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Unexpected entrance-channel effect in the fission of'Ra*
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We have studied the mass and energy distributions of fission fragments from the two redéGons
+ 20%Ph and®Cat 1%Er that lead to the same compound nuclétfRa*. 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 distributionsucts were detected by the two-arm time-of-flight
(MEDs) of fission fragments from both the low-energy and spectrometer CORSE[B,7,9, each arm of which consisted
spontaneous fission of heavy nuclei is now widely recog-of a compact start detector and of &yy position-sensitive
nized [1-4]. Our recent efforts have been concentrated orstop detector, 84 cm in size, both based on microchannel
investigations of multimodal structures in the region of tran-plates. In both reactions the arms of the spectrometer were
sitional nuclei, 218Acy=<226, which has so far been positioned so that the center-of-mass angle between detected
poorly studied. We have previously investigated these propfragments was around 180°. The shortest flight path was 14
erties for??Rat [5], **°Ac*, and ?20??422Fh* [6,7]; inthe  ¢m. The mass resolution of the spectrometer was estimated
present work we report on the MED of fission fragmentsto be 3-5 [5,9]. Targets of highly enriched isotop&8*Pb
from 2%Ra&". In contrast to our previous experiments, the and 188 about 170ug/cn? in thickness were used, both
compound nucleus was populated through two differenformed by evaporation of the metal onto 15—26/cn? car-
projectile-target combinations, namely*C+?*Pb and  pon backings.
48Cat 58T, The results turn out to be rather unexpected.  The data processing assumed standard two-body kinemat-

The experiments were carried out using ion beams fronics as presented in Ref&?,lO]. Fragment energy losses in
the XTU Tandem-ALPI accelerator complex of the Labora- the target, the backing and the start detectors were taken into
tori Nazionali di Legnaro. The beam energy range \Eag  account. Special attention was paid to angular folding corre-
=56-90 MeV in the case of°C (intensity 5-10 pnAand  [ations both in and out of the reaction plane, and only events
180-208 MeV in the case dfCa(1-5 pnA. In this paper  corresponding to a two-body process with full linear momen-
we present results of measurements only at the beam enem transfer were considered.
gies Ejp=73 MeV for *“C and 194 MeV for*®Ca. These Figure 1 displays the main characteristics of the fission
lead to approximately the same excitation energy in the comfragment MED for both reactions. Figurgal shows the
pound nucleus®*®Ra* (E&,=40.4 and 39.6 MeV, respec- two-dimensional matrix of countsi(M, TKE) as a function
tively, using empirical masses from R8]). Reaction prod-  of mass and total kinetic energy for théC+ 2°%Pb reaction.

Figure 1b) shows the corresponding fission-fragment mass
distribution (MD). The characteristic triangular shape of the
*Electronic address: pokrovsk@cv.jinr.ru matrix and the Gaussian form of the integrated MD indicate
TElectronic address: sagaidak@sunvas.jinr.ru that the influence of shell effects is small for this system. It is
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to the fission barrier Eg=11-15 Me\j. As in our obser-
vations, no significant contribution from asymmetric fission
was seen.

The right panels of Fig. 1 show the same quantities for the
“8Cat 1%y reaction. All the distributions differ significantly
from those observed fol’C+ 2%Pb. In theN(M,TKE) ma-
trix of Fig. 1(e) the reaction products having masses close to
those of the projectile and target are identified as quasi-
elastic and deep-inelastic events, and we will not consider
them. Reaction products in the mass rangeb—160 can be
identified as totally relaxed events, i.e., as fission fragments.
We have outlined them in Fig.(8). Henceforth we consider
the properties of only these events. Their mass distributions
are shown in Fig. ). The large contributioli~30%) of the
asymmetric fission mode is immediately evident, manifesting
itself in the form of wide “shoulders.” The symmetric fission
component is described by a Gaussian shape wider than that
for the *°C reaction ¢34 =156 and 132 % respectively.
This increase in variance is consistent with the results of Ref.
[14], where it is shown thair, increases approximately lin-
early with (I%). According to Ref[15], the critical angular
momentum is 34 for the °C+ 2%Pb reaction and 4 for
48Cat 1%%r. Thus the observed increasedf; agrees with
the expectations for normal symmetric fission of the excited
CN. The shape of the curve obtained {@KE) [Fig. 1(g)] is
far from parabolic, and is much wider than the parabola of
Fig. 1(c). As for o3¢, the peaks in the mass regions 80—90

