PHYSICAL REVIEW C 69, 044611(2004

Neutron-skin effect in the nuclear reactions®®Ni+ 122Sn and 8*Ni+ 116Sn around 6 MeV/nucleon
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The use of two proton-magic nuclei for both the projectife-28) and the targe{Z=50) in the “mirror”
reaction types®Ni+122Sn and®Ni+ 116Sn, leading to the sam®%t compound nucleus, allows isolation of
possible neutron-skin effects from both the target and the projectile. In these reactions, we studied the influence
of neutron effects on the competition between fusion-fission, fusion-evaporation, and light-particle emission at
equal compound-nucleus excitation energies and similar angular momentum distribution. The comparison of
the experimental data, cross sections, and light-particle multiplicities, with the dynamical model HICOL and
the statistical model GEMINI incorporating simple aspects of the dynamics, provides insights to the mecha-
nisms of the studied reactions. Our study confirms that, at energy about 6 MeV/nucleon, there is no influence
of the entrance channel on the formation and on the decay of the compound nucleus produced by these
reactions.
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I. INTRODUCTION We measured the cross sections for fusion-evaporation,

It has been proposed that in order to produce nuclei far oﬁjsion—f?ssion, and thus total fusion, and.the multiplici.ties of
the valley of stability one should utilize reactions induced bythe emitted neutrons, protons, aadparticles[12]. Using
nuclei having “neutron Skins[’l]_ |ndeed, itis genera”y rec- this set of data, we have Compared our results with the cal-
ognized that some nuclei, such %B“ and 1228n, which are culations of two simulation codes: HICO(.a dynamical
proton magic and neutron-rich, have a neutron g@n4).  mode) [13] and GEMINI (a statistical modgl[14].

The effect of such a skin has been extensively studied in the The paper is organized as follows: in Sec. Il the experi-
Ni+Sn systems for energies above and below the fusion barmental setup is briefly described. In Sec. Il we discuss the
rier. The cross sections of fusion-evaporation, fusion-fissionanalysis procedures and the subsequent results. In Sec. IV we
and thus total fusion have been measufBd7], and the compare our results with simulations followed by a short
nucleon transfer mechanism has also been extensively stugummary in Sec. IV.

ied for these systenm8-11].

From these investigations, it appears that there is a sig-
nificant decrease in the effective Coulomb rk‘?_)%:tr;ierslfzgr colli- Il. EXPERIMENTAL SETUP
sions induced by neutron-rich isotopes suchv’a or ~<<Sn . .
at near-barrier energies and thus an increase of the fusior|1_-O J\?;n_el;ﬂ\elgumveenf c\?(l)?rrgncscr(r:lglir;t%tr glfheC\r(eCaI(_:(t?:)\Inl'Es, S';I:l(ej-
evaporation cross sectiof§]. It also seems that the neutron y ‘

H 58N\ 4 122
exchange is larger and faster using these nuclei to equilibraf§9 Were:”’Ni+=““sn at 375.4b379 and 354 MeV(b354

the N/ Z ratio. and®Ni+116sn at 382.5 Me(b382 Ni beams bombarding

The first goal of this paper is to determine any eventuaFn€rgies. Self-supporting’Sn and**Sn targets with thick-
advantage of using a neutron-rich projecfifdli on 116sn at ~ Nesses about 28)09/0”.‘2 were used. Figure 1 displays a
around 6 MeV/nucleon to produce 8%t compound schematic view of the in-plane experimental setup. The de-
nucleus(CN) compared to th&&Ni+122Sn entrance channel. tection systems consisted of the following:

The second goal of this paper is to analyze the influence of (1) Two large-area position-sensitivé,andY, multiwire

the entrance channel on the CN decay. Therefore, in order toroportional gas counte®WPC1,2 to detect and charac-
isolate any neutron-skin effect, the beam energies for the twterize the fission fragmentd=F). They were positioned at
entrance channels were chosen to produce'$ft CN ei-  29.5 cm from the target and at a central angle of 50° on each
ther at equal excitation energ’ =122 MeV) or with simi-  side of the beam axis. These detectors contain two planes of
lar angular momentum distribution. 162 horizontal and 156 vertical, 20m diameter, gold-plated

For this purpose, the reactioi®i+??Sn at 375.5 and tungsten wires separated by a double-faced aluminized mylar
354 MeV and®Ni+116sSn at 382.5 MeV were investigated. foil held at a potential of =560 V. The wire positions are
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F:::"“y acterized light charged particlékCP). They were set at a

distance of 19.5 cm from the target. Each telescope was
composed of three silicon counters with thicknesses of
85 um, 706um, and 706um, respectively. The particle
identification and their total energies were determined from
the energy deposition and/or the energy loss measurements
(AE;, AE, and AEjy).

(4) 96 DEMON neutron counters each with an active vol-
ume of 16 cm diameter and 20 cm thickness were located
outside of the reaction chamber. They were mounted on a
large Al sphere of 4 m diameter located 5 m above the
ground to minimize the scattered neutron background. Each
cylindrical DEMON cell is filled with NE213 liquid organic
scintillator and is coupled to a 5-in. photomultipliéPM
XP4512B. These detectors were positioned in & geom-
etry at a 1.85 m distance from the target as seen in Fig. 3 of
Ref. [16]. The determination of the neutron intrinsic detec-

FIG. 1. (Color online Schematic view of the in-plane experi- tion efficiency as a function of energy and electronic thresh-
mental setup. old are discussed in Ref17].

