeV in the case of12C ~intensity 5–10 pnA! and
180–208 MeV in the case of48Ca ~1–5 pnA!. In this paper
we present results of measurements only at the beam e
gies Elab573 MeV for 12C and 194 MeV for48Ca. These
lead to approximately the same excitation energy in the c
pound nucleus216Ra* (ECN* 540.4 and 39.6 MeV, respec
tively, using empirical masses from Ref.@8#!. Reaction prod-
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ucts were detected by the two-arm time-of-flig
spectrometer CORSET@5,7,9#, each arm of which consiste
of a compact start detector and of anx,y position-sensitive
stop detector, 634 cm in size, both based on microchann
plates. In both reactions the arms of the spectrometer w
positioned so that the center-of-mass angle between dete
fragments was around 180°. The shortest flight path was
cm. The mass resolution of the spectrometer was estim
to be 3–5 u@5,9#. Targets of highly enriched isotopes204Pb
and 168Er about 170mg/cm2 in thickness were used, bot
formed by evaporation of the metal onto 15– 20mg/cm2 car-
bon backings.

The data processing assumed standard two-body kine
ics as presented in Refs.@9,10#. Fragment energy losses i
the target, the backing and the start detectors were taken
account. Special attention was paid to angular folding co
lations both in and out of the reaction plane, and only eve
corresponding to a two-body process with full linear mome
tum transfer were considered.

Figure 1 displays the main characteristics of the fiss
fragment MED for both reactions. Figure 1~a! shows the
two-dimensional matrix of countsN(M ,TKE) as a function
of mass and total kinetic energy for the12C1 204Pb reaction.
Figure 1~b! shows the corresponding fission-fragment ma
distribution ~MD!. The characteristic triangular shape of th
matrix and the Gaussian form of the integrated MD indic
that the influence of shell effects is small for this system. I
©2003 The American Physical Society03-1
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precisely this type of MD which is predicted by the liquid
drop@11# and diffusion models@12# in the case of a relatively
hot nucleus. The average total kinetic energy and its varia
sTKE

2 are shown in Figs. 1~c! and 1~d! as functions of the
fission-fragment mass. ThêTKE& for the heavy ~and
complementary light! fragment masses, starting fromM
.128, becomes wider than the parabola that describes
symmetric ~central! part of the spectrum@Fig. 1~c!#. The
functionsTKE

2 possesses small peaks in the asymmetric m
regions. Since the energy characteristics of fission fragm
are sensitive to the presence of an asymmetric fission m
@1,4,5,7#, the observed irregularities point to a small asy
metric contribution estimated at around 1.5%. This is w
one would predict from the systematics of asymmetric yie
as a function of nucleon composition@1,5#. Thus in the12C
1 204Pb reaction, we observe a clear picture of the216Ra*
fusion-fission~FF!, in agreement with our expectations.

The fission of this nucleus has also been investigated@13#
using the giant dipole resonance at excitation energies

FIG. 1. MED of the correlated fission fragments from the re
tions 12C1 204Pb ~left panels! and 48Ca1 168Er ~right panels! as a
function of fragment massM: ~a! and~e! show the two-dimensiona
matricesN(M ,TKE); ~b! and ~f! show the integrated mass distr
butions. Solid curves are Gaussian fits to the symmetric~central!
components and open circles~right-hand panel only! correspond to
the extracted asymmetric contribution;~c! and ~g! show ^TKE&.
Solid curves represent the parabolic approximation to the symm
ric component@7#; ~d! and ~h! show the variancessTKE

2 . Solid
curves describe the symmetric components assuming a con
value of^TKE&2(M )/sTKE

2 (M ) @7#.
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to the fission barrier (ECN* .11– 15 MeV!. As in our obser-
vations, no significant contribution from asymmetric fissi
was seen.

The right panels of Fig. 1 show the same quantities for
48Ca1 168Er reaction. All the distributions differ significantly
from those observed for12C1 204Pb. In theN(M ,TKE) ma-
trix of Fig. 1~e! the reaction products having masses close
those of the projectile and target are identified as qu
elastic and deep-inelastic events, and we will not consi
them. Reaction products in the mass range.55–160 can be
identified as totally relaxed events, i.e., as fission fragme
We have outlined them in Fig. 1~e!. Henceforth we conside
the properties of only these events. Their mass distributi
are shown in Fig. 1~f!. The large contribution~;30%! of the
asymmetric fission mode is immediately evident, manifest
itself in the form of wide ‘‘shoulders.’’ The symmetric fissio
component is described by a Gaussian shape wider than
for the 12C reaction (sM

2 5156 and 132 u2, respectively!.
This increase in variance is consistent with the results of R
@14#, where it is shown thatsM

2 increases approximately lin
early with ^ l 2&. According to Ref.@15#, the critical angular
momentum is 31\ for the 12C1 204Pb reaction and 54\ for
48Ca1 168Er. Thus the observed increase ofsM

2 agrees with
the expectations for normal symmetric fission of the exci
CN. The shape of the curve obtained for^TKE& @Fig. 1~g!# is
far from parabolic, and is much wider than the parabola
Fig. 1~c!. As for sTKE

2 , the peaks in the mass regions 80–
and 130–140 are more pronounced. Thus in the48Ca reac-
tion we observe a strong increase~by a factor of;20! in the
contribution of asymmetric fission compared with the12C
reaction. This increase is also reflected in the energy dis
butions of the fragments. It is interesting to note that t
effect is observed at all energies around the fusion barrie
the 48Ca reaction~these other energies are not considered
detail in the present paper!, though its importance decrease
sharply with increasing excitation energy.

