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In-plane and out-of-plane correlations of light charged particles and neutrons emitted in the
35CI (260 MeV) +2“Mg complete fusion reaction have been measured to investigate deformation and angular
momentum effects upon the decay®8€u compound nucleus. An array of 21 Badfystals has been used to
identify the light charged particleZ<4) and neutrons emitted in coincidence with heavy fragménts5)
detected in six ionization chamber telescopes. Coincident energy spectra and angular distributions of neutrons,
protons, ande-particles have been described by the statistical-model calculations with nuclear level densities
tuned to take account of deformation effects in the emitters. This spin-dependent approach suggests the onset
of large nuclear deformation i#?Cu at high spin. This conclusion is consistent with the recent observation of
a superdeformed band in tR&Cu nucleus.
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[. INTRODUCTION to probe the individual reaction mechanisms in the light-
mass region under considerati¢h2—37. In particular, a

i .Ovefr the pfr?lst'fewaears, ddfeep-|nela$m1) ?'rbmng col- statistical-model analysis ai-particle spectra shapes in co-
ision, fusion-fission(FF), and fusion-evaporatio(FE) pro- i igence with the evaporation residu&R) from 5°Cu pro-

cesses between light heavy ions have been extensively Stuaﬁced in the®S +27Al reaction suggests strong angular mo-

ied [1-3] in order to investigate the macroscopic properties : : ;
of highly excited and deformed dinuclei. Some of the Char_mentum induced deformations, larger than those predicted by

acteristic properties of hot nuclei at high spin have been wel otating liquid-drop model(RLDM) calculations[12-15.
explained in the framework of existing FF modes4] in- urthermore, superdeforme(SD) rotational bands have

o . . .. been found in various mass regia#s=40, 60, 80, 130, 150,
dicating that DI process is not the dominant mechanism innd 190 and, very recently, one SD band has also been
the 45<Acy=<60 light-mass region. In this context the oy areq in thé®Cu nucleus[38—41] in agreement with

**Cl (280 MeV) +2Mg reaction has been studied in great d€-the predictions of either Skyrme-Hartree-Fock and

tail [5_1]]'.” ha_s peen Shown that aftgr c_o_mplete fusiGi) Strutinsky-Woods-Saxon calculationgt2] or relativistic
asymmetrical fissiofi6,8] occurs at a significant level for the mean-field theorie§43].

59 i
Cu compound nucleuéCN) according to what has been As an attempt to understand why these systems undergo a

ohbserveqbt)reviou_stl)y for n(faig?bori?g guc[ej"‘]' Howevek;, FF process, we propose to investigate their shapes at high
the possible contribution of a long-lived DI process could noty, iiiation energy and angular momentum. In this paper, ex-
be ruled ouf{6]. At high excitation energy and angular mo-

ch vari ¢ | h b erimental results are presented on light part{tle) emis-
mentum a rich variety of nuclear shapes can be encountere fon (both LCP and neutron emission are considgfetiow-

For example, variations in the nuclear deformation should b?ng the FE of the®Cu CN formed in the®Cl (260 MeV)
refl_ect_ed in p_article emission through mgdification of the 24Mg reaction. The analysis is intended to provide insight
emission barriers and r_luclear level den§|t|es. A r!“”_‘ber O?r-no the deformation of this CN. Inclusive experiments have
studies have used the light charged parti¢l€F) emission already been dedicated to theparticle evaporation from the
59Cu CN formed by theé®?’S+27Al entrance channgll2—-15
but they were largely limited to inclusive-particle energy
*Present address: University of Surrey, Guildford GU2 7XH, spectra. We shall focus here on exclusive LP angular corre-

United Kingdom. lations for the FE process. THeCl+2“Mg reaction has been
TPresent address: Brookhaven National Laboratory, Upton. studied extensively using inclusive dg6] and fragment-
*Deceased. fragment angular correlations d4ta 8] measured at some-
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FIG. 1. Experimental setup of the LP-fragment correlation mea- &  *°
surements for thé®Cl+24Mg reaction atE,,,(3°Cl)=260 MeV. -
E 55 Heavy Ions
what higher incident energig€,,,(*°Cl) =280 MeV]. The ® |8
results have shown that the FF process is also an open chaﬂé ) g e Elastic
=

nel to produce the binary reaction products. Preliminary LP—~ '©
results of the present work have already been reported else
where [9]. Exclusive measurements of LCP from both FF
and DI processe§l0] will be discussed in a forthcoming 5 o 200 50 T =
publication. Total component (arb. units)

The paper is organized in the following way. The experi-
mental setup and LP discrimination techniques are described FIG. 2. Bidimensional LP spectra measured in #figl+2*Mg
briefly in the following section. The experimental results arereaction at the indicated angl@) Fast component vs total compo-
presented in Sec. Ill. Section IV contains the description ofent scatter plotb) TOF vs total component scatter plot. The inset
the theoretical framework for the statistical model using ashows the positions of the gates relative to the anode signal in order
Monte Carlo version of thecAscADE Hauser-Feshbach to extract the fast and total components of the Bsinal.
evaporation cod¢12,13,44. This is followed by a detailed
comparison of its predictions with the experimental results
Concluding remarks are presented in Sec. V.