3000
2250
1500
750

FIG. 1. MED of the correlated fission fragments from the reac-and 130—140 are more pronounced. Thus in f@a reac-

tions Y2C+ 29Ph (left panels and “Ca+ 8% (right panel$ as a

tion we observe a strong increads a factor of~20) in the

function of fragment mash!: (a) and(e) show the two-dimensional contribution of asymmetric fission compared with théC
matricesN(M, TKE); (b) and (f) show the integrated mass distri- reaction. This increase is also reflected in the energy distri-

butions. Solid curves are Gaussian fits to the symmétentra)
components and open circlésght-hand panel onlycorrespond to
the extracted asymmetric contributiotc) and (g) show (TKE).

butions of the fragments. It is interesting to note that this
effect is observed at all energies around the fusion barrier in
the “8Ca reactior(these other energies are not considered in

Solid curves represent the parabolic approximation to the symmeyetail in the present papetthough its importance decreases

ric component[7]; (d) and (h) show the variancesr%KE. Solid
curves describe the symmetric components assuming a constant

value of (TKE)>(M)/a2¢e(M) [7].

sharply with increasing excitation energy.

In the framework of normal fission, proceeding through
the formation of a CN, it is difficult to understand our obser-
vations since it is well known that increasing the angular

precisely this type of MD which is predicted by the liquid- momentum decreases the influence of shell effb. In
drop[11] and diffusion model$12] in the case of arelatively the case of a massive projectile such*ga, as opposed to
hot nucleus. The average total kinetic energy and its variancgye 12C reaction, the most plausible explanation is a large
ofe are shown in Figs. (t) and 1d) as functions of the contribution from quasifissiofQF), a process bypassing the

fission-fragment mass. TheTKE) for the heavy (and
complementary light fragment masses, starting froi

usual CN stage. This conclusion is supported by the results
of previous works[17,18, where for *Ni+ 1%Ho [17],

=128, becomes wider than the parabola that describes thTj+ 6% and 5°Ni+ 1%Sm[18] it was found that there is

symmetric (centra) part of the spectrunjFig. 1(c)]. The

a clear asymmetry in the backward and forward directions

function o4 possesses small peaks in the asymmetric masfer different mass regions. This points to the nonequilibrium
regions. Since the energy characteristics of fission fragmentsature of the process, i.e., to QF. Indeed a decomposition of
are sensitive to the presence of an asymmetric fission modée integrated mass yields into compound nucleus and QF
[1,4,5,7, the observed irregularities point to a small asym-components was performed in the above papers.

metric contribution estimated at around 1.5%. This is what

In the present case, the processes of normal fusion-fission

one would predict from the systematics of asymmetric yieldgthe symmetric component in the yig¢ldnd quasifissioffthe

as a function of nucleon compositigth,5]. Thus in the'’C

+ 2%%Pp reaction, we observe a clear picture of féRa

fusion-fission(FF), in agreement with our expectations.
The fission of this nucleus has also been investiggt&l

asymmetric onecompete with each other, and we observe
the combined effect of these two independent reaction chan-
nels. The quasifission mass distribution, obtained as the dif-
ference between the experimental yield and tBaussian

using the giant dipole resonance at excitation energies ne&msion-fission yield,
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Yor=Yexp~ Yrrs 1)
12C + 204Pb N 216Ra* 48Ca +168Er H216Ra*

is shown by the open symbols in Fig(flL As seen in Fig.
1(f), the QF mass distribution has two bumps and, surpris- ,
ingly, its shape is very reminiscent of the standard picture of 103
mass yields for the low-energy fission of actinide nuclei 3]
(though slightly widey, since the average mass of the heavy 10
fragment is around 140. It is well known that in the usual
low-energy fission of heavy nuclei two principal modes—
symmetric(s) and asymmetri¢a)—are obtained with differ- 10"
ent yieldsY; and different energy characteristics TK&nd

O-'ZI'KE,i (with i=s ora). In the present case one can again __
talk of the two independent modes QF and FF. Thus, al- % 170
though there is a formal analogy with low-energy fission, the &
modes are different, and their nature is very different t0o. A
Following this argument, we must conclude that in the region § 150
where the FF and QF modes overlap, the observed fissionk=
fragments may have the same mass, as well as the sam

TKE, but may be born in these two very different processes.