In the framework of normal fission, proceeding throu
the formation of a CN, it is difficult to understand our obse
vations since it is well known that increasing the angu
momentum decreases the influence of shell effects@16#. In
the case of a massive projectile such as48Ca, as opposed to
the 12C reaction, the most plausible explanation is a la
contribution from quasifission~QF!, a process bypassing th
usual CN stage. This conclusion is supported by the res
of previous works@17,18#, where for 58Ni1 165Ho @17#,
48Ti1 166Er and 60Ni1 154Sm @18# it was found that there is
a clear asymmetry in the backward and forward directio
for different mass regions. This points to the nonequilibriu
nature of the process, i.e., to QF. Indeed a decompositio
the integrated mass yields into compound nucleus and
components was performed in the above papers.

In the present case, the processes of normal fusion-fis
~the symmetric component in the yield! and quasifission~the
asymmetric one! compete with each other, and we obser
the combined effect of these two independent reaction ch
nels. The quasifission mass distribution, obtained as the
ference between the experimental yield and the~Gaussian!
fusion-fission yield,
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YQF5Yexp2YFF, ~1!

is shown by the open symbols in Fig. 1~f!. As seen in Fig.
1~f!, the QF mass distribution has two bumps and, surp
ingly, its shape is very reminiscent of the standard picture
mass yields for the low-energy fission of actinide nuc
~though slightly wider!, since the average mass of the hea
fragment is around 140. It is well known that in the usu
low-energy fission of heavy nuclei two principal modes
symmetric~s! and asymmetric~a!—are obtained with differ-
ent yieldsYi and different energy characteristics TKEi and
sTKE,i

2 ~with i 5s or a). In the present case one can aga
talk of the two independent modes QF and FF. Thus,
though there is a formal analogy with low-energy fission,
modes are different, and their nature is very different t
Following this argument, we must conclude that in the reg
where the FF and QF modes overlap, the observed fis
fragments may have the same mass, as well as the s
TKE, but may be born in these two very different process
Thus the standard procedure of decomposing the MED@1#
can be applied. In addition to Eq.~1! we have

TKEexpt5TKEFF~YFF/Yexpt!1TKEQF~YQF/Yexpt!, ~2!

~sTKE
2 !expt5~sTKE

2 !FF~YFF/Yexpt!1~sTKE
2 !QF~YQF/Yexpt!

1~TKEFF2TKEQF!
2~YFFYQF/Yexpt

2 !, ~3!

where all these quantities are considered as functions oM.
The maximum insTKE

2 is achieved forYFF.YQF. It can be
seen from Fig. 1~f! that for the heavy fragments the extract
quasi-fission component has a yield equal to that for FF n
MH.132, i.e., exactly where the experimental variance
largest. Thus our assumption on the superposition of
independently formed modes appears well justified, and
can decompose the experimental distributions into two co
ponents.

Figure 2 shows the results of such a decomposition
12C1 204Pb ~left panels! and for 48Ca1 168Er ~right panels!.
The solid curves show the characteristics of the symme
component~as in Fig. 1! and the filled circles show the ex
tracted asymmetric component. For12C1 204Pb one has clas
sic asymmetric fusion-fission whereas for48Ca1 168Er one
has an overwhelming contribution to the asymmetric com
nent from QF, whose characteristics differ from those of
FF process. In particular the yield of the QF component
a much broader mass distribution and the correspond
sTKE

2 is significantly larger. The detailed shapes of the t
energy curves also clearly differ.

A hypothesis explaining the main properties of the Q
process is the influence of relatively strong shell effects. T
arrows in Fig. 2~d! show the positions of the spherical clos
shells with Z528, and 50 andN550, and 82 and their
complementary masses, derived from the simple assump
of charge/mass equilibration. The major part of the QF co
ponent fits into the region of these shells, and the maxim
of YQF is a ‘‘compromise’’ betweenZ528, N550, andN
582. Thus, it is clear that the shell structure of the fragme
formed in the mass rangesML565– 68 andMH5130– 150
01160
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strongly favors the QF process, the shells in both the li
and heavy fragments playing an important role.