% e e
N o
Proton Deuteron

d=13.0 to d=42.0 cm, and the solid angles varied from
AQ=0.45 msr at the most forward anglesA62=4.79 msr
at the backward angles according to the expected counting
rate. Each of the ICs was filled with ¢Bas at a pressure of
Il EXPERIMENTAL PROCEDURES 52 Torr and fo!lowgd by a 50@m thick Si(SB) de.tector.
The energy calibration of the telescopes was carried out us-
The experiment was performed at the Saclay Posting elastically scatteredCl projectiles from 25Qug/cn?
Accelerator Tandem Facility. The 260 Me¥Cl pulsed thick Au and 100ug/cn¥ thick C targets and from th&Mg
beam was incident on a 25@y/cn? thick, self-supporting, target, combined with measurements withsources and a
99.9% enrichecP*Mg target mounted in the 2 m diameter precision pulse generator. On an event-by-event basis, cor-
scattering chamber “chambre 2000.” Carbon and oxygemections were applied for energy loss in the target and in the
contaminants in the target were each estimated to be leshtrance Mylar window foils on the ICs and for the pulse
than 10ug/cn? thick, using a 2 MeVa-beam backscatter- height defect in the Si detectors. To correct for the carbon
ing techniqug6]. The time structure of the pulsed beam hadcontamination, measurements were also made at the same
a period of 74 ns and was used in the time-of-flighOF)  detector angles and with comparable beam conditions using
measurement. The experimental setup, displayed in Fig. the 100ug/cn? thick, self-supporting, carbon foil as a tar-
consisted of both heavy-ion telescopes and LP detectors. get. Further details of the experimental procedures can be
The ERs and other reaction products were detected in sifound elsewherg3,6,8 in the description of similar mea-
small ionization chambegilC) telescopes located in two per- surements.
pendicular planes, the intersection of which was along the The LCPs and neutrons were identified with an array of
beam axigsee Fig. 1. Three ICs were located in the hori- 21 hexagonal Bafcrystals[45] using the pulse-shape dis-
zontal plane, on the same side of the beanyat=-10°, crimination technique in conjunction with TOF measure-
—-20°, and —-30°. The three remaining ICs were located in thenents. Each crystal was 10 cm thick and 31.5 mm width,
vertical planef,,,=10°,20°, and 33°, defining an out-of- stopping protons up to 200 MeV. The front faces were cov-
plane configuration for the LP detectors. As shown in Fig. 1ered with thin aluminized Mylar, Zzm thick. Most of the
the distance of these telescopes from the target ranged fro@l BaF, crystals were located at a distance=e62 cm from
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104

the target in the horizontal plansee Fig. ) betweendy,

= —75° andf,,=+90° in order to permit both the in-plane
and out-of-plane angular correlation measurements. Asym
metry corrections were applied for the eight scintillators
which were not located precisely in the horizontal plane be-
tween f,,= +15° andf 4= +80°. Typical particle identifica-
tion spectra are shown in Fig. 2 in whi¢h) the charge and
(b) the mass discrimination are easily achieved. A perfect
isotopic separation of all LCPs up =3 andA=7 was
possible when combining the TOF and the pulse-shape dis%mZ;
crimination techniquescf. Fig. 2. Although its efficiency &
has an energy dependen@ks], neutron detectiofil0] was

also achieved, however with a rather low efficiency of about
8% [46].

The Bak crystals were calibrated using TOF technique
with the time reference given by the peak position of the
prompty rays. LCP and neutron velociti®sand energieg&
were deduced from the total charge output induced by the
scintillating light signal 1" with the simplified nonlinear re-
lations proposed by Lanzarei al. [45]:

E(MeV)=al?+Db,

@] )

Proton Ol particle

+ B = 33.58°
~ O.m=8594°
« Oem=94.55 [

O = 39.84°
o 8= 101.90°
O = 108.35°

units)

10°k

.m, (arb.

o~

QJE

Proton

75 O particle
' . 0., 85.94°

- o= 108.35°

o
o

()

and V(cm/ng = ayal® +b,

2

where for each particle species the paramgtés known to
be a universal constat5]. The B8 values were thus taken to
be the mean values obtained from the fits performed for all
the scintillators:3=0.91 for protons and 0.83 fow par- ;
ticles, respectivelysee Ref[10] for detaily. Due to the PR PRI SN YU B
fact that reasonable particle discrimination is very diffi-
cult to achieve at very low energy for both representations
(fast, total; TOF, totgl energy thresholds of about
2.0 MeV for protons and 5.0 MeV fow particles were
imposed.

(d°6/dQdE),,_(arb. units)
o

E_, MeV)

FIG. 3. Inclusive proton@ and «-particle (b) kinetic energy
spectra measured in the center-of-mass system fof>@le- 2*Mg
reaction at the indicated c.m. anglés) Comparison between pro-
ton anda-particle energy spectra.

I1Il. EXPERIMENTAL RESULTS 3 2 . . .
5Cl+2*Mg reaction. The incomplete fusiqiiCF) cross sec-

A. Inclusive measurements tion has been measured to be less than 60 mlEat

Typical inclusive LCP kinetic energy spectra in the =280 MeV [6] and therefore represents only a very small
center-of-masgc.m) frame are presented in Fig. 3 at the (3%) portion of the total reaction cross sectif@stimated to
indicated c.m. angles. The energy spectra have a Maxwelliapeé =~1800 mb according to the optical mod@M) analysis
form with an exponentiaj falloff at h|gh energy. A Compari_ of the measured elastic Scatteri[@]). This conclusion is
son[see Fig. &)] between thex-particle and proton energy consistent with evidence of ICF and preequilibrium emission
spectra shows that they have the same trend and slope; thpich was found only at higher incident energig2,47
differ only in the positions of their maxima due to higher (Eian=10—15 MeV/nucleon
emission barrier fora particles. This is consistent with a
statistical deexcitation process arising from a thermalized
source. We assume that the exponential slope at high energy,
which is independent of LCP angle detection, can be consid- Typical proton andx-particle coincident energy spectra in
ered as a nuclear thermometer. Thus the LCP arises fromhe laboratory frame are shown in Fig. 4 for the ERs detected
an evaporation process of a decaying nucleus whiclat 6,,=-10° with 18<Z=<24 at the indicated laboratory
has been heated to a relatively high temperaturangles. In order to know more about the source of the LCP,
(4 MeV=T=<5 MeV) as will be discussed in the following. Galilean-invariant differential cross sections
Some knoblike distortions, due to the decay from fragment$d?o/dQdE)p ic? plotted in theV,—V, map are displayed
in binary decay processes, appear on the high-energy slopeés,Fig. 5 for the protons and particles in coincidence with
and LCP preequilibrium contributions are found to be negli-ERs havingZ=20,22, and 23, respectively, andV, de-

