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The %0+ 58Ni deep-inelastic collision has been investigated=gt(*%0)= 132 MeV by using coincident
charged particle techniques. Exclusive data of the projectilelike fragnt€ntd, and Q and their associated
light charged particlegprotons anda particles were collected in coincidence. The experiment has been
performed at the IReS Strasbourg VIVITRON Tandem facility by usingith&e charged particle multide-
tector array. The measured velocity diagrams and in-plane angular correlations have been analyzed by a
semiclassical model that combines equilibrium and nonequilibrium processes of a deep-inelastic scattering
reaction. Following the hypothesis of a sequential process, this closed-form theoretical approach is applied to
the measurefl(C,N,O)p] and[(C,N,O)«] differential multiplicities. Estimates on polarization phenomena
and on “decay times” are used to provide information about deep-inelastic scatterif@in®Ni at 8.25
MeV/nucleon.
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I. INTRODUCTION the measured in-plane angular correlations are sharply for-
ward peaked, and not symmetric with respect either to the
The study of dinuclear systems formed in peripheraldirection of the projectilelike fragment®LF's), or to the

heavy-ion reactions as well as in deep-inelagbt) colli- beam axis, with marked differences between distributions for
sions at low bombarding energies not exceeding 10 MeVpositive and negative angl¢g—9]. Despite of known se-
nucleon[1] is still an interesting domain of research sinceduéntial decay modes of DI fragments, clear experimental
the subsequent decay of these dinuclear objects by lighgvidences were found for the occurence Ofl%” acgght!onal fast
particle sequential emission is still not well understood. Thé“o'?equt')“b”“m em|SS|gn O pa;uclels gthe O+ h.lere-
light particle emission in DI collisions is a very powerful acgon etW((ejen_ 6 l"?m t? Mﬁv nuc E."‘i 57ah This bast I
tool to investigate the various mechanims leading to the(c:“c')mecz:%én?o etrlmgprcliztitor?;lt ee:?cijcncgntﬂg]?nt:rsrrfg di:tesngj?-
strong energy dissipation typical of this kind of reaction P P

i - : nuclear system. In order to describe this experimental behav-
mechanism$2—12]. DI collisions involve a large transfer of jor we have developed in a recent publicatidig] a semi-

angular momentum from the entrance channel to the intrinsi|_ cqico| approachl4—19, which combines both the fast
spins of the projectilelike and targetlike reaction prOd“Ct?"nonequiIibrium(NE) comp(’)nent and the slower evaporative
The amount of the angular momentum transferred, and it3qnibution [equilibrium (E) componeri of the sequential
alignment, can be studied by measuring the angular distribuyyaticle emission in peripheral heavy-ion collisions in a
tions of the decay products of the excited targetlike fragimple way. This approach was recently app(i2@] to mea-
mentS(TLF,S) with reSpeCt to their recoil directions. Several sured angu'ar correlations between partic'es and PLF’s
studies of sequential proces$@s3,5,7—9 have revealed that arising from the 0(96 MeV)+%Ni [2,5,7,4 and
160(133 MeV)+“8Ti [13] DI collisions. Here we report on
the analysis of thex and proton preequilibrium emission in
*Permanent address: VECC, 1/AF Bidhan Nagar, Kolkata 64the %0-+58Ni reaction atE,=132 MeV. The experiment

India. has been performed at the VIVITRON Tandem facility with
"Deceased. the ICARE charged particle multidetector arrg0—-22. The
*present address: Department of Physics, University of lllinois agngular correlations of protons have been measured for the

Chicago, Chicago, lllinois 60607-7059. first time for the %0+ *Ni reaction. A comparison between
Spresent address: University of Surrey, Guildford GU2 7XH, the two kinds of emissioNE and evaporative components

United Kingdom. for both « particles and protons is made to give further in-

'Permanent address: IPN Lyon, F-69622 Villeurbanne, France. formation on the reaction mechanism: for example polariza-
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tion effects and estimates of “decay times.” each other along the beam direction. Two IC telescopes were
The paper is organized in the following way. After a shortmounted on the first ring, af,,= +30° and J,,= —30°
description of the experimental techniques, the experimentatith respect to the beam axis, while a third one was mounted
results are presented in Sec.(part of the work presented on the second ring, at,,= +30°. The remaining seven IC
here in detail has already been briefly reported elsewhertglescopes were mounte@n the first ring at backward
[23]). In Sec. lll a description of the semiclassical modelangles @=120°), having a low-energy threshold needed to
used to analyze the experimental data is first given, and theetect very low energy particles emitted in the backward

the application of the approach is carried on with a compari2ngle region. The IC’s were filled with isobutane at a pres-
son between (C,N,O) and (C,N,0)p angular correla- Sure of 60 Torr for the backward angle telescopes and 120
tions. A summary and concluding remarks are finally given ©'" for the forward angle detectors, thus allowing for the
in Sec. IV. simultaneous measurement of both light and heavy frag-
T ments.