For all the detectors used in this experimental setup, the

time of flight was started by the cyclotron radio frequency.
read through a high precision semiconductor delay linesThe time stability of this reference was continuously con-
These structures are contained in a airtight enclosure itrolled using they-ray peak in the DEMON counters and
which isobutane gas circulates continually and are mainwhich was detected with a time resolution better than 2.5 ns
tained at a constant pressure of 7.5 mbar. The entrance af@WHM).
outlet faces of these detectors were made fromy2rbthick The constanT® values of the zero time of flights required
aluminized mylar foils held at ground potential. The detec-for all the detected particles and ions in these experiments
tors, covering 2 20 cnt active surface, measure theand ~ were extracted either from the elastic scattering events or
Y positions and the time of flight of fission fragments, de-from the y-ray peaks(neutron$. The uncertainty on these
tected in coincidence, with a time resolution about 500 psvalues were about 1.5 ns mainly due to the time resolution of
From these measurements, the angular positidred ¢  the beam structure.
with respect to the beam axis are determined with an angular Neutrons and LCIPp and«) were detected in coincidence
resolution of 0.4°. Based on the linear-momentum conservawith FF and ER. Unfortunately, due to the very small solid
tion law and assuming the mass of the fissioning nucleus, thengle sustained by thRl, R2 detector assemblies and the
energies and the masses of the two coincident ions are cdbeam time allocated for these experiments, the number of
culated event by event. Following this procedure and takindight particles detected in coincidence with ER was too low
account the time resolution of the beam struct(tés ng,  to undertake a study of their properties. The target holder
the uncertainties for the fragments energy losses in the targ@tas set at +18 keV potential for secondary electron suppres-
thickness10%), and the detection angular resoluti@h4°), sion. The beam was stopped in a well shielded beam dump
the systematic errors on the fission fragment masses wetecated=6 m downstream from the target. The Faraday cup,
estimated to 6%. used to read the beam current, was coupled to an electron

(2) Two micro-channel-plate-Si detector assembliesrepeller set at —1 kV potential.

(R1,R2) were used to detect and characterize fission frag- The reactions b375 and b382 were later studied without
ments and evaporation residu&R). Each of these detectors DEMON detectors. These two additional experiments, desig-
consists of two of microchannel plates with two @iE, E) nated d375 and d382 in the remainder of this report, were
counters of 380 miactive area. They were placed at 62 cmused to determine the angular distributiots/d() of the
from the target and at +7° angles on each side of the beafission fragments and the evaporation residues. Hence the
axis (with a detection opening angle of about)1The elec- detectorsRl andR2 were moved to sample the angles be-
trons, detected by the microchannel plates, were produced fiveen £7° and +11°.

a 500 A thick Au layer deposited on the entrance surface of

the AE Si detectors. These detectors measure the time of

flight, with a time resolution around 700 g#ull width at lll. ANALYSIS PROCEDURES AND RELATED RESULTS

half maximum (FWHM)], and the energy of the detected A. Properties of the evaporation residues and fission

ions to be deduced with a resolution of 50 keV. The pulse- fragments determined with the R1 and R2 detectors

height defects in the Si detectors were obtained using the

formalism of Kaufmaret al.[15] fitted to the measured spec-  To isolate FF and ER from the other particles collected by
trum of 252Cf fission fragments. the R1 andR2 detectors, selections on the two-dimensional

(3) Six triple-Si telescopeéT1-T6), positioned at back- plot of the time of flight versus kinetic energy were em-
ward angleg+115°, £140°, and +165¢ detected and char- ployed. Examples of the selections used, are shown in Fig.
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b375 and b382 experiments, by a Monte Carlo code based on Eq.

FIG. 2. (Color onling Experimentala) and simulatedb) bidi- (1) in order to determine the parametétsand S needed for the
mensional plots of time of flight vs energy of the reaction productsgy51yation of thes, Cross sections.

collected in the detectdR1l or R2 in the 58Ni(375.5 Me\j +1225n
reaction. The two-dimensional gates used to experimentally select
evaporation residues, fission fragments and deep-inelastic colli-
sions, and quasielastic scattering are indicated in p@nel
In the d375 and d382 experiments, the angles of the de-
tectorsR1 andR2 were moved to angles ef7°, —7.5°,+8°,

2(a) for the data collected in the b375 reaction. Figufg)2 ~8-9° *9°, and -10.5° with respect to the beam axis. This
displays the results predicted by the GEMINI code for thedllowed the determination of the _angul_ar distribution
same reactior[14]. Both figures are in good agreement. 47e/d(2 of the ER and the angular distributiatu/d(} of
However experimentally, while the ER events are very wellthe FF. respectively. _ o
separated from the other reaction products, the FF are mixed 19ure 4& presents the experimental angular distribution

with the events of quasielasti©QE) and deep inelastic colli- A%/ d( (in the laboratory frameof the ER (data points
sions(DIC). determined in the d375 experiment. The full curve does not

To determine the fusion-evaporation cross seciigna result from af_it to the data _points, but results from the Monte
Monte Carlo code was used to reproduce the experiment&fr© code with the&k andSinput parameters extracted from
ER velocity distributiongi?o,/dQdv,, at 6,,,=7°, observed the ER velocity distribution adjustment as shown in Fig. 3.
in the b375 and b382 runs. This code is based on the forrhilOWeVer, one observes a good agreement.
assumed by Morgenstefi8]:

= 022F @] = 500 ®
o, 2 ex[{ [Ver=Ven COS{H)]2> 2 3 d37s 2 d37s
— T _ky _
dQdvg, € 28° E ousf E ool
. a a @]
xexp( Ve S|n2(0)) (1) = 14 N
Y~ Rt 5300
2S L 3 L
0.1F
whereuv,, andu,, are the velocity in the laboratory frame of 2 2001
the ER and the CN, respectively. The valuergfwas set to 0.06F
the reaction center-of-mass velocity as expected for complett 3 100[
fusion. This code convolutes E¢l) with the effects of the 3
target thickness on the angular and the energy straggling T T T, ol i
and the effect of the beam time resolutieal.5 ns FWHM -0 -5 0 5 10 14 16 18 20 22 24
which induce an important spreading in the velocity dis- 8, (deg) By (deg)

tributions. The only free parameters in the code wKre ) o
and S which were adjusted to obtain the best fit to the FIG. 4. (a) Experimental angular distribution of the ERata

experimental data. The results of these fits are displayef°NtS as a function of the detection anglém the laboratory
in Fig. 3 rame) in the d375 experiment and the predicted regfuilli curve)

Hsing the values of the parametétsand S extracted from the ER
velocity distributiongFig. 3). (b) Experimental angular distribution
of the FF (data point in the center-of-mass frame in the d375
experiment and the results of the fit bykdsin(¢;) type function

oo = (2m)%KS, (2)  where#; is expressed in the center-of-mass frame.

The fusion-evaporation cross sections are determine
from the resulting values df andS as
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TABLE |. Experimental cross sections of fusion-evaporatiag, fusion-fissionot, and total fusion
Otusion= Oert 0. The valuest,;; are the corresponding critical angular nomenta extracted from the experi-
mental or theoreticaby,j,n aSsuming the sharp cut-off approximati@n; sjor=mx2({ it + 1)%. The theoretical
values{.,;; are based on the static fusion model of Wild{®]. For comparison, are also listed the anuglar
momental g, at which 8%t fission barrier is predicted to vanish in the calculations of SjefK.

Reaction U'er(mb) T (b) O'fusior{b) €crit €crit er:O
Experimental  Static model (%)

58N+ 12250 at 375.5 MeV 50+5  1.45+0.13 1.50+0.14 150 1114 724

64N+ 1165n at 382.5 MeV 50+8  1.40+0.13 1.45+0.14 149 120 72

Figure 4b) presents the center-of-mass angular distributic events as shown in Fig.(@. This is the reason why

tion doy/d() of the FF observed in the d375 experiment. The€Xperimental values of i and osion cOuld not be used as

experimental datéfilled squareyare fitted by the function: ~input parameters in any statistical modéke GEMINI).
This is in contrast to the study performed in our recently

doy K published work[16]. The input parameters used are dis-
== (3 cussed in Sec. IV A.

dQ  sin(4)
Wheregf is the center-of-mass emission angle of the FF and B. Properties of the fission fragments measured with the
K is the fit parameter. The fusion-fission cross sectigns detectors MWPC1, 2
determined as: From the measured masses and velocities of the two FF
detected in coincidence in the two MWPC, the total kinetic
o= 2m°K. (4)

energy (TKE) in the center-of-mass frame could be esti-
mated. To separate fission from other processes, a two-

ibution do/d0 b t th ! h dimensional plot of TKE versus the FF mass was used as
tr; ution erf T eﬁause of the conversion to the Czgtedr'shown in Fig. 5. The events in the two “ears” shaped regions
of-mass frame. To these errors, uncertainties were added [ s figure correspond to the elastic and quasielastic reac-

take into account the difficulty to isolate fission from DIC . products while the events in the “head” are associated

and QE events. with fission and deep inelastic processes which are indistin-
__The extracted values afy, e, and Orusion=01+0er A€ gjishable. Indeed, even the correlations between the polar
listed in Table | for the reactions s_,tudled in this work. The anglesf;, of the FF1 detected in the MWPC1 and the angles
errors ono,, correspond to the maximum difference between(9f2 of the coincident EE2 detected in the MWPC2 do not

the values calcula'ged using the extreme Va'“?s of the inplﬁllow one to separate the DIC and the fission processes. To
parameter& andSin the Monte Carlo code which generate

an ER velocity distribution within the error ba¢statistical

and systematic erroy®n the data points. The experimental

valuesoy, are in agreement with the reported data by Free-

man et al. [5]. In contrast, the extrapolation of the experi-

mental values of; as reported by Leski®] and Wolfs[7] at

our beam energy domain seems to be lower than ours and 300

more in agreement with fusion static modésee Table )l

This is due to our difficulty to separate fission, DIC and QE

in our experimental results. 200
Table | also displayg;, the maximum¢ wave involved

The uncertainties odaf/d(_) are larger than for the ER dis-

TKE (MeV)
N
=]

@ Elastic

in the complete-fusion processes. These values are estimated Fission

. . ; and DIC
from either the experimental or the theoretiogls;,, values, 100
assuming the sharp cut-off approximation, i.6%,sion
=mX°(€i+1)% In Table |, the theoretical values 6f;; are .
calculated using the static fusion model of Wildked]. Also T,
listed are the angular momen€g, at which the'®%Ppt fis- % 40 80 120 160 200

sion barrier is predicted to vanish in the calculations of Sierk
[20]. The large values of the theoretical and experimental

Cerit, @s compared tdgi=o, Clearly suggest the presence of k|G, 5. (Color onling Evolution of TKE as a function of the
another reaction mechanism i.e., contributions from fast fiSmass of the reaction products detected in the MWPCL in the b375
sion [21] or completely relaxed DIC. Similarly, the differ- experiment. One can clearly identify the contributions of the differ-
ence between the calculated and the experiméfitalalues  ent reaction processes resulting frofiNi(375.5 Me\j+12%Sn
originates from the mixing of fusion-fission and deep inelas-eaction.