B. Exclusive measurements

gible in agreement with the inclusive daf&,6] and the
fragment-fragment coincidence ddta,8] available for the

note the laboratory velocity components parallel and perpen-
dicular to the beam, respectively. The mean values of the ER
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& & 10 netic energy spectra measured in coincidence
g 1 d . g 1 with ERs in the laboratory system for the
3 10° 3 1050 20° 35CI+24Mg reaction at the indicated laboratory
1025 1023 angles. The ER$18<Z<24) were detected in-
plane by the IC located a,,=-10°.
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velocities are represented by a thick arrow. The circles aréo the momentum conservation law. The most important re-
defined to visualize the maxima of production; their centerssult which can be drawn from these plots is that all the spec-
correspond to the mean values and directions of the velocira can be understood by assuming a single source; consistent
ties of the emitters and are represented by thin arrows. It cawith the CN origin. This leads to the conclusion that no
be seen that the largest part of the yield is concentrated at trevidence of preequilibrium emission either from the target or
opposite side of the emitter with respect to the beam axis duffom the projectile has been observed. Components of pre-
equilibrium emission from other sources would have im-
PROTON Ol particle posed repulsion barriers smaller than those indicated in
Fig. 5. Other smaller radius circles centered in either the
Caleium | projectile or target velocity are ngeded to account for the
, yield of the LCPs. These facts justify a confrontation of the
data with a statistical-model code which will be presented in
the following section.

In-plane and out-of-plane angular correlations are pre-
sented in Figs. 6 and 7 for protons andarticles in coinci-
dence with all ERs detected at the indicated angles. The in-
plane correlations displayed in Fig. 6 are peaked at the
T opposite side from the ER detectors with respect to the beam.
These correlations are found to be much flatter for the pro-
tons than fora particles. By neglecting the Coulomb barrier
differences and by assuming the same emission temperature,
the o emission velocities are half those of the protons, which
constrains thex particles to a much narrower solid angle
cone (forward peakeyl than the protons. The out-of-plane
angular correlations displayed in Fig. 7 have a behavior in
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FIG. 5. Exclusive proton and-particle Galilean-invariant cross 1071 L L . 1020 1 L
. . . . . . -100 -50 o 50 100 -100 -50 ()] 50 100
sections measured in coincidence with Ca, Ti, and V ERs for the ©;.cpldeg) O cp(deg)

35Cl+2Mg reaction. Galilean-invariant cross sections are plotted as
a function of the perpendicular and parallel velocities with respect FIG. 6. In-plane angular correlations of protons angarticles

to the beam axis. The ERs were detected in-plané,gt—10°. in coincidence with ERs in the laboratory system for the
Thick arrows indicate the mean velocity of the ER and the thin one®®Cl+2*Mg reaction. The ERs were detected in-plane at
indicates the center of the circle. Oer=—10° andfzg=-20°. The dashed lines are a guide to the eye.
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i Opr=10° . Opg=20° slope parametef’, or apparent temperature, can be directly
*F “F related to the nuclear temperature parametéxTP) of the
1k . _104f emitting source. The NTP can be deduced from the excita-
‘é wef T T ‘é msf e tion energyE”" using the Fermi-gas model formuld =aT?,
s B e .. wherea is the well known level-density parameter. Despite
= *r o 5;’_102;. T its simplicity, formula(3) can explain the observed Maxwell-
IF Ao [ F - ian shape of the measured energy spectra as shown in Fig. 8.
;}sm L I a4 SN We have attempted to extract the NTP as well as the emis-
= - % B sion barrier by fitting the experimental energy spectra of the
= = b ea LP in the frame of the parent nucleus. Table | gives the
1°‘§r 2 Proton i 3 f 2 et results of the NTPs for each emitter. Knowing that the de-
102L . . . 102 . . . tected LP can be emitted from any stage of the evaporation
-100 -50 o 50 100 -100 -50 o 50 100

O, cpldeg) ©, cp(deg) cascade, this approximation may appear to be too simplistic.
However it has been checked that the stage of emission has a

FIG. 7. Same as Fig. 6 for out-of-plane angular correlations. Thestrong effect on the emission barrier only, and not on the
ERs were detected in the vertical plafgee Fig. 1 at ggg=+10° slope parameter which is of interest here.
and 6= +20°. Figure 8 shows the result of the fitting procedure applied

) ) ) o to the energy spectra measured in the emitter reference frame
ex-a si’(gap)], with two possible distinct components (a5 deduced from the detected ERhe Maxwellian shape
visible in thEa-particle angular correlations with a broaden- was used for neutronS, protonS, mﬂ@artic'es and is shown
ing at backward angles. This effect may be due to the fachs a function of the detection angle. Since there is essentially
that thea particles can be emitted either at the beginning orq angular dependence of the slope parameter for each LP
at the end of the decay chain when the angular momentum '(%ee Fig. 9 a mean value of the apparent temperature has
smaller. The proton cannot remove as much angular mometyeen deduced for each ER.
tum as thex particles. This is the main reason why this effect A correction of the NTP, due to the rotational motion,
is much less significant in the proton angular correlation. needs to be introducei®4] in order to make the values ex-

By using a simple Weisskopf approach to predict the entracted for the protons or the particles consistent. This
ergy shape of LP spectra, i.e., LCP and neutrons evaporate@rrection, which takes into account the average energy car-
from an equilibrated and fully thermalized source, the probjed away by the LP, as well as their separation energy from
ability of emitting a LCP and/or a neutron with energys  the composite system and the rotational engfgy, is given

giVen by the fO”OWing eXpreSSiO["ﬂ.O,59,6(}Z by the fo”owing approximate formu'H_O]:
0 for & <By ( 5m>
_ _ T=\1-|T, (4)
Ple) —ST,szexp<— £ ,BX> for &> B,, 3 2M

where T’ is the apparent temperature extracted from the
whereB, is the emission barrier of the charged partixldéts  slope parameter, and andM are the masses of the LP and
value is equal to zero in the case of neutron emission. Th&R, respectively.