The in-plane detection of coincident LCP’s has been done
using 16 two-element telescope®0 um Si, 2 cm Cg(Tl)],

In the present study, we have considered ¢hparticles  with high-energy thresholds, mounted, on the first ring, in the
associated with the C, N, and O PLF’s which are emitted ind,p=40°—120° angular range. seven three-element tele-

the reaction plane by the Zn, Cu, and Ni TLF’s during thescopes[40 um Si, 300um Si, and 2 cm C<Tl)] were

Il. EXPERIMENTAL TECHNIQUES AND RESULTS

sequential reaction mounted on both rings, betweeh,,=10° and ¥,,=35°,
tom  SEn ) where the kinetic energy of the light particles has its maxi-
O+ >*Ni—(C,N,0 +(Zn*,Cu*,Ni*) + Q; mum. By adopting this geometry, collection of the coinci-

. dences between the PLF telescopes and each LCP telescope
—(C.N,O+(Ni,Co,Fg+a+Qs. for both rings allowed the investigation of 54 angles on the
Similarly, we have measured thie-plane angular correla- Whole in-plane angular range. The CH) scintillators were

tions of the protons associated with the C, N, and O PLF'$oupled to photodiode readouts. To lower the detection
which are emitted by the zn, Cu, and Ni PLF’s during thethreshold for the LCP’s and to provide a mass identification,

sequential reaction time-of-flight measurements were also made for the slow

LCP stopped in theé\E detectors.
160+ %8Ni—(C,N,0) + (Zn*,Cu*,Ni* ) + Q,

. B. Experimental procedures and data analysis
—(C,N,0) +(Cu,Ni,Co +p+ Q3. o _
The energy calibrations of the different telescopes of the

ICARE multidetector array were carried out by usif§Th
_ and *’Am radioactive a-particle sources in the 5-9 MeV
The experiment has been performed at the IReS Stragmergy range, a precision pulser, and elastic scatterings of
bourg VIVITRON Tandem facility using a 132 MeVW0 132 MeV 0 from 97Au, %®Ni, and °C targets in a stan-
beam which was incident on an isotopically enrich®i  dard manner. In addition, th&C(*°0,a)?*Mg* reaction at
(500 uglen? thick) target mounted in thecARE scattering E\.o=53 MeV[22] has been used to provide known energies
chamber[20—22. The main purpose of this work was to of a particles feeding thé*Mg excited states, thus allowing
investigate then-plane angular correlations between the C, the « calibration of the LCP telescopes. The proton calibra-
N, and O PLF’s and the light charged particle€P’s). We  tion has been carried out using scattered protons from form-
have measured both tfiéC,N,O)«] and[(C,N,O)p] dif- var targets bombarded in reversed kinematics reactions with

ferential multiplicities, arising from the'®0(132 MeV)  the two *%0 beams. S _
+58\jj DI collision. A typical example of PLF’s charge identification which

Both the heavy ionsA=6) and their associated LCP’s can be achieved from the-AE two-dimensional spectrum
(p, d, t, and & particle were detected using theare  registered ai = —30° is displayed24] in Fig. 1(a). This
charged particle multidetector arr§g0—22 which consists plot shows. how clearly the identification of the fragments
of 48 telescopes in coincidence. The strongly energy-dampe%‘,n beil achieved, ?ued_tot_the ?Xr?e”ent ch?rzge relsquutlorl; i’y the
PLF’s (C, N, O) ions were detected in ten gas-silicon hybrid di sla own:g iusl Eidilri '?\g?'iﬁaggng tEern.1 flgurel(_ép
telescopegIC), each composed of a 4.8 cm thick ionization splays a typica _e soo -AE spectrum for a L

: : . telescope located dt,,,= +30°. The charge and mass iden-

chamber, with a thin Mylar entrance window, followed by a

: . tifications forp, d, andt as well as for*He anda particles
750 um th'd.( S(.SB) Qetgctor. The K.: tglescopes allow a have been clearly achieved for all LCP telescopes. To lower
good resolution in emission angle, kinetic energy, @nof

the detected particle. Three of the IC’s were placed at art1he detection threshold for the LCP’s and to provide a mass
P . - pla identification, time-of-flight measurements were also made
angle of ¥,,,=30° with respect to the beam direction, well

above the grazing angledmg=20° for the studied sys- for the slow LCP stopped in th&E detectors. More details

tem). The reaction plane is defined by the beam axis and th%pogéedSfepseggnneggalfjjrt]lépif SE{Eﬁgnzdsoznathe experimental

direction flight of the detected PLF’s, i.e., the IC location.
The present investigation of the LCP angular correlations
has been restricted to measurements in the reaction plane,
with 33 telescopesof the total number of 48 telescopesf The velocity contour maps of the LCP Galilean invariant
ICARE put in the reaction chamber on two rings intersectingdifferential cross sectionsifa/dQdE)p~tc ™! as a function