Egy = 40.4 MeV Egy = 39.6 MeV

L) AZ=s0)  ApZ=28)]
D, ns2) Ap(N=30)

1021

counts

Thus the standard procedure of decomposing the NMED & 450 + ¢4
can be applied. In addition to E¢l) we have 3 ot L
§1oo. ;,, % ¢ m; 1
TKEexpt: TKEFF(YFF/Yexpt) + TKEQF(YQF/Yexpt): (2) o E + ++ +H+
2 2 2 6 91 %%ﬁfé +’0§++H+
(07ke) expr= (TTKE) YR/ Y expd) T (07ke) oF Y oF/ Y expd) 0

60 80 100120140 60 80 100120140160

+(TKEge—TKEQR) X(YeeY o Yad: (3 M ()

where all these quantities are considered as functiorid. of FIG. 2. MED for the extracted asymmetric components from the

The maximum inoe is achieved folYee=Yqe. It can be  reactions?C+ 204pp (left panel$ and *®Ca+ %% (right panel3 as

seen from Fig. (f) that for the heavy fragments the extracteda function of fragment mass!: (a) and (d) show integrated mass

quasi-fission component has a yield equal to that for FF neafistributions. Solid curves are Gaussian fits to the symmetric com-

My=132, i.e., exactly where the experimental variance isponent(as in Fig. 3; (b) and(e) show(TKE). Solid curves are the

largest. Thus our assumption on the superposition of twarabolic approximations to the symmetric componéassin Fig.

independently formed modes appears well justified, and wé); (c) and(f) show the variances?,; . For the “Ca+ **%r reac-

can decompose the experimental distributions into two comtion the lower arrows denote masses corresponding to closed

ponents. spherical shells and the upper arrows denote the masses of the
Figure 2 shows the results of such a decomposition foeomplementary fragmentsee text

12C+ 2%pp (left panels and for “8Ca+ %%r (right panel$.

The solid curves show the characteristics of the symmetristrongly favors the QF process, the shells in both the light

componentas in Fig. 2 and the filled circles show the ex- and heavy fragments playing an important role.

tracted asymmetric component. FGC+ 2%4Pb one has clas- The manifestation of shell effects in the QF process has

sic asymmetric fusion-fission whereas fiCa+ %%r one  been discussed in a number of experimental and theoretical

has an overwhelming contribution to the asymmetric compopapers[19-25. However, these have generally considered

nent from QF, whose characteristics differ from those of thecases in which heavy projectilés) ions in reactions with

FF process. In particular the yield of the QF component haiverse kinematigsinteract with actinide targets. In the MD

a much broader mass distribution and the correspondinfpr such reactions the role of the doubly magic lead region

o2 is significantly larger. The detailed shapes of the two(Z=82, N=126) has been clearly observed. However, the

energy curves also clearly differ. interpretation of such MD is ambiguous. For example, the
A hypothesis explaining the main properties of the QFauthors of Refs[20,21], studying the*®Ar, “%Ca+ 2% re-

process is the influence of relatively strong shell effects. Thections, came to the conclusion that the “lead peak” ap-

arrows in Fig. 2d) show the positions of the spherical closed peared due to the “washing out” of events in the mass region

shells withZ=28, and 50 andN=50, and 82 and their My=215-230 as a result of sequential fission. However, the

complementary masses, derived from the simple assumpticauthors of Ref[22], having studied theé'®Ar+ 23Th reac-

of charge/mass equilibration. The major part of the QF com#ion, retain the opinion that it is a direct manifestation of the

ponent fits into the region of these shells, and the maximunstrong lead shells. Returning to offfiCa+ %%r reaction at

of Yo is a “compromise” betweerZ =28, N=50, andN &n=39.6 MeV, we may say that the sequential fission of

=82. Thus, it is clear that the shell structure of the fragmentgprimary fragments of any mass is unlikely, since their fission

formed in the mass rangéd, =65—68 andM;=130—-150 probabilities are extremely smdR6].