Mass (nucleon)
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Experimental data Tassan—Got simulation GEMINI simulation
w TOF 70 2 .
é" ; (@ \ 705N F_IG. 6. () Experimental cor-
Q65 H 65 65 relation betweend;; and 6;, fis-
D 60f 60 60 sion fragments polar angles as ob-

served by the MWPCs in the

58Ni+12%Sn at 375.5 MeV reac-

tion; (b) identical simulations us-

ing Tassan-Got and Stéfan code
[22] for QE and DIC events(c)

55
50
45
40

55
50f
45f
7

TR

35 35 similar simulations using
30 b e, | 30 B 30 A SR GEMINI code for conventional
30 35 40 45 50 55 60 65 70 30 35 40 45 50 55 60 65 70 30 35 40 45 50 55 60 65 70 fission.

0 o (deg)

illustrate this, Fig. @) presents this experimental correlation  The cross sections for fusion-fissian were determined
(65> Vs 6;1) for the angular region covered by the two MW- by applying the same method that was used for the detectors
PCs in the reactiofNi(375.5 Me\j+12’Sn. Figure @) dis-  R1 andro, ie., by adjusting the angular distributidor/dQ)
plays the identical results for the DIC and the QE events as S .
predicted by the simulation using the Tassan-Got and stéfaly the center-of-mas.s frame byﬁsm(ef) function as shown
code[22]. Figure Gc) displays similar results for the conven- N Fig. 8. The resultingr values, which are not corrected by
tional fission as predicted by the GEMINI cogitescribed in ~ the intrinsic detection efficiency, are listed in Table II. The
Sec. IV B). It appears that it is indeed impossible to find anyMWPC efficiencies, also listed in Table I, are determined
angu|ar regior(afl, %) where the fission is Comp|ete|y iso- through the ratios Ofo calculated from the MWPCegTable
lated from DIC process, in contrast to the QE. Three region$) and oy calculated from thé&kl andR2 detectorgTable ).
designated by the numbers 1, 2, and 3 are shown in Fay. 6 The resulting efficiencies are similar to the values extracted
and their corresponding events are displayed on the TKE vE0m the elastic-scatteringoeasic/ dorun data discussed pre-
Ay, correlations in Fig. 7. It is noted that the events of regionviously.
1, whose FFs are emitted at rather forward angles, are asso-
ciated with intense asymmetric mass partition processes with
mean TKE values similar to the fission ones. It also appears
that, the more one approaches the center of the MWPCs, the Two types of radiation can pass through the reaction
more the mass partition becomes symmetric but with a widehamber wall and be detected by the DEMON cejlsays
mass distribution. and neutrons. To separate these two radiations, a “pulse-
In order to determine the intrinsic detection efficiency of shape discrimination” technique has been utilized. The inte-
the two MWPCs, we calculated the ratio of the experimentabrated slow(Qs) and the totalQy) parts of the light-output
differential cross sectiodo,,id d() to the value expected signal delivered by each detector were correlated in a two-
for the Rutherford scatterindog,/d() at the different de- dimensional plot as displayed in Fig. 9. The neutron kinetic-
tection angles in the MWPCs. These ratios were found to benergy spectra were constructed from the neutron times of
of 75 to 80% for angles smaller than 34° and decrease as tHght with the appropriate correction for the energy-
detection angle increases, illustrating the presence of inelastependent intrinsic detection efficiencies of the DEMON de-

C. Results from the DEMON detectors

tic processes. tectors[17]. The energy spectrdfv,/dQdE, were fitted as-
350 Resi 1 350 350
~ egion ~ - i —~ i
S s g S 30 |- Region 2 2 o | Region 3
2 250 | S 250 |- 2 250 |-
g 20T g 200 - g 200 -
150 — — 150 150
o] (2 o [ oo |-
50 L , ‘ ‘ \ . 50 Lo , \ . \ . 50 L s ‘ . . s
40 60 8 100 120 140 40 60 8 100 120 140 4 60 80 100 120 140
A 7l (nucleon) A 7l (nucleon) A 7l (nucleon)
é 1600 é 1600 £ § 2500 &
8 1200 8 1200 E 8 -
800 E 800 E- 1500
i aof wol.
0E.L . w . : 0 . . . . . s s . . s
40 60 8 100 120 140 4 60 80 100 120 140 40 60 8 100 120 140
A f (nucleon) A f (nucleon) A f (nucleon)

FIG. 7. (Color online TKE vs A¢; correlations and their projections on tAg axis for the different angular selectio(s 2,3 shown in
Fig. 6(a).
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= N b382 < 1000~
2 C L] =1
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FIG. 8. Fit of FF angular distributiodof/d(_) in the center-of- Q1 (channel
mass fr_ame by &/sin(6;) function type in the reaction b382 ob- FIG. 9. Discrimination ofn-y in a DEMON detector using
served in the MWPC detectors. pulse-shape analysis of the light-output signal.

suming contributions from three sources; prescissiOtherature and the associated neutron multiplicity of the FF
neutrons emitted by the CN before fission and postscissiofetected in the MWPC2postscission parameters®" and
emissions from the two fission fragments FF1 and FF2. Thgen 5ra the nuclear temperature and the associated neutron
prescission spectrum corresponding to neutrons emitted frogtiplicity of the CN (not detected and assumed to recoil
the CN was assumed to be of a “surface” type Maxwelllana|ong the beam axigprescission parameters

fj|str|but|on[16], and its expression in the laboratory system These six parameters are first determined by fitting the

IS neutron experimental energy spectléy,/dQdE, for the
P _ whole set of DEMON detectors. However, the number of
(T vr) = —"2|5n1 [ NaEd/Th, (5) free parameters was reduced assuming that the temperatures
AnT, E, of the two FF were equalT'=T?), as expected for a ther-

mally equilibrated fissioning nucleus. It should be noted that

the fission fragments was assumed to be of a “volume” typwo preequilibrium contribution was observed in these experi-