NEUTRON PROTON Ol particle
Olab=10° 103 (-)hb=10° 103k elab=100

5
NG
T
.

L - 10%F
Z 2 Z X FIG. 8. (Color onling Kinetic
g, 5 5 10 v energy spectra of neutrons, pro-
'§ 10'E P ﬁ 'g ‘0-1!' tons, anda particles detected at
5 107 325 g e ‘°’fr the indicated angles in coinci-
& 10 = = dence with Ti residues, plotted in
-55 % slor the frame of the emitting source
g g” %4,0-'!' for the 35CI+24Mg reaction. The
g & % 10%f Ti residues were detected in-plane
g g g r at Geg=-10°. The solid lines are
o o i | Maxwellian fits which are de-
© 2 = 4oL scribed in the text.
1035-
r
10 r
r
107"k
0
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TABLE |. Apparent temperature parameferand nuclear tem- TABLE Il. Nuclear temperature paramet@rof the indicated
perature parameteF of the indicated ERs as extracted from the ERs estimated with the two indicated values of the level-density
LCP and neutron energy spectra in the source reference fiszaee parameter.
text). The quoted error bars are only statistical and do not include &

systematic uncertainty 6£10%. Nucleus T(A/8) T(A/12)
z,A Cascade  E'(MeV) (MeV) (MeV)
Emitting Detected
LP fragment fragment T’ (MeV) T (MeV) 29-59 119.3 4.02 4.93
28-58 b 102.9 3.77 4.61
Neutron 22 22 2.56+0.50  2.40+0.50 5 57 > 86.5 348 4.97
24 24 3.61x0.50  3.44+050 5 ¢y T, 1p 80.8 3.46 4.04
Proton 19 18 2.23+0.02  2.09+0.02 ,c 5o W, 2p 64.4 312 382
20 19 2.40£0.02  2.25%0.02 55 5 . 751 3.43 3.20
21 20 251£002 2372002 5 g5 T,3p, 1n 31.6 2.23 2.73
22 21 2.81+0.01  2.66+0.01 5, g; 2, 1p 58.7 3.07 375
23 22 3.11+0.01  2.95+0.01 53 4q T, 4p, 2n 12
24 23 3.40+0.01  3.23+0.01 53 4q 2,2p 423 263 392
25 24 3.82+0.03  3.64+0.03 53 47 % 53.0 3.00 368
a 20 18 351+0.03  2.67+0.03 55 47 ,5p,3n _340
21 19 3.49+0.02  2.69+0.02 55 47 2,3p,1n 8.9
22 20 3.64£0.02  2.86+0.02 5, s 3, 1p 36.6 252 3.09
23 21 3.68+0.01  2.93+0.01 5 45 T,6p,4n 668
24 22 4.08+0.01  3.28+0.01 51 45 2, 4p,2n 239
25 23 4.80+0.02  3.90%0.02 1 45 3, 2p 20.2 1.90 2132
26 24 5.69+0.05  4.68+0.05 1 43 & 30.9 2.40 294
20-43 v, 7p,5n -99.6
A phenomenological approach has been used to determirz9—-43 2v,5p,3n -56.1
the NTP from the excitation energy of the fragments in a20-43 3v,3p,1n -12.6
cascade leading to the ER of interest. Using the Fermi-gagg_42 4, 1p 14.5

model formula we can deduce the NTP by using two differ
ent and extreme values of the level-density parameter:
a:A/lZ 0I’A/8. The |atter Value iS the Standard one Wh|Ch iSparameter up tca:A/ 12 has a.ISO been found adequate in
Commonly used in statistical-model Calculatio[js4] per- higher-mass Systems for some CaB@E_Sa The mean ex-
formed in the mass region considered, however a decrease @fation energy removed by the LP, referring to our recent
higher eXCitation energies Of the Value Of the IeVeI'denSitysystematic resu“qs's] has been taken to be approximate'y
16 MeV and 22 MeV for proton and-particle, respectively.
The remaining excitation energy can be calculated for the
v Neutron daughter nucleus as shown in Table Il. The values of the
10 : ‘&r"“’" NTP thus calculated are compared to the values deduced
s from the fits in Fig. 10. The full line has been calculated with
a=A/8 and the dashed line with=A/12. Within the error
6 bars (including systematic uncertainties ef10%) the ex-
M perimental data are satisfactorily reproduced veithA/8, a
value which appears to be consistent with previous work
[20,55,57. This value will be used as an input for the
statistical-model calculations described in the following sec-
tion. We note that for the fragments obtained from two cas-
4 . cades a weighted mean value has been calculated favoring
the cascade which contains mateparticles.

Zgp=22 9ER=- 10°

T°(MeV)
N
-+

6
4 g rrrhete R S e T IV. STATISTICAL-MODEL CALCULATIONS
PEPEE S AP R ETEE S ST ATETS BrSTEE AN ATETETEE S B ATSrArAN AR A S EUAPE A R
25 10 20 3 40 5 60 70 80 90 A. The Monte Carlo computer code CACARIZO
O, cpldeg)

Statistical-model calculatiori4,4,58 have been found to
FIG. 9. Angular dependence of the apparent temperature edpe useful to simulate the competition between FF and FE
tracted from the kinetic energy spectra of neutrons, protonsgand (LP emission from a fully equilibrated ONThe following
particles detected in coincidence with Ti residueggt=-10°. discussion addresses only the LP statistical decay from the
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5[ respectively, the level-density of the first excited fragment
55 E T peutron and the daughter nucleuS=J,+s is the channel spin. Fi-
L a nally T,(e,) are the transmission coefficients extracted from
5F - ij’l‘z ‘ the inverse process by means of the standard OM potentials
45 E - for elastic scattering. In the calculations of the OM transmis-
sion coefficients we used the parameters of Wilmore and
N *F Hodgson 61] for neutrons, Perey and Perg2] for protons,
S 35 3 and Huizenga and Igps3] for « particles(see Table ).
= f
3 ' C. Input parameters in CACARIZO
26 3 The two most basic quantities in statistical-model calcu-
2 F lations are the nuclear level densities defining the available
'8 3 phase space and the transmission coefficients which control