011603-3



RAPID COMMUNICATIONS

A. YU. CHIZHOV et al. PHYSICAL REVIEW C67, 011603R) (2003

Recently, in the®Ca+ 2°%b, 238U, 24%Pu, and?*®«Cm re-  this shell effect was not presented in the data of that work
actions[27-30, we have observed the effect of closed shell§31] (fission-fragment mass distributions are shown for a CN
on the properties of quasi-fission BEy=30 MeV. It was  excitation energy of 60 MeV for the three reactipri3o shell
found that the shell structure of heavy fission fragméirts effects could be significantly suppressed at an excitation en-
the vicinity of 2°®Pb) as well as of the light onen the  ergy 20 MeV higher than in this paper. Furthermore, it fol-
vicinity of “®Ni) played a role. It is interesting to note that lows from Ref. [22], as could be intuitively supposed, that
for *%Cat 2°%Pb the main decay channel is classic symmetriche QF contribution to the capture cross section depends
fission, and the QF process manifests itself in the form oktrongly on the entrance channel asymmetry. So for lighter
asymmetric “shoulders,” whose relative yield is much lower projectiles, such a&’F and3°Si, one should expect a smaller
[28,29 than found here. We relate this to the fact that in thegffect of QF. A high yield of the QF component in the
fission of ®No*, only the light fragments in the quasi- 484+ 168, reaction (with even higher entrance-channel

fission shoulders are in the vicinity of magic numbers. symmetry, could suggest that a considerable fusion suppres-

) The questllon gjrgieask—hwhy do §fhel| ﬁﬁectslln the CaST? oLion might be observed in this case as well. In fact we have
the same nucleu erg manifest themselves strongly already performed complementary measurements of fusion-

. ; o) i N . .

in the QF process .bUI only \_/vegkly in the FF process? Th'.%vaporatlon residues for our two reactions at a number of
seems to be explained qualitatively by the concept of a d"energies and the data analysis is in progress

_nuclea_r syster_r(DNS) [24] (originqlly elaborat_eq ﬂ?r deep In con,clusion, we have studied mass-energy distributions
|ne_last|c“ reac_tuzns and then applied to quasi-fissionby of fission fragments for two projectile-target combinations—
using a “hybrid” model[25] _based ona two—cen_ter concept. 1261 204pph and*8Cat 6% — that lead to the same com-
In these models the potential energy plays an important rol ound nucleusi®Ra at an excitation energy of around 40
and depends on the fragment masses formed in the QF pr leV. We have found that the contribution from asymmetric

CSSS' IThe goltetntcljalb enr(]arglgly ;ur{a«i_IE_ES Qf. a D';ltsh 'SPESfission in the former reaction is1.5%, whereas it is=30%
strongly modu'ated Dy shefl efiects. 1he minima of the n the latter case. We interpret this dramatic increase in the

lrls|en'ena:¢';2%r?0¥r?(lgy S‘\lag'g r;‘.g}%el:se;ﬁt plzyc(&)ln n'trgg?:toa; symmetric yield as a manifestation of the QF process. In the
in fission. > excitatl ! u . fission fragment MED for the reaction witffCa, shell ef-

the valley n th? potential energy surface for each p""rt'(:ljl"’l\;ects are clearly seen. We interpret the MED for quasifission

mass partition instead of from the ground state of the COmfragments in a manner analogous to the low-energy fission of

pound nucleus. Since this is usually slightly higher than th : . ; : :
ground state of the CN, the excitation energy of the separaiheavy nuclei, that is, as a manifestation of an independent

fission fragments is on average lower. Thus, in these model('?fecaly mode that competes with the normal fusion-fission
for the same initial conditions, the QF process is “colder” f)rocess. We propose a qualitative explanation of this phe-

than normal fission, and the sensitivity to the shell structure o oo in terms of the concept of a di-nuclear system that
. . ' y Sever passes through a full CN phase. The greater symmetry
is, therefore, higher.

In a recent study of fusion in the system¥C of the entrance channel will clearly facilitate the evolution
+ 20%pp, 194 97Au, and 3°Si+ 88 [31], leading to the toward the favored QF mass partition, though the higher an-

same compound nucleus that is the object of the presel%UIar momentum may aiso play some role.

work, an unexpected inhibition of fusion, along with the  This work was supported by the Russian Foundation for
presence of a significant QF component, was convincinglyBasic ResearciiGrant No. 99-02-17891and by INTAS
demonstrated for the two more symmetric systems. HowevetGrant No. 00-655
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