A. Experimental setup

C. Experimental results
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display the occurrence of the two kinematical solutions of
the a-emitting TLF’s. Whereas the agreement with data ap-
pears to be satisfactory, it clearly shows an excess of yields
at higher velocities indicative of the occurence of significant
NE components.

The velocity diagrams of Figs. 2 and 3 show the complex-
ity of separating the different emission sources whose con-
tributions are mixed in the forward hemisphere, where the
NE « emission is known to compete significantly in the an-
gular correlations. In order to discriminate reactions with
light target contaminationgnainly C and much less Othe
carbon target measurements have been very carefully ana-
lyzed for all « detection angles as shown in Figs. 2 and 3.
The comparison of the velocity diagrams for tA®@i and
12C targets allow to distinguish a significant component
due to the C build-up contamination of ti€Ni target. The
amount of carbon impurity in thé®Ni target has been esti-
mated to be of approximately 1@g/cn?. This component is
essentially present in the forward-angle region. In order to
well identify the E and NE sequential components, all other
processes contributing to the andp emissions, e.g., the
particles arising from the C build-up contamination and the
break-up events, have to be eliminated. The following sub-
straction procedure has been used. First, and from the carbon
target measurements, the Blyields were derived by sub-
stracting the C build-up yields in each of theenergy spec-
tra of all the 54 detection angles. Thereafter, the elastic and
inelastic PLF breakup yields, which contribute more around
the PLF emission direction, could be removed reasonably

FIG. 1. Examples of charge identification from two typical
E-AE bidimensional spectra measured for #@+ %Ni reaction at
Ep= 132 MeV with a IC telescope located &t,,= —30° (a), and
a LCP telescope located &j,,= +30° (b).

well by an extrapolation analysis of theenergy versus PLF
energy correlations. This method allows us to evaluate the
low-energy contribution starting from the high-energy one. It
can be shown from the the velocity diagrams of Fig. 2 that
the observed cross section for the high-energy contribution
of the LCP velocity provides an overall picture of the reac-decreases monotonically with increasingangle. This de-
tion pattern. Figure 2 shows such a velocity diagram of in-pendence is due to the angular variation of the inclusive PLF
variant cross section in thev(,V,) plane fora particles  cross section, while the sequential emission is isotropic in
measured in coincidence with C, N, and O fragments emittethe reference frame of the recoiling system.
at 30°. The symbol&/| andV, denote laboratory velocity Details on the procedure followed can be found in Refs.
components parallel and perpendicular to the beam, respe[21,27,28. The analyzed in-plane angular correlation data
tively. Figure 3 shows the analogous velocity diagram forare transformed to the rest frame of the recoiling T(ZR,
protons. Cu, and Ni, respectively

In Figs. 2 and 3 the arrows indicate, for tH&0+ %8Ni, Figure 4 shows the experimental data of the cross sections
the (average recoil velocity vectors corresponding to the for (C-a), (N-a), and (O«) coincidences together with the
PLF and TLF emission sources, respectively. The ellipsoidatheoretical curves described in the following section, plotted
curves and the circles centered at the tips of these arrows the in-planex angle measured with respect to the beam
mark the most probable velocities of the particles and direction, respectively. Since we have adopted as a “natural”
protons sequentially emitted from the fully accelerated bi-reference frame the “recoil center of mass” systgtf], the
nary fragments. It should be noticed that the appearance ap, (and, next,¢,) angles undergo such a transformation.
an ellipse fora emission from the detected PLF’s is due to This is the reason why th¢ values that are indicated by the
the narrow velocity distribution of the primary fragment and arrows in Figs. 4 and 5 are not the same as for the detector
the recoil imparted to the secondary fragment when the priangles of the experimental setup. The forward-angle region
mary fragment decays. The radii of the circles associatedppears to be dominated by the preequilibrium component,
with the TLF emission sources have been calculated by aswhich strongly depends on the mechanism of the first reac-
suming the respective Coulomb barriers afTLF and tion step, while at backward angles only tBeemission is
p-TLF. The ellipsoidal curves have been calculated by fixingpresent, and this component is almost isotropic for all the
the PLF excitation energies to their most probable valuesthree coincident exit channels. The in-plane differential mul-
i.e.,, 10, 6, and 7 MeV for ©, F*, and N& fragments, tiplicities of (C-p), (N-p), and (Op) vs the ¢, angle are
respectively[21,27,28. These calculated ellipsoidal curves shown in Fig. 5. The samg scale adopted in both Figs. 4
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and 5 allows a direct comparison of the differential multi- eral collisionA(a,b)B can be drawn from the investigation