Watt distribution[16,23, and its expression in the laboratory Subsequently, in a second step, the temperatures were

system Is held fixed and the multiplicities were refined by fitting the
v = = neutron angular distributiondv,/d(} in and out of the reac-

fu(Th,vn) = —Z(WTn)g/z\’Ene "in, (6)  tion plane by the following expression:

In these equationsy,, and T,, are the multiplicities and the dv, o - 0 o

nuclear temperatures associated with the respective emitting 05" f fu(Ty vy JdE+ f fu(Ty, vy )dE

sourcesE, andE, are the neutron energies in the laboratory S B

and in the center-of-mass frames, respectively. Thus the ” n_en

function used to fit the energy distributions of neutrons de- +f f(Ta i) dE, (8)

E
tected in coincidence with the two FF in the MWPCs was: °
& whereEg is the neutron energy threshold, imposed on each

Un__ f(TIL o) + f(T12,0/%) + £4TSN1E. (7). experimental neutron spectrum, which was set Hg

dQdE, =2 MeV. Note that in our setup, neutrons agdays were

T;l and le are the nuclear temperature and the associate I_ready well discriminated abové.25 MeV threshold.

neutron multiplicity of the FF detected in the MwpC1 '94'€ 1Qa) compares the experimental energy distribu-

(postscission parametersT’? and v are the nuclear tem- ggrs]i?io];né gQ:t%" fggoth:nga(;)cglgfeg:hnil Etlf;(;oa géfgor
n— n— n— .

. o ) 10(b) shows the corresponding comparison for the angular

TABLE Il. Experimental fusion-fissiomr; cross sections result- distributiondw,/dQ of 12 DEMON detectors positioned in

ing from the MWPC detectors data and their deduced mean dete‘fhe reaction r[]:)lanezi) =0°. In these figures, the dashed

. . . . . . n— . y

tion efficiency in the two studied reactions. lines represent the prescission contribution from the CN

and the dotted and dashed-dotted lines are the postfission

Reaction o1 (B) Etficiency components associated with the FF1 and FF2, respec-
58N+ 1225 at 375.5 MeV 1.09+0.04 75+10% tively. The thick solid lines represent the sum of all these
64Nii+ 1165 at 382.5 MeV 1.18+0.04 80+10% contributions and this should be compared to the experi-

mental data(open and black data points, respectively
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5 f 0,500 @ Fi2
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= y < 1 amples of fits to a neutron kinetic-
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From these figures, one observes that the CN emissiongtion justifies the assumption that the CN is

are focused to forward angles and that the FF contributhermodynamically equilibrated prior to scission. One can

tions dominate at angleg,=+50°, around the central an- also observe a constant increase of the FF1 multiplicitj,és

gular positions of the two MWPC. with its massA;;. For a constant temperature process, the
Figure 11 presents the evolution of the fitted neutron mul-excitation energyJ of the emitting nucleus is expected to be

tiplicities and the nuclear temperatures for the three emittingroportional to its mas4 as illustrated in the following ex-

sourcegCN, FF1, and FFRas a function of the magk;; of  pression:

FF1, in the reactions®Ni+'??Sn at 354 MeV and®Ni

+1165n at 382.5 MeV. It should be noted that the tempera-

tures of the FF and the CN obtained in the fits remain essen-

tially constant for all studied mass asymmetries. This obser-

A
U=a,T%=—T?, (9)
4

5¢ vl © 4 b3sa wherea, is the level-density parameter which can vary from
> F ol Al7 to A/11 MeV™* as a function of nuclear temperatures
M3 z Lt [24].
3 = One can also observe in Fig. 11 that the CN multiplicities
3 ] v" are quite independent from the ma&g. But it seems,
3 L nonetheless, that!" decreases for very asymmetric mass
a3 o o0 - s _an partitions and especially in ti&Ni+ 2?Sn experiment. This
Foe * o pEeee e St may result from the important mixing of fission events with
! 3 3 other inelastic processes such as quasielastic which have a
[ P CN e F1 o F) vCN e FlorF2 larger presence in th&Ni+122Sn experiment for kinematic
60 80 100 120 60 80 100 120 reasons. Table Il lists the multiplicities and nuclear tempera-
Ay (nucleon) Ay (nucleon) tures for symmetric mass partitiop; =(A./2)£5 nucle-
ong events which are less contaminated by other nuclear
> b3s2| ~ 4 b382 processes.
> % F We also observe in Table Ill that the extracted multiplici-
4 e 3F ties and temperatures for the CN and for two the FF are the
s 3 L &L same, within the error bars, for the two Ia_\st reactions. In fact,
] * E as shown in the first column, these reactions lead to the same
) 3 e 2y I CN with the same initial excitation energy(Ey,
E i F et e e, =123 MeV) in contrast to the first reaction for which the CN
E o 1F has a higher valuéE_,= 139 Me\).
F +CN eFl oR f +CN e FlorR2
60 80 100 120 60 80 100 120 D. Light charged particles

FIG. 11. Evolutions ofe¢", 4%, and

A 7 (nucleon)

2

A 11 (nucleon)

, the experimental neu-

The discrimination among LCP was achieved using two
bidimensional plots: the energy lost in the second Si counter

tron prescission and postscission multiplicities and the correspond®Ez @s a function of the energy lost in the fisSsE; and the

ing nuclear temperatures.", TI}, and T2, in the reactions®Ni
+1165n at 354 MeV(b354 and ®Ni+11%Sn at 382.5 Me\(b382),

n:?

energy lost in the third counteXE; as a function ofAE, as
shown in Fig. 12. Only« particles and protons were ana-

as a function of the FF1 masg§;. The dotted lines are to guide the lyzed because the yield of the other LCP was not sufficient to

eye.

determine their multiplicities with statistical significance.
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TABLE lIl. Initial excitation energies of thé®%®Pt CN formed in this work. Also listed are the experi-
mental prescission and postscission neutron multiplicities and nuclear temperatures determined for the CN
and the FF for a symmetric mass partition.