] access to this phase space. Therefore the choice of their pa-
L R I w rametrizations plays a key role in the determination of the
8 20 22 24 26 28 30 . . .
extent of the nuclear deformation and on possible dynamical
effects for barrier reductions. For fast rotating nuclei, defor-
FIG. 10. Temperature of the emitter deduced from the LP energynation effects may affect the emission bariiand therefore
spectra, as a function of its charge. The curves correspond to ah) Of the LP and the level-density connected to the yrast line
estimated temperature for each emitter knowing the mean excitatiof the emitter. A complete self-consistent treatment of these
energy carried away by each of the LRge text effects through a particle cascade is a formidable and hard
task, especially consuming CPU time. Some artificial means
CN by comparison with the codeAcArizo [12,13,44.  have been used in the code to attack this problem, as de-
CACARIZO is the Monte Carlo versiofl2] of the computer  scribed below. The radius of the OM potential can be scaled
codeCASCADE [58] and performs complete multistep calcu- by a factor to describe the effective potential barrier for the
lations including an exact treatment of the spin coupling beparticle emission. The effective moment of inedid) of the
tween the CN and the emitted LP. ThaCARIzO code uses  emitter, which determine@t high excitation energy and high
the Hauser-Feshbach formalism. It incorporates a semiclagmgular momentuirthe spin dependence of the effective en-
sical angular distribution, given by Ericson-StrutingP],  ergy, is described in terms of the rigid-body moment of in-
to follow the whole evaporation chain of neutrons, protan, ertia. The rigid-body moment of inert@pnereOf @ spherical
particles, and finally they-ray emission until the cooling nucleus with a radius parametey is taken to be that of a
down is completed by the nucleus reaching the ground statejeformable liquid drop by assuming the deformabilityn-
The use of a Monte Carlo code such@scARIZO offers the  der rotation to be defined by the simple relatiiiJ)
opportunity to compare energy spectra in the Iaboratory;gsphere(1+532) [58], consistent with the RLDM of Cohen,
frame, including a detailed account of experimental geompjsj| and Swiateckj64]. In the present work the angular

etry and detector thresholds. Therefore the comparisons beyomentum dependence of the effective moment of inertia is
tween experimental data almhCARIZO simulations are free  taken into account in theacaARizo calculations by the fol-

from possible bias originating from the laboratory to ¢.m.|owing modified formula[16,17,44:
frame transformation using average source velocity and
emission angles. In theAcARIZO program[44] the CN is

created with a given angular momentum and the deexcitation
path is followed step by step and recorded in an event file. - .
The different types of everisingles and/or coincidenceare =~ Where 6, and &, are the deformability parameters. This al-

then analyzed by taking into account the location and solidoWs a large range of choices for the angular momentum
angles of the detectors. dependence of the nuclear level densities. This moment of

inertia is included in the following yrast line formula:

J0) = jspher&l + 51\-J2 + 52‘]4)1 (6)

B. Calculations procedures

The probability for a nucleus, with excitation enerBy, 7233+ 1)
angular momentund,, and paritys;, to decay by evaporat- Erot(J) = T(J) +A4, (7)
ing a LPx with an orbital momenturhand kinetic energy,
in an energy birde, and spins is given by

whereA is the pairing energy of the emitter. By lowering the
Jots J1+S

1 po(Ez o, 7m5) yrast line at high angular momentum we can increase the
Pdey=2T(ex) = 2mtip(Evdymy) > 2 T(eddey,  number of states in the phase space at higher angular mo-
PEEL-1 T sy 1= 1S mentum and hence decrease the emission of high-energy par-
(5) ticles. This will be of great importance in trying to reproduce
the energy spectra, especially for theparticles. For the
whereE,, J,, and, are the excitation energy, angular mo- level-density calculations, three regions have been taken into
mentum, and parity of the daughter nuclepgs.and p, are,  account:
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TABLE lll. Parameter sets for the evaporation calculations us-

C
. . E b _
ing cACARIZO for the 35Cl+2*Mg reaction atE;,,=260 MeV. D) Set A

y ~ Al=35h

Angular momentum distribution in CN
Critical angular momenturh ;=374
Diffuseness parameteYl =1.0&
OM potentials of the emitted LCP and neutrons
(1) Neutrons: Wilmore and Hodgsdairef. [61])
(2) Protons: Perey and PeréRef. [62])

e d) — Set A

(3) a particles: Huizenga and IgdRef. [63]) r - r,=1.30 fm
(4) Multiply factor of the OM radius: RFACT=1 ,2 !

Level-density parameters at low excitatidf:< 10 MeV 2
(1) Fermi-gas level-density formula with empirical parameters <
from Dilg et al. (Ref. [67])
(2) Effective moment of inertia@l =(IFACT)J,giq With IFACT=1

Level-density parameters at high excitati@= 15 MeV
(1) Fermi-gas level-density formula with parameters from RLDM
(Myers and Swiatecki68])
(2) Level-density parametea=A/8 MeV!

Yrast line
Parameter seA: RLDM (Cohen, Plasil, and Swiatec$4])
Parameter seB: J=Jgpherd1+8,3%+5,3%) with §,=1.1x 10 and
8,=1.3x107". T 20 30 s 8o 700
v-ray width (Weisskopf unity E (MeV)

(1) E1:B(E1)=0.001
(2) M1:B(M1)=0.01 FIG. 11. Kinetic energy spectra ot particles measured at
(3) E2:B(E2)=5.0 0 .cp=+30° in coincidence with ERs detected in-plane at

6zr=-10° for the 35Cl+2*Mg reaction. The full histograms and
dashed histograms are the results of statistical-model calculations

(1) Region I(low excitation energyE* <4 MeV): experi- using CACARIZO with different parameter sets as discussed in the
| text.

mentally known discrete levels are introduced for each
nucleus in the cascade. Furthermore high-spin states are also
included in region Il as yrast levels. transmission coefficient3;, and the deformability param-
(20 Region Il (medium excitation energy, etersd; and &,. Figure 11 shows the energy spectracof
4 MeV<E" <10 MeV): the level-density is determined from Pparticles detected & cp=+30° in coincidence with the ERs
the angular momentum dependent level-density formula for 418<Z<24) at fzg=-10° which are compared with the-
spherical nucleus given by Lari§5]. The excitation energy CARIZO predictions using several choices of parameter.
is corrected for the parity effects. The level-density param-
etera and A are deduced empirically for each nucleus from
the compilations proposed by Vonach and Hji€] and Dilg Usually theL.; values are derived from the CF cross
et al. [67]. section data, when available, using the sharp cutoff approxi-
(3) Region Il (high excitation energy,E">Eg py  mation. For the®Cl (260 MeV) +24Mg reaction under study,
=15 MeV): shell effects and parity corrections are neglectedhe choice of the.,; value has been determined from the
in this region. The same formula is then used but withextrapolation of earlier inclusive measurements performed
RLDM parameter468]. for the same reaction at two neighboring bombarding ener-
Between regions Il and Il the level-density parametersgies E,,,=278 MeV [7,11] and E;;,=282 MeV [5,6] with
are interpolated linearly. The two parameter sets used for the_,, =374 and 3%, respectively. The value df.; =37 has