plicities for thea and proton emissions, respectively. of the b-c angular correlation pattern around the forward
angles.
IIl. SEMICLASSICAL APPROACH TO We start by considerinfl7—-19 a three-body sequential
PARTICLE-PARTICLE ANGULAR CORRELATION process such a#(a,b)B(c)C that assumes it proceeds

through a given continuum statey,Jg7g) in the nucleus

to a narrow definite stateef ,Jcm¢) in the final nucleus C.
The theoretical background of the semiclassical model of In the following, €% indicates the excitation energy of the

Refs.[18,19 has already been described in a previous pubstate of definite spidy and parityary in the nucleusX and

lication[13]. Let us recal! some of the fundamental_formulas my the z component Oﬁx- The pair €X) has relative radial

for a better understanding of the physical meaning of the . - - Lo

deduced quantities which will be discussed later in the fol_coordlnaterx, momenturmk, Ve|OC|ty*vX, and (.anerg.yex.

lowing section as well as in the conclusions which will be The spherical polar angles}{,,¢p,) of k, are Qefmed in the

drawn at the end of the paper. (A+a) center-of-masgc.m) system, whilek. has polar
The main aim of the theoretical approach is to outline aangles @,¢) defined in the recoil center-of-magsc.m)

closed-form expression for thie-c multiplicity of a three-  system(rest frame of the nucleu8) and described in ayz

body sequential process suchA@,b)B(c)C showing that frame with thex axis andz axis parallel to thex axis andz

a significant NE component in the particle emission isaxis of the c.m. fram¢14,16].

present even in the case of a sequential process. We also In order for theA(a,b)B(c)C reaction to be a sequential

show how useful conclusions on the mechanism of a periphprocess, we require that thg excitation energy of the in-

A. Theoretical background
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termediate systerB formed in the first step of the three-body +C decay and that their widths and energies are randomly
reaction be independent of the particlemission angle and distributed, so that interference terms generally vanish
assume, moreover, that in tie—c+C decay the nuclear [30,31.
interaction betweeh andB can be neglected. For the sake of ~ We also assume that the amplitusi® [see Eq(10)]is a
simplicity, we suppose that the nuckja,b, andc have spin  very smoothly varying function of the excitation energy
zero andb andc are in the ground stafel7]. within a A’(~A) region. By consideringy, and » as the
The average value of the-c angular correlation over the solid angles of the corresponding PLF and LCP detectors,
energy intervalA centered at energys, can be obtained respectively(as defined in Fig. 1 of Ref19]), we can ex-

by splitting theS matrix into anE and a NE term af29] press the energy averaglet angular correlation as the sum
S=SE+SNE (1a d2o d2c \E d2o \NE
. <dwbdw> - dwbdw) dwpdw @
with
with
SE=5-(9), (1b)
i S I RIERI L) )|
— | = w = Mg, Mc; wp,
SNE=(S). (10 dwydw 5 1(Jc Gl|& pi(Mg,Mc; @y, @
()
Moreover we suppose the phase3t andSNE to be uncor- Po | NE )
related(so that their cross terms average out to rarad we g _ )
make the statistical assumption that in the energy intetval dwpdw mEC % <S'>;B Pi(Mg . Mc;wp, @)
around e there are many levels contributing to tBe—c (4)
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FIG. 4. Best fit of the in-plane @, N-«, and
O-a angular correlation data, for th#O-+ 58Ni
reaction atE,,,= 132 MeV. The differential mul-
tiplicities, in 102 sr ! units, are plotted in the
recoil center of mass system vs the in-plame
angle. The arrows indicate in the recoil center of
mass system the directions of the P(dF and the
TLF (B) in the rest frame of the recoiling TLF
with respect to the beam axisee text. The solid
curves represent the totd (- NE) multiplicities,

M, ( 107%sr™)
S

0 while the dashed curves represent the equilibrium
| | E component.