Reaction E., (MeV) N T(Mev) =2 TE=TR(Mev)
%8Ni+1225n at 375.5 MeV 139 3.2+0.2 1.9+0.1 2.3+0.1 1.4+0.1
%8N+ 1225n at 354 MeV 124 3.0£0.2 2.0£0.1 2.0+0.1 1.4+0.1
64Ni+116sn at 382.5 MeV 122 3.0+0.2 1.8+0.1 1.9+0.1 1.4+0.1
The energy spectra of protons aadarticles in the labora- €exp
tory system were normalized and fitted with a Coulomb- > 20+ 1)T(¢)
shifted Maxwellian spectrum: o (=l
(T = —f———, (11)
crit
, > (26+1)
—Ed Ve = E \/7 ( E B /Tlcp (10) (=t
dEAY  i—f17onc 47TT|cp where
— _ _ a( . hHME+D)
whereE andE are the energies of the LCP in the laboratory T() = A Bon= 05— (12
n

and center-of-mass frames, respectivdy,are their effec-
tive emission barriers. To reduce the number of fitted paramwith A, being the mass of the CN aridits momentum of
eters,j;, andT,;,, we have fixed to the mean CN tempera- inertia. The value of,, which corresponds to the maximum
ture calculated as value of the angular momentum leading to the ER formation
is extracted fromo, and €2 is taken from Table I.

Moreover, the temperatures and the postscission multi-
plicities of the two FF, which are free parameters in the fit,
were assumed equal over the entire fission mass distribution,
ie., 15 =15 and Tio, =TiZ. An analysis of these multiplici-
ties as a functlon of the fISSIOI’l mass partition was not pos-

N
190
(=3
(=]

AE, (channel)
S
S

=00 sible because the large statistical uncertainties.
The emission barrierB, in Eq. (10) were calculated from
1000 Vaz and Alexander systemati¢25]:
200 i 1.44,
- B.= T(MGV) for p (13
0 500 1000 1500 2000 2500
AE 1 (channel)
. - 2.8%
S 2000 Bng(M eV) for «a, (19
= . 1.18A "+ 4.642
5+ (5
i
€, 1500 whereZ; and A; are the charge and the mass number of the
o ] source nucleusi=f1, f2, and CN. However, the best fits
- 1200 of the LCP energy distributions were obtained by lower-

ing by 4 MeV the CN associated barriers of Rg25].
800 ¥ - d Such effects have been already observed in previous stud-
. ies [26—30 and appear to reflect both increased diffuse-
ness and deformation of the emitters for large angular
& momenta. Table IV presents the results_of the analyses of
0 200 400 600 800 1000 1200 1400 LCP energy spectra derived from the six Si-detectors T1
AE, (channel) to T6. The uncertainties take into account the statistical

and systematical errors. The former are large because of

FIG. 12. (Color online Bidimensional plots showing the dis- the small number of detected LCP.
crimination of the different LCP from the correlation of the energy ~ Moreover, it is important to note that, in our analysis,
losses in the three Si counteis;, AE,, and AE; of each Sitele- LCP emission barriern Eq.(10)] were maintained constant
scope. The plotted data were obtained with the reacfei during the full decay process of the CN. However deforma-
+1225n at 375.5 MeV. tion of the composite system is important in DIC and evolves

400
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TABLE IV. Experimental prescission and postscission LCP nuclear temperatures and multiplicities deter-
mined for the compound nucleus and fission fragment sources in the three discussed reactions. The values

T,CC“p are calculated following Eqg11) and(12) (see text for details

Reaction T (MeV) TL=T (MeV) o vit=v? N yfl=yf2

58N+ 1225 at 375.5 MeV 2.2 1.7 0.28+0.25 0.24+0.15 0.14+0.10 0.16+0.11
58N+ 1225n at 354 MeV 2.0 1.7 0.16+0.14 0.17+0.10 0.10+0.07 0.06+0.04
64N+ 1163 at 382.5 MeV 2.0 1.7 0.16+0.14 0.23+0.13 0.11+0.07 0.10+0.07

with time. Thus, the barriers are suspected to substantiallure must be compared with the experimental data in Fig. 5.
decrease allowing LCP to escape with small kinetic energiesOne can observe that, if one selects the events such as those
For this reason we may have experimentally underestimateit the “head” in Fig. 180), we select an important contribu-
the LCP multiplicities. tion of deep inelastic events with angular momenta smaller
than{},.o(=150%). Table V lists the cross sectiofis barng
of total “fusion” as predicted by HICOL simulations, includ-
ing the DIC in this selection. The experimental values and
the values predicted by the static fusion model of Wilcke
[19] are also listed in this table. One can observe a very good
The code HICOL[13] describes, as a function of time, the agreement between the experiment and the HICOL predic-
evolution of the nuclear interactions between the projectildions.
and target during a collision. However, this code does not The full squares in the three figures correspond to the
describe the subsequent decay by fission or the evaporatisagion of symmetric mass partition. One can observe in Fig.
of an excited nucleus. The reactions simulated by the codd 3(b) that the completely damped DIC are present in this
are thus primarily quasielastic and deep-inelastic reactiongegion. Figure 1&) displays the evolution of the nuclear
Fast fission may be considered in this dynamical code adeformation(ratio of major to minor axes, see Sec. |V &f
completely damped DIC with a large number of nucleonsthe formed system as a function of the angular momerftum
exchanged. predicted by HICOL. The mean deformatigratio) of the
HICOL can calculate, amongst different reaction param-dinuclear system leading to mass-symmetric reaction prod-
eters, the TKE and the mass of the final reaction productsucts (full square is equal to 2.4 in these calculations.
Figure 13a) displays the mass evolution of the reaction
products, i.e., the quasitarget and quasiprojectile as a func-
tion of the angular momentum. The angular momentiyg,
below which the final mass partition is quasisymmetric The code GEMINI[14] is a statistical Monte Carlo code
(As1=90+5 nucleonk is also displayed in Fig. 18 and is  which simulates the decay of a compound nucleus given with
equal to 10@. Figure 13b) represents the evolution of the an initial angular momentum and an excitation energy. Al-
TKE as a function of the mass of one reaction product corthough GEMINI cannot predict the cross section of fusion, it
responding to th&Ni(375.5 MeVj +12%Sn reaction. This fig- can calculate the fusion-evaporation cross section and the pre