1. Critical angular momentum

calculation are summarized in Table Il been selected finally to be more consistent for the present
bombarding energy. However to check the sensitivity of the
D. Discussion of the influence of the parameters iIGACARIZO CACARIZO calculations to the critical angular momentum,

two differentL;; values(L.=37% and 4Z) have been used
A systematic study of the sensitivity to the choice of pa-[see Fig. 11a)]. The L;;=374 calculation is shown by the
rameters iNCACARIZO is presented in this section. The most solid line whereas the,;=424 calculation is shown by the
sensitive parameters influencing the calculated LP energglashed line. The other parameter values are those from the
spectra in coincidence with the ERs are the critical angulaset A given in Table Ill. The shapes of the experimental
momentum L., the diffusivity parameterAl, the level- energy spectrgsee Fig. 14a)] are relatively well described
density parameten, the nuclear radius parameteg, the by both calculations although their high-energy tails become
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harder than observed experimentally. The discrepancy imacroscopic effects of the altered nuclear surfd@@ Thea
found to be larger for the highdr,;; value with the maxi- parameter is found to increase when the deformation in-
mum shifted to slightly higher energy, whereas the spectruncreaseq57]. The situation is rather simpler for light heavy
broadened at high energy as found previously for & ions, and the investigation of the level-density for hot nuclei
+30Sj reaction[19]. At higher angular momentum the yrast with massA<40 has been performed systematicglB0].
line is too steep, making the level-density too low, and thereFrom this study a value af=A/8 seems to be reasonable, as
fore the emission of high-energy particles is overly favoredshown in Sec. Il B. Finally a value ai=A/8 is selected in
agreement with earlier studig¢$7,2Q, the theoretical studies

2. Diffuseness parameter of Shlomo and Natowitf55] or Téke and SwiatecKb7] and

experimental results obtained very recently in the mass 60

Increasing the value of the diffuseness parameter of th?egion[28]
es

angular momentum distribution has the same consequenc
as increasing thd_.; value. From the results shown in
Fig. 11(b) for Al=1# (full line) andAl=3.%: (dashed ling it
can be concluded that the larger value induces too much The variation of the nuclear radius paramatgrused in
yield for the high-energy tail of the spectrum. It is known the moment-of-inertia calculation within the RLDM param-
from the systematicgs8] that this parameter value is usually etrization, has no significant effect on the calculations as
kept betweem\|=0.714 and Al=1.3 for the light systems shown in Fig. 1{d). The two calculations were performed
of interest, and abouAl=3.5 for the heaviest one. In a with L¢=374, Al=14, and a=A/8. The first calculated
recent treatment made by the Legnaro grddg,14 the  spectrum(full line) assumes a radius given by the Myers and
value of 3.% has been used for the same CN using theSwiatecki formula[72]; the seconddashed ling was ob-

325 +27Al entrance channel; however the reason for this partained with the constant valug=1.30 fm. We note that a
ticular choice was not discuss¢ti3,14. From our previous similar value(ry=1.28 fm was used by Huizengeat al. [17]
investigations of thé>Cl+12C [3] and the®>Cl+2*Mg [5-11]  for an exhaustive investigation of ti&s +27Al reaction. My-
reactions, and following systematic studies in the<s2®  ers and Swiatecki parametrizations were used for a realistic
<60 mass regiorf1,4] the value of & has been finally interpretation of the nuclear radius parameter, due to the
adopted. This low value appears to be consistent with theimilarity between the two calculations.

choice of Al=2% for this parameter for heavier systems

[16,17,23,69,7D 5. Transmission coefficients

4. Nuclear radius parameter

The transmission coefficien®s are calculated by consid-
ering the potentialggenerally the OM potentials given in

The influence of the level-density paramedeon the pre-  Table Ill) describing the inverse reaction on cold nuclei, with
dicted spectra is displayed in Fig.(&}], where the calculated the assumption that the emission barriers for cold nuclei and
spectra obtained with two values afare showna=A/8 as  hot nuclei are identical. Earlier studies concerning the same
the full line anda=A/12 as the dashed line. An increase in mass regiorf12-15,44 have indicated that it is helpful to
yield is found in the high-energy tail of the-particle spec- reduce the emission barrier of the LP to get good agreement
trum as soon as the value of the level-density parameter igetween the experimental and the calculated spectra. The
decreased. This can be understood by the simple fact that tACARIZO code used here, in common with many others,
level-density is exponentially proportional to the square roodoes not allow us a full description of either the shape of the
of a. This will reduce the level-density when we reduge emitter at given excitation energy and angular momentum or
and hence energetic particle emission will be favored. A reathe position from where the LP is emitted. A complete self-
sonable choice of the parametehas to be made with great consistent treatment of these effects through a particle cas-
care. There is an experimental indication in this work leaningcade is a formidable and hard task. An artificial means has
towardsa=A/8. A higher value ofa is needed to reproduce been used in the present code to disentangle this problem.
the experimental spectrum, in contrast with several workd he radius of the OM potential has been scaled by a factor
and predictions for this region of mass and excitation energy(greater than unity to decrease the LP emission bariner
as detailed below. The value of this parameter is abouorder to describe the effective potential barrier for the par-
a=A/15 within a Fermi-gas approach for the heavy systemgicle emission. A detailed study of tfig parameters has been
with A>100. Recently the temperature dependence lshs  undertaken by the group of Huizendia7], by using three
been investigated(A/13<a<A/8 when T=4-5 Me\V) different shapes: spherical, oblate, and prolate. The study has
[48-51). Nicolis et al. [71] have introduced an analytical taken into account a mean value of a weightgdR) over all
temperature-dependent parametrizatiorapfvhere thermal the surface. The weighting allows the emission direction to
and quantal fluctuations are taken into account. This paranbe introduced classically relative to the emitter spin of the
etrization is in good agreement with the predictions of Ref.LP. The results and the conclusions given in this work sup-
[55]. A modest energy dependence of the level-density paport that the emission barrier is insensitive to the shape of the
rameter has been proved, both theoreticgi§] and more emitter whether it is spherical or deformed. It should be
recently experimentally56]. The a parameter value is also noted that this weight is non-spin-dependent and does have
affected by dynamical deformation, rotation induces rearsome consequences. The results from these two kinds of ap-
rangement of the single-particle level scheme, and by theroach are shown in Fig. {d), where a calculation per-