6 O—« -

4 |- —

@. (degrees)

where —(cClceg) decay, and assumes the parametrization
(|SE|?)=T,/G, whereT, is the optical-model transmission
P (Mg, Mc;wp,)=(—)Fy.(Mmg,wp) coefficient,G representing all decay modes energetically al-

lowed for theB—c+ C decay[30,31. In particular, we are

X{c.mg interested in the study of the following kinds of reactions:

~Me. MelJame) Y™ (). (5) a+A—b+B—b+a+C
In these expressions the decay amplitdelg(mg,wy) or
[and hence the differential cross section for the reaction
A(a,b)B] is a slowly varying function of the excitation en- a+A—b+B—b+p+C.
ergy which is defined in the basic equations quoted in Refs.
[18,19 (see Eq.(3) of Ref. [18]). Fpa(mg,wp) is related,  The time-dependent scattering thedB2] allows us to as-
through the proper Jacobian, to the amplitdge which de-  sume that the quantitydo)N® can be associated with a
termines the population of the substate characterized byituation in which the dissociation & into ¢ andC is a fast
(Jg,mg), in the nucleusB, prepared by detecting thepar-  process occurring in time scales by many orders of magni-
ticle [19]. tude shorter than the typical time corresponding to the equi-
The quantityw,(Jc) which is related to the relative den- Jibrium decay process, described bg?¢)®, whose long
sity of available statesef,Jc7c) in the nucleusC, takes lifetime in some way produces a “loss of memory” of the
into account the probability of orbital angular momentum formation of theB decaying nucleu$31]. This is why the
transferred in theB—c+C decay into the B;Jgeg) angular symmetry of the-emission from a statistical equili-
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brated system described by thec angular correlatior(3) Information on the polarization effects of the residual
cannot be used as evidence for any particular model of dyaucleusB induced by the first step of the sequential process
namical effect. A(a,b)B(c)C, and left in general polarized in the reaction,

The memory of the first step of the sequential processan also be obtained through thedependence of the differ-
A(a,b)B(c)C is assumed to be retained during the subseential multiplicity for the second stefd8,19.
quent “fast” B—c+ C decay, so that the angular dependence A semiclassical expression for tiec differential multi-
of thec particles emerging from such a short-lived compositeplicity has been treated and developed in RE8,19 which
system can display a marked forward-backward asymmetr§iccounts for many of the observed features of the sequential
around the direction of the coincident projectile resituer ~ e€mission of the high as well as low energy particles from the
the beam axis. The study of the NE sequential component dfagments excited in a peripheral heavy-ion reaction. Without
the particle emission therefore becomes a powerful tool tgoing into the details of the theoretical approts,19, we
probe the early stage of the peripheral collision in addition toconsider a semiclassical picture that assumes a coordinate
a useful alternative technigue to obtain nuclear structure orotation by means of the Euler angle§, £,0) to a more
reaction mechanism information complementary to what isuseful system described below. The rotation of axes defined
usually extracted by means of the angular distributions of theéyy the Euler angles and the coordinate system chosen to

two-body reaction products7]. S describe theB—c+C decay can be visualized in Fig. 2 of
Since the angular correlation method is mainly devoted tqref, [19].
obtain information on the mechanism of tA¢a,b)B reac- Note that in reaction between heavy ions DI collisions are

tion and on the polarization effects of tBenucleus, it would Jikely to produce nuclei having the intrinsic angular momen-
be appropriate to adopt coordinate axes such thatéhésis  tum predominantly oriented perpendicular to the reaction
alongky, X k, (perpendicular to the reaction plgrend thex  plane. The new quantization axis is oriented in the direction

axis anngIZa. of Jg which is at an angle
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A=—cos ! (6)

Mg
Jg
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(10

with respect to the normalaxis and lies in a plane perpen- js the so-called quantal deflection function which somehow
dicular to the reaction plane and to the direction of a unitgegcripes the “classical trajectory” of the partiateand the
vector ko, close to the recoil direction of the decaying nucleusC in their mean field characterized by the phase shift

nucleusB [33], corresponding to an angley=(7/2+ &)

with respect to the axis. Consequently, the relative momen-

tum IZC of the pair €C) has polar anglesd, ¢) and ©@,®)
with respect to the space-fixed system and to tlﬁ@ (
x Jg ko, Jg)-axes, respectively. The average valugof the
angle between the spin direction and the normakis will
be discussed more deeply in the theoretical analysis.

We introduce the variablg=Jg-J: instead ofJc in the
quantity w; of Eqg. (3), and we assume the following semi-
classical replacemenit34,35 in the well-known quantal
treatment elaborated by Ericson and StrutingB4:

w; (1)~ exp( — al?)exp Bu), ()

where
a=(IT+MR>)%2[2IT-MR?,

BEJBﬁZ/ZTC

with M, R, andZ the reduced mass, the radius, and the rigid-

body moment of inertia of the paircC), respectively, and

S [36]. By taking into account the relative amplitud®g,
which is associated with the negative polarization of the de-
caying residueB [19], and defined as the ratio

ho=|fpa(— Mo, @p)|?/|fra(Mg, @p)|?,

where f,, is linked to theF,, amplitude by means of the

proper Jacobiafsee Ref[19]), the NE differential multiplic-

ity can be written as follows:
[M(9,¢,A)N~[Q(@)[>+ho| Q@) %, (1D)

where we have defined the “single source” amplitudes

Q<f><<1>>52| n(l=1o)exdi(I1=1o) (xox ®)].

Recalling the peripheral nature of the direct NE process,
we can assume the amplitudgl —1,) as a Gaussian distri-
bution[37]

n(1=lo)~exd — (1—=19)%/4\],

and then following the approximations suggested in Refs.

Tc the nuclear temperature corresponding to the excitationﬁls 19, Eq. (1) finally becomes

energye¢ in the C nucleus.

By using thesharp cutoffapproximation for the coeffi-
cient transmissiofl; and converting the summation oveo
an integral, one obtains

[M(#,¢,A)]F=Cgexp(—ycos0), tS)
Ce being independent of and ¢, while y= %4« is the
so-called anisotropy coefficiefi5].

The “direct” sequentiaB— c+ C decay described b{sS)
[see Eq.1)] is naturally attributed to @romptemission of
particles from peripheral regions of the nucld&ibearing in
mind that in the classical limit the particles while escaping
from the rotating nucleuB gain additional velocity if emit-
ted along the equatorial plane.

We estimate the NIB-c multiplicity by assuming that the
emission of particlex in the equatorial plane with orbital

angular momentunh parallel toJg dominates and, we fur-

ther assume that the peripheral nature of the NE decay pro-

cess is consistent with the hypothesis that only &rwfn-
dow,” centered at an average value=l,, contributes.

[M(9,¢,A)]NE=Cyelexd —N(P + xo)?]

+ho exf —\*(®— xo)°]}- (12)

The model parameter, which represents the width of the
“1 window,” is of importance as it is related with the width
of the peaks observed in the experimental angular correla-
tions displayed in Figs. 4 and 5. It is interesting to note that
Cye contains all the nonessential constants independefit of
and ¢.

For the sake of simplicity, the spin orientation is governed
by a Gaussian distribution functidn(A) around the average
value A g, i.e., L(A)=exg—(A-Ag)%/Q?]. We have

M(9,¢)=[[M(F,¢)]+[M(9,¢)]"] (13

with

M(ﬁ,(p)E:jdAL(A)(M(ﬁ,go,A))E/j dAL(A),
(14)

Therefore in the amplitude-phase representation the energy-

averaged elemertS;) becomes approximately nebs | :
(S~ n(l=lo)exdi(I=lo)xol, €)

if we assume the Taylor expansion of the phage to be
linear aboutl, rather than of the second order with17],
i.e., 5(1)=8(lg) + (I —1g) xo, Where

M(ﬁ,(p)NE=J dAL(A)(M(ﬁ,go,A))NE/f dAL(A),
(19
whereME and MNE are given by Eqs(8) and (12).

The NE in-planeb-c differential multiplicity corresponds
to 9=m/2, and is expected to exhibit a two-component
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asymmetric paterfsince in general the relative amplitulg ~ dashed and solid lines correspond to the equilibrignand
is non-nul) about a direction close to the one of the detectedotal (E+ NE) components, respectively.
ejectile £= po— w/2 angle(see Fig. 2 of Ref[19]). For ex- Since the mean excitation energy of the emitting TLF is
ample, in the simple case of complete alignment, the twabout 60 MeV, a value lying in the continuum region of the
components are peaked at thg=&— xo and .= &+ xo excitation spectrum, we can apply the above described theo-
angles, respectively. Moreover, }hp<¢ andhg<1, theb-c retical approach to our nuclear system.
coincidence events most probably appear on the same side of For both kinds of spectr€g, y, A, and{) parameters
the beam axis with respect to the direction of the “detected”have been fitted by the purely evaporatizeformula (13)
projectile residue. The in-plane coincidence cross sectionssing thebackwardregion data (@jight-paricid =100°), where
around¢; and ¢, correspond to thé\(a,b)B reaction pro- the experimental data arise primarily from thecomponent.
cess with opposite polarization & This may qualitatively vy and A, are not uniquely determined by this procedure,
be explained by assuming that only one type of “semiclassisince a range of possibilities can likewise hafdgould also
cal trajectory” mainly contributes to the in-platec angular  be deduced by the evaporative component, but this one is not
correlation for either positive or negative angles with respectso sensitive to its choice.
to the direction of the PLPb [36,39.