IV. SIMULATIONS

A. Dynamical calculations

B. Statistical-model calculations

280

- r A =
g F (a) o (b) S275F (©)
s _ > 2 = E
g 1op Target | = [ ® o E
- r m 2400 ® ® |V E
o F = 265
- 3 o
E 200 [ E
= —ssymmetric partition i I 255
e hicol ° E
80 | r / \ E
[ 160 - =
: Projectil " Necofmeces® | L
E rojectile o X oo E : 2
d . ° ® E —> symmetric partition
60 - 120 symmetric partition 2355 (=region 2)
Pl Pl pidarilorid eiy E ol e T N T T S T
80 120 160 200 60 80 100 120 80 90 100 110 120 130 140
1 (h) A 4 (nucleon) 1 (h)

FIG. 13. (Color onling HICOL predictions for the(a) mass evolution of the reaction products as a function of the orbital angular
momentum;(b) evolution of the TKE as a function of the angular momentum and the mgasef one reaction product in the reaction
58Ni(375.5 MeVj+1223n; (c) evolution of nuclear deformation of the composite sysi@nean ratio(ratio) of major to minor axegsas a
function of the angular momentum.
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TABLE V. Total fusion cross sections in barns measured in the TABLE VI. Values of the parametera;/a,, Tgl), and rff) in zs
experiments and predicted with HICOL and the static model ofobtained from fitting the experimental fusion-evaporation cross sec-
Wilcke [19]. tions and the neutron prescission and postscission multiplicities in-
troduced with the statistical-model code GEMINI.

Reaction Ofusion Ofusion Ofusion

HICOL Experimental Static model a¢/a, AV=72(10°2%)
b375 1.47 1.50+0.13 0.82 58Ni+ 1225 at 375.5 MeV 1.17+0.03 70+5
b354 1.56 0.87 58Ni+ 1225 at 354 MeV 1.17+0.03 70+5
b382 1.45 1.45+0.13 0.94 64Nj+1165n at 382.5 MeV 1.13+0.03 40+5

and postscission multiplicities of all emitted light particles. _ . . . . .
We have simulated our reactions with GEMINI only for this shape was taken as prolgtéth ratio of major to minor

symmetric fission(A;=90+5 nucleons But, even in this &X€S Of 2.4 as shown in Fig. &3] rotating about an axis
case, the corresponding events are still mixed with DIC oP€"Pendicular to its symmetry axis. Evaporation was consid-

fast fissionsee Fig. 18)]. In order to take this into account, ered for a time period Qfé).Wh'Ch is meant to represent the
the simulations were separated in two regigas already duration of the fast-fission interaction. Deformation energies,

used in Ref[16]). In the region 1, it was assumed that the rotational energies, and transmission coefficients appropriate
CN is spherical for conventional fission which is allowed in for the assumed deformation were used in the statistical-
the angular momentum ranges € Where {g;-o is the ~ model simulations. For conventional and fast fission, the ex-

angular momentum at which the fission barrier is predicteditation energy at scission is divided between the two fission

to vanish in the calculations of SiefR0] (see Table). The fragments and the postscission evaporation is simulated us-
region 2 is associated to largérwaves and the CN was ing spherical transmission coefficients.

assumed deformed for the DIC leading to quasisymmetric In the GEMINI code three input parameters have been

mass partitiongr-o={ < {5, [See Fig. 18)]. adjusted to reproduce our experimental data as follows.

In region 1, a standard statistical decay of the CN is mod- (1) Tgl) and rﬁf): fission dynamical delay times to be
eled. The partial decay width for light-particle evaporation isadded to the lifetime of the CN before its scission.
calculated with the Hauser-Feshbach formalism using stan- (2) as/a,: the ratio of the nuclear level density parameter
dard spherical transmission coefficients as in Rgf]. The at the saddle point to the level density parameter at equilib-
fission decay width is calculated from the transition-state forfium point(ground statg
malism using the angular-momentum-dependent fission bar- The value ofa, in Eq. (9) was taken equal t8/9 MeV!
riers from Sierk[20]. By treating fission purely statistically, and the initial excitation energy was assumed to correspond
it has generally been found difficult to explain the large ex-to the full momentum transfer reactions, i.e., complete fu-
perimental prescission multiplicities of light particles in CN sion. In a pure and standard statistical-model code, the pa-
decay[32]. Therefore in order to simulate larger prescissionrameters should ba;/a,=1, 74=0, and ratio=1. With slight
emissions, dynamics are often introduced into the simulamodifications of this set of input parametdfer example:
tions. This consists of either a fission delay’, an initial ~ a+/a,=1.05, 73=0, and ratio=1, GEMINI can successfully
time period where evaporation is allowed but fission is hin-predict the experimental cross sectiey. However, the pre-
dered due to the entrance-channel dynamics and the attaiflicted »;;" values come out to be lower than 1 and therefore
ment of a thermal distribution of CN shapes, and/or by parmuch smaller than the experimental valusse Table 1)
ticle evaporation during the transition from the saddle pointclearly justifying the introduction of fission dynamics. More-
to the scission point. In these simulations we have chosen t@ver, to take into account the fast-fission processes, the simu-
model only the first of these and obtajﬂ) from fitting the lated prescission and postscission multiplicities values are
experimental data. As a simplification in the GEMINI simu- calculated as a weighted average:

lations, the fission decay width is set to zero uprfé and @ (1) 4 @ (2
then promptly assumes the transition-state value. v = % (15)
In region 2, a full treatment of fast fission or fully damped o+ 0@

DIC would require a dynamical model which considers the B @ i o

variation of the shape of the composite system from théVherey ™~ andy™ are the simulated multiplicity values from
amalgamation of the projectile and target nuclei to the subf®8ion (1) and (2), respectively. They are function of their
sequent separation of the final fragments. During these dycorresponding dynamical delay timg’ and 7’ and func-
namics, one should also allow for the evaporation of lighttion of a/a,. o' and o' are the cross sections associated
particles. However, we have followed a simpler schemeVith the two investigated’ regions. Following this proce-
which we believe captures the most important aspects of fagture, the best parameterg’, 7, anday/a, found to repro-
fission that relate to prescission and postscission evaporatiofltice our experimental fusion-evaporation cross section and
The evaporation from the composite system was treated @gutron prescission and postscission multiplicities were ex-
being from a deformed system of constant deformatioriracted. Their values are listed in Table VI. It appears that
which is meant to represent the mean shape of the systeméz) andas/a, are very high compared with reported values in
prior to scission. Based on the dynamical code HIJO®], Ref.[16,33. The effect of such a large value af/a, on the
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fission cross section is equivalent to a decrease by 30% advaporation and fusion-fission around 6 MeV/nucleon. At
the Sierk fission barriers used in the GEMINI code. Inenergies near the Coulomb barrier, the results from Freeman
fact, such a decrease is needed to increase the fissiat al.[5] indicated a largeo, for the ®Ni+ 1%Sn reaction in
probability of the CN and thus to reproduce our low ex-favor of a neutron-skin effect at low bombarding energies.
perimental fusion-evaporation cross sectigrs0 mb. In  As a general conclusion, our results suggest that the neutron-
the same wayrgz) had to be large in order to reproduce the skin effect on the fusion and on the competition between
large neutron multiplicities emitted from the deformed fusion-fission and fusion-evaporation disappears when the
CN. projectile energy largely exceed the Coulomb barrier.
GEMINI is an efficient statistical-model code which can  The neutron multiplicities associated with the CN and the
reproduce conventional and fast-fission data if parametervo FFs were determined using the DEMON multidetector
such asa;/a, and 74 are modified to account for the dynamic array for fissionlike events. The results,'=3+0.2 andy'!
aspects of the decagee, for example: Ref§16,24,29, and  =»?=2+0.1 for symmetric mass partition, indicate that there
references therejn But, following our approach, we have is no difference between the two reactions leading to the
not been able to reasonably reproduce our experimental vakame CN with equal excitation energy, i.€3Ni+122Sn
ues because the best fitted valuesagfa, and 74 are too — %Pt (E'=122 Me\) and O&Ni+eSn— 18Pt (E
different from the normally expected values. Indeed, we=124 Me\).
must artificially increase the fission probability significantly  In conclusion, we can confirm that the decay of the CN,
and consequently the lifetime of the CN. This is apparentlyproduced by these reactions, is completely independent from
due to the presence of a significant deep-inelastic contributheir entrance channels.
tion, indistinguishable from fusion-fission events. Indeed, Therefore, at bombarding energies above the Coulomb
HICOL predicts that DIC are present in “symmetric fission” barrier, there is no clear advantage of using either of the
(see Fig. 13 This characteristic is more important when studied reactions to produce the compound nucleus. A skin
projectile and target have similar masses. This may be theffect could appear only at low energy or in more peripheral
reason why GEMINI reproduces very well experimental datainteractions such quasielastic processes.
for systems like?°Ne+!%°Tb and®°Tm at comparable beam  To compare our complete set of data with theoretical val-
energies[16] but does not work reasonably for the Ni+Sn ues, the statistical code GEMINI was usgdf]. The new
systems. version of this code takes into account the deformation effect
on the CN decay. A set of initial parameters in the code
V. CONCLUSION allowed us to reproduce our experimental data. However, the
fitted values, i.e.a;/a,=1.17 andTEf):?O zsin the reactions
b354 and b382, are unexpectedly larger than previously pub-
lished result§6,16]. This comes from the important presence
of DIC in the fission events which was not well simulated by
the code. This analysis suggests the need for a dynamic code
such HICOL but taking into account the evaporation of light
%articles and the fission probabilities like GEMINI.

The cross sections of fusion-evaporatieg and fusion-
fission o; have been measured for the two following reac-
tions: S8Ni+'?2%Sn at 375.5 MeV and %Ni+11%Sn at
382.5 MeV. The cross sections of fusion-fissienobtained
using detectorf1l and R2 or the MWPCs were in agree-
ment, but clearly higher than the predictions based on th
static fusion model of Wilckg¢19]. These observations could
be explained by the presence of deep inelastic events mixed
with fis_sion. Such an affirmation was demonstrated using the ACKNOWLEDGMENTS
dynamical code HICOL[13].
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