3. Level-density parameter
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FIG. 12. Temperature of the emitter deduced from the energy
spectra of protons and particles, as a function of its chargsee FIG. 13. Exclusive proton andw-particle Galilean-invariant
Fig. 10. The curves correspond to the temperature extracted fromoss sections. Upper part measured in coincidence with the ERs
the energy spectra calculated USTRLCARIZO. (18<Z=<24) for the 35Cl+24Mg reaction. Galilean-invariant cross

sections are plotted as a function of the perpendicular and parallel
formed with spherical parameters for thigparametergsolid  velocities with respect to the beam axis. Lower part: the same plots
line) and with the radius increased by 15%ashed lingis  as obtained frontAcARIzo.
shown. The larger radius increases the low-energy LP. This

artifice to lower the emission barrier of the LP has beenshown in Fig. 11f) the calculation with this last parametri-

extensively criticized. Using this method in our analysis iSZation (50||d |ine) reproduces the experimenta| data very
not justified (at this moment when T, parameters derived |l
from a spherical nucleus are sufficient to reproduce the en-
ergy spectra ok particles. It is worth noting, however, that

for hot heavy nuclei at high excitation energy a lowering of

the a-particle emission barrier has to be taken into account The extraction of NTPs, from the calculated LCP energy
[73. spectra in the®Cu frame(using the parameter sBj of the

LCP, has been attempted. The comparison is shown in Fig.
12 where the data are plotted as solid points for the protons
and solid triangles fow particles. The results extracted from

The last inout ¢ ble of | ina th ¢ .the calculations are presented by a solid line for the protons
1€ Jast input parameters capable of lowering e Contrly g 5 gashed line foer particles. Satisfactory agreement
bution from high-energy particles and hence getting im-

- . within the errors bargincluding systematic uncertainties of
proved agreement with the experimental data are those of th@lO%) is obtained. It should be noted that the small dis-

deformability. In fact until now the spin-dependent momentagreement aZ <22 can be explained by the fact that the

of inertia has been taken into account in the calculation so agps \were extracted experimentally0] from the energy
to be consistent with the deformation of a liquid drop spectra of the LCP in the frame of the parent emitenere

(RLDM [64)), i.e., with very small values given to deform- .| =p in coincidence with the ER was assumed to be the
- o A = g o
ability parameterg5,=7.6X107° and 6,=6.7X107°). It is last one emitted in the cascade

noted that a lowering of the entrance channel critical angular
momentum could remove the disagreement, but the value of
L.it=37h is imposed experimentally. We have already men-
tioned that increasing the moment of inei@cording to the The experimental Galilean-invariant cross section maps
spin) decreases the slope of the yrast line at higher spin antV,-V ) are presented in Fig. 13 for both the protons and the
hence increases the phase space available when emittinga particles(top). Results obtained usinQACARIZO are also
particles with lower energies. To obtain good agreement wittshown (bottom). A qualitative agreement is found. The dis-
the a-particle energy spectra, increased values ofcontinuity at 0° is due to the fact that the test of coplanarity
5,=1.1x10* and §,=1.3x107 have been selected. As is more difficult in the analysis program when the sine of the

E. Nuclear temperature estimations withCACARIZO

6. Deformability parameters

F. Analysis of the experimental results withCACARIZzO
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NEUTRON PROTON O particle
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FIG. 14. Energy spectra of the neutrons, protons, amdrticles detected in-plane at the indicated angles, in coincidence with the ERs
(18<Z=24) emitted atdgg=—10°. The full and dashed line histograms correspond to the results obtainedasitkizo using parameter
setsB andA, respectively.

50 60 0 10

angle is close to zero. Due to the reverse kinematics used ifuture with thecACARIZO code. The third observation is that
this experiment the ERs are essentially forward peaked anithe neutron and proton spectra are insensitive to the lowering
the CACARIZO calculations are only meaningful for the par- of the yrast line at high angular momentum whereas this is
ticles emitted in coincidence with the ERs detected anot the case for particles. The calculation using parameter
Oan=—10°. set A, in which the moment of inertia is calculated using
In Fig. 14 the results of the code with both parameter setRLDM parameters, overestimates the higher-energy part of
are compared to the experimental energy spectra of neutronthe a-particle spectra. This disagreement is removed when a
protons, anda particles at the indicated angles. The first deformation is introduced by increasing the deformability
result from the comparison is that the neutron spectra arparametergs; and 6,, see Sec. IV D § This implies a de-
well reproduced by both parameter sets. This is due to théormation ratio ofb/a=1.65 orb/a=1.74(whereb anda are
fact that neutrons do not remove large amounts of angulahe major and minor axes ardis the rotational axis of the
momentum and are not subject to the emission barrier. Notellipsoidal CN assuming, respectively, an oblate or a prolate
that the tail(for experimental dataat high energy is due to shape for the CN. The emission barrier and the slope at high
the difficult discrimination(TOF—total representatigrbe-  energy of thew-particle spectra are well reproduced with the
tween the energetic neutroflew TOF) and they-ray com-  parameter seB. A small disagreement remains at low en-
ponent. The second observation is for the protons where botérgy, probably due to the overestimation of the emission bar-
parameter sets fail to give a satisfactory reproduction of theier.
data. The emission barrier and the high-energy yields are It is interesting to notice that the coincident energy spectra
overestimated. This result concerning the emission barrier isf neutrons, protons, and particles detected out of plane
consistent with the usual observations in the literature con¢see Fig. 15are well reproduced with botharameter setm
cerning the evaporation of Lee Refs[13,70). The prob-  contrast with the in-plane correlation. This confirms that the
lem is related to the computation of tliecoefficients in the calculations are properly reproducing the experimental data.
OM. This is a very delicate task for the protofia3,70, = The comparison of the experimental angular correlation with
essentially due to the problems of transparency and absorphe calculations is shown in Fig. 16. The in-plane and out-
tion of the protons in the OM in contrast with tleparticle  of-plane correlations are given for neutrons, protons, and
situation(as to be seen laterA recent alternative treatment particles. The two sets of results have been normalized by
called IWBCM [74], which takes into account only the real the same normalization factor. The normalizations for each
part of the potentia(transparency is neglectgctan give a  particle type have been done independently. The two calcu-
good reproductioni23,7Q of the production cross section of lations each reproduce the shape of the correlations in a sat-
the protons. This kind of treatment should be tried in theisfactory manner. This is especially true for the neutrons,
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NEUTRON PROTON Ol particle

50 60 0 10 50 60 0 10 20 30 40 50 60 70 80 90 100

20 30 40
Energy (MeV) Energy (MeV)

FIG. 15. Energy spectra of the neutrons, protons, angarticles detected at the indicated angles, in coincidence with the ERs
(18<Z=24) emitted out of plane afizg=10°. The full and dashed line histograms correspond to the results obtainedagitRizo using
parameter setB and A, respectively.

0 1

0 20 30 40
Energy (MeV)

which are not perturbed by the Coulomb repulsion. Note thateported for both protons andparticles in coincidence with
the emission barrier of the particles is more or less repro- ERs with chargeZz=21, 22, and 23. The data are compared
duced in the energy spectra. The same conclusion can le the calculations using parameter BetThe same conclu-
advanced for the maximum in the in-plane angular correlasions can be drawn as for the early less constrained compari-
tion. A significant discrepancy for the maximum is found in son. This is true also for the in-plane angular correlations.
the in-plane proton angular correlations. This disagreement i§he origin of this discrepancy in the angular correlations
possibly related to an overestimation of the emission barriemight be understood by further investigations into the emis-
for the protongsee the energy spectra his hypothesis can sion barrier of the LCP for the in-plane correlation. Concern-
be supported by the neutron andparticle correlations ing the out-of-plane angular correlations we possibly need to
where the Coulomb repulsion is zero for neutrons and is wellse a more complete formulation for the angular distribution
reproduced for ther particles. This is probably not the only of the LP which is treated in a semiclassical way.

reason for the shift between the data and the calculations. We

have tried several parameters to tackle the problem, never-

theless this problem remains an open question. V. SUMMARY AND CONCLUSIONS
The experimental anisotropy factor is not well reproduced _ _
by the calculations for either the proton or theparticle In-plane and out-of-plane light charged particle and neu-

out-of-plane correlations. On the other hand, the statisticaltron correlations in coincidence with evaporation residues
model code is able to reproduce the neutron out-of-plan@roduced in thé°Cl (260 MeV) +2*Mg fusion reaction have
angular correlations within the error bars. The angular mobeen measured to investigate deformation and angular mo-
mentum dependence has been tested by performing calculerentum effects of the decayirf§Cu compound nucleus. An
tions with three different angular momentum windows: array of 21 Bak crystals has been used to identify both the
(10—20%, (20—30%, and (30—37#A. Whereas for neutrons light charged particle$Z=<4) and the neutrons emitted in
and protons the anisotropy is almost constant with lthe coincidence with heavy fragmentZ=5) detected in six
window [75], for the « particles the anisotropy is strongly ionization chamber telescopes. Coincident energy spectra
dependent on the chosdnwindow. Nevertheless the flat and Galilean-invariant cross section plots have shown the
behavior shown around 0° is present for the three particlstatistical character of the deexcitation of the CN and its
species. In an attempt to understand this problem, more a&Rs, as well as the absence of any observable preequilibrium
curacy has been demanded by using more exclusive data. #mission of the LP§.e., ICF has small cross sectiof&8]),

Fig. 17 the in-plane and out-of-plane angular correlations arghich is negligible compared to CF. These statements justi-
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fied the use of a statistical-model code to compare with the
experimental results.

Coincident energy spectra and angular distributions of
neutrons, protons, and particles have been compared to a
statistical-model description. The statistical-model calcula-
tions have been performed using the Monte Carlo code
CACARIZO with adjusted nuclear level densities. The NTP
extracted from the energy spectra of the LPs was crucial in
fixing the nuclear level-density parameter at a valuAM3.

The comparisons between the experimental results and the
code are satisfactory and lead to the conclusion that a large
deformation is required to reproduce the energy spectra of
the « particles, which were the most sensitive. Nevertheless
there is still work to be done withiltACARIZO to resolve
some remaining problems, especially the problem of the
emission barrier of the protons and general problems with
the angular distribution of the LP with respect to the spin of
the emitter. The method has shown its validity and/or useful-
ness as a tool to investigate the deformation of nuclei. It can
be used in a complementary fashion to the spectroscopy. This
tool has recently been used to investigate the deformation of
the “°Ca [33,37, **Ti [34—-37, and°®Ni [32,37 nuclei.

The large deformation needed to reproduce the energy
spectra of thex particles supports the fact that the CN is
extremely deformed and can undergo the FF process even in
this light heavy-ion mass regiofA<60). This means that
this process should be included in the various statistical-

FIG. 16. In-plane and out-of plane angular correlations for neu-model codes treating the reaction mechanisms, already in-
trons, protons, and particles detected in coincidence with the ERs cluded in the transition state modgl] as well as in the
(18<Z=24) emitted atf,,=10°. The arrows indicate the emission extended Hauser-Feshbach mettidfd Work is in progress
angle of the ERs. The full and dashed lines correspond to the results describe in a similar manner the light charged particle and

obtained withcacARIZo using parameter seBandA, respectively.
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