In the cases when the alignment is almost complesein 1. & emission in the*®0+°Ni reaction
the present dajawith A<1, one can obtain an estimate of |, the case ofa emission shown in Fig. 4, the values

the angle¢, which is related to the directioh, of the mo-  gptained for the average angle between the spin direction and
mentum transferreq to the prOJe_ctlle-tgrget interaction, and ofhe normal axis\, (6° for all the three coincidenckeand for

the quantal deflection, by a simple inspection of the ex- the the spin fluctuationf (13°) show that the polarization
perimental in-plane angular correlation pattern around thgjirection of the emitting nucleus is nearly orthogonal to the

‘peak angles”¢, and ¢,, using the expressions reaction plane. The fact that the TLF rotational axis lies very
close to thez axis allows an estimate of the values)af by
28=¢yt g, (16)  rewriting formulas(16),(17) as follows:
. o
2X0= @2~ ¢1- 17 <P1=§—Xo=€0o_§_)(01 (19

Indeed here the deviation from left-right symmetry in a -
direction close to the one of the coincident projectile residue ©2=&+ X0=®0— 5 T Xo- (20)
as well as the double forward-peaked shape in the angular 2

correlation pattern does not necessarily imply that the 'ighborrespondingly, th€ye, \, andh, parameters have been

particles emerge from the contact zone between the two COpained by fitting theforward angular region |@ight-particle

liding nuclei (spatial localization In a simple optical pic- |<100°) by means of thécomplete formula (13), after in-

ture, we can interpret the sums appearing in B4) [See  ggriing the values of the above determit@gt, v, Ao, Q.
also Eq.(13)] as a beam of particlesemitted on the nuclear £, xo parameters

surface of the NE TLF from al“window” centered about a The parameter values for the three angular correlations

mean valud , and extended over a narrow widtfl ~\ (| are reported in Table I. By assumin@qe:y:Ao) as free

Iocalizatiohr). 5 Ho ind the time deperP2rameters, the complete experimental in-plane angular cor-
From the above rough picture we can find the time depen;,|aions of the differential multiplicitiesfor a’s and pro-

dence of the NBB—c+C _decay; for example the (_)bserved tong have been fitted with theQe ; y: Ay Q: & xo) respec-
strongly forvyard peaked m-pla}ng angu'af correlayon can b(:ﬁve values previously determined, and thus the values for
seen as a signature of an emission of ¢Higght particles in (Cne:\:ho) parameters have been deduced.

decay times shorter than the rotational period of e Comparing the values of th€g parameter reported in

nucleus, taken to be the time required for a hypothetical]-able | to the values deduced in Table | of Ref3] with the
complete revolution of theo(l+ C) comp_osite _system. More- same analysis &,,,=96 MeV, one can observe that the
over, as already shownz a simple semiclassical p|ctur'e aIIOWéomponents are approximately identical. In contrast, the val-
us to link they, deflection angle to the, NE decay time, 0 ¢ theCye parameter increase by almost a factor 4, in-
via the rotational frequency of the rotating nucleus gjicating that NEx emission appears to follow an exponential
=hlo/T: increasing trend between 6 and 8.2 MeV/nucleon. However
the target dependenc¢gee Table Il of Refl13] for the analy-
_ il sis of the data of theé'®Ti target atE,,,=132 MeV for the
~ X0 @oTo™ "7 To- (18 comparisoh of the NE component is very weak. These re-
sults confirm the systematics previously proposed by Ho

et al.[7] (see Fig. 4 of Ref[7]).
B. Theoretical analysis [71( g 7))

. . . 6 56 . .
The in-plane angular correlations plotted in Figs. 4 and 5 2. Proton emission in the®0+*Ni reaction

for « particles and protons, respectively, have been fitted The same theoretical approach has been applied to the
(solid lineg by the semiclassical equations given before. Theanalysis of the PLF-proton angular correlations. Figure 5
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TABLE |. List of the parameters obtained in the analysis of the in-plane ®Lafgular correlations

arising from the*®0(132 MeV )+ *Ni reaction.

Coincidences Ce? y? Ag? 0?2 £v Xo"
(1072sr Y
C-a 11501  2.0:0.1  (624)°  (13+2)°  (—33¥2)° (—4172)°
N-cr 08+0.1  40:02 (6+4)°  (13t2)°  (—33%¥2)° (—4172)°
O-a 048+0.05 4.0:0.2 (6x4)°  (13+2)°  (—33¥2)° (-41%2)°
Coincidences Cne? A2 ho 2 o &P
(102sr?h
C-a 44+04 2503 025003  (30:3)° (57+3)°
N-ar 35+04 23:02 030:004  (38:3)° (57+3)°
O-a 25+03 24:02 036:0.05  (40:3)° (57+3)°

#The quantities obtained by fitting the experimental data by the evaporative fo(h8ila

The quantities estimated from a simple inspection of the experimental angular correlation patterns by using
the approximate expressiofik9) and (20).

shows the calculationsolid lines for the NE component and we are dealing with a peripheral process. The last parameter

dashed lines for thé& component of the in-plane angular
correlations of the differential multiplicities of @; N-p,

obtained by the fit i, which is related to the directiog,
of the momentum transferred to the projectile-target interac-

and Op vs the, angle. From Table Il it can be seen that, tion; in the case of hard spheres, this direction would corre-
whereas the NE components for protons are comparable t&pond to the recoil direction of the TLRpg). As one can

the that fora particles, theE components are larger by at deduce from Tables | and IlI, the difference between these
angles decreases for decreasing projectile-target mass trans-

least a factor 2.

From the analysis of the fit parameters reported in Tableger.
In addition, one can obtain a rough estimate of the in-

| and Il, one easily infers that the spin direction is almost
perpendicular to the reaction plane, as was supposed in tiane integrated sequentid and NE a emission for the
theoretical approach. As a matter of fact, the small averagprocesses considered here; in fact, in the cas®-o#r/2, we
value found for the angle between the spin direction and thean get
normal axis (A ,=<10°) confirms this hypothesis for all three
coincidences. The NE component consists of two bumps; the
higher one is associated with the positive polarization, the
lower with the negative one. The width of the peaks is re-
lated to the model parameterwhich represents the width of
thel window mainly contributing to the decay process; such

a rather small value which does not exceéd@®nfirms that

with

w

dpM(p)=ME+MNE (21)

TABLE II. List of the parameters obtained in the analysis of the in-plane PLF-proton angular correlations

arising from the®0(132 MeV)+ %Ni reaction.

Coincidences Ce? y? Ag? 0?2 £b X"
(10°2sr Y
Cp 22+02 05003 (6:4)°  (13:2)°  (-3572)°  (—2872)°
N-p 1.9+02  1.3:0.07 (6:4)°  (13+2)°  (—39%2)° (—35%¥2)°
o-p 13£0.1  2.0:01  (6£4)°  (13t2)°  (=37%2)°  (—2972)°
Coincidences Cne? A2 ho 2 o o
(1072 sr
Cp 40+04 2703 029:004  (313)° (57+3)°
N-p 28+03  24:0.2 014:0.02  (38:3)° (57+3)°
op 3.0:03 2603 016:0.02  (43-3)° (57+3)°

#The quantities obtained by fitting the experimental data by the evaporative fo(h8ila

®The guantities estimated from a simple inspection of the experimental angular correlation patterns by using
the approximate expressiofik9),(20).

054607-10



COMPARISON BETWEENa AND PROTON SEQUENTIAL . .. PHBICAL REVIEW C 66, 054607 (2002

TABLE Ill. Values of rough approximations CME andMNE for 70=5%10"2 s for a particles,
the PLF« and PLFp angular correlations from the
160(132 MeV)+®Ni reaction.

To=7Xx10"22 s for protons

PLF-a PLF-proton

Coincidences ME MNE ME MNE

C-(light-particle 4.1 12 2.7 1.9 as an estimate of the “decay time” after the formation of the

N-(light-particle 28 11 4.3 1.3 B decaying nucleus. The results summarized in Table IV are

O-(light-particle) 15 0.4 3.5 13 consistent with the “decay times” deduced in RgE3] for
the %0(96 MeV)+°Ni and °0(133 MeV)+*Ti reac-
tions.

ME~7Ce[1—exp — )], (22)
MME~Cg(1+hg)/\. (23) IV. SUMMARY AND CONCLUDING REMARKS

The values oM E+ MNE, estimated within 30%, are listed in ~ The differential multiplicities obtained for both thepar-
Table Ill. Although NE processes comparatively contributeticles and the protons have been measured for the DI colli-
less at low bombarding energy, they cannot be neglected &ions '°0+>®Ni at 8.2 MeV/nucleon using thecare
increasing bombarding energies. charged-particle multidetector arrg20—-22 for energy-

As usual in our treatment, we can define a positive aligndamped events. A newly developed theoretical semiclassical
ment parameter on a quantization axis perpendicular to thapproach 13] assuming the hypothesis of a two-step sequen-

reaction plane agomitting the explicit indication ofoy) tial mechanism that combinds and NE processes is suc-
cessfully applied to analyze quantitatively the measured in-
Po=|foa(Mo)|? [|fpa(Mo)|?+|fpa(—Mg)|?]1=(1+hgy) 