The manifestation of shell effects in the QF process
been discussed in a number of experimental and theore
papers@19–25#. However, these have generally consider
cases in which heavy projectiles~U ions in reactions with
inverse kinematics! interact with actinide targets. In the MD
for such reactions the role of the doubly magic lead reg
(Z.82, N.126) has been clearly observed. However,
interpretation of such MD is ambiguous. For example,
authors of Refs.@20,21#, studying the40Ar, 48Ca1 238U re-
actions, came to the conclusion that the ‘‘lead peak’’ a
peared due to the ‘‘washing out’’ of events in the mass reg
MH5215– 230 as a result of sequential fission. However,
authors of Ref.@22#, having studied the40Ar1 232Th reac-
tion, retain the opinion that it is a direct manifestation of t
strong lead shells. Returning to our48Ca1 168Er reaction at
ECN* 539.6 MeV, we may say that the sequential fission
primary fragments of any mass is unlikely, since their fiss
probabilities are extremely small@26#.

FIG. 2. MED for the extracted asymmetric components from
reactions12C1 204Pb ~left panels! and 48Ca1 168Er ~right panels! as
a function of fragment massM: ~a! and ~d! show integrated mass
distributions. Solid curves are Gaussian fits to the symmetric c
ponent~as in Fig. 1!; ~b! and~e! show^TKE&. Solid curves are the
parabolic approximations to the symmetric components~as in Fig.
1!; ~c! and~f! show the variancessTKE

2 . For the 48Ca1 168Er reac-
tion the lower arrows denote masses corresponding to clo
spherical shells and the upper arrows denote the masses o
complementary fragments~see text!.
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Recently, in the48Ca1 208Pb, 238U, 244Pu, and248Cm re-
actions@27–30#, we have observed the effect of closed she
on the properties of quasi-fission atECN* .30 MeV. It was
found that the shell structure of heavy fission fragments~in
the vicinity of 208Pb) as well as of the light ones~in the
vicinity of 78Ni) played a role. It is interesting to note tha
for 48Ca1 208Pb the main decay channel is classic symme
fission, and the QF process manifests itself in the form
asymmetric ‘‘shoulders,’’ whose relative yield is much low
@28,29# than found here. We relate this to the fact that in t
fission of 256No* , only the light fragments in the quas
fission shoulders are in the vicinity of magic numbers.

The question arises—why do shell effects in the case
the same nucleus (216Ra* here! manifest themselves strongl
in the QF process but only weakly in the FF process? T
seems to be explained qualitatively by the concept of a
nuclear system~DNS! @24# ~originally elaborated for deep
inelastic reactions and then applied to quasi-fission! or by
using a ‘‘hybrid’’ model@25# based on a two-center concep
In these models the potential energy plays an important
and depends on the fragment masses formed in the QF
cess. The potential energy surface~PES! of a DNS is
strongly modulated by shell effects. The minima of the P
lie near the doubly magic numbers that play an import
role in fission. The DNS excitation energy is counted fro
the valley in the potential energy surface for each particu
mass partition instead of from the ground state of the co
pound nucleus. Since this is usually slightly higher than
ground state of the CN, the excitation energy of the sepa
fission fragments is on average lower. Thus, in these mod
for the same initial conditions, the QF process is ‘‘colde
than normal fission, and the sensitivity to the shell struct
is, therefore, higher.

In a recent study of fusion in the systems12C
1 204Pb, 19F1 197Au, and 30Si1 186W @31#, leading to the
same compound nucleus that is the object of the pre
work, an unexpected inhibition of fusion, along with th
presence of a significant QF component, was convincin
demonstrated for the two more symmetric systems. Howe
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this shell effect was not presented in the data of that w
@31# ~fission-fragment mass distributions are shown for a C
excitation energy of 60 MeV for the three reactions!. So shell
effects could be significantly suppressed at an excitation
ergy 20 MeV higher than in this paper. Furthermore, it fo
lows from Ref.@22#, as could be intuitively supposed, th
the QF contribution to the capture cross section depe
strongly on the entrance channel asymmetry. So for ligh
projectiles, such as19F and30Si, one should expect a smalle
effect of QF. A high yield of the QF component in th
48Ca1 168Er reaction ~with even higher entrance-chann
symmetry!, could suggest that a considerable fusion suppr
sion might be observed in this case as well. In fact we h
already performed complementary measurements of fus
evaporation residues for our two reactions at a numbe
energies, and the data analysis is in progress.

In conclusion, we have studied mass-energy distributi
of fission fragments for two projectile-target combinations
12C1 204Pb and48Ca1 168Er — that lead to the same com
pound nucleus216Ra* at an excitation energy of around 4
MeV. We have found that the contribution from asymmet
fission in the former reaction is.1.5%, whereas it is.30%
in the latter case. We interpret this dramatic increase in
asymmetric yield as a manifestation of the QF process. In
fission fragment MED for the reaction with48Ca, shell ef-
fects are clearly seen. We interpret the MED for quasifiss
fragments in a manner analogous to the low-energy fissio
heavy nuclei, that is, as a manifestation of an independ
decay mode that competes with the normal fusion-fiss
process. We propose a qualitative explanation of this p
nomenon in terms of the concept of a di-nuclear system
never passes through a full CN phase. The greater symm
of the entrance channel will clearly facilitate the evolutio
toward the favored QF mass partition, though the higher
gular momentum may also play some role.

This work was supported by the Russian Foundation
Basic Research~Grant No. 99-02-17891! and by INTAS
~Grant No. 00-655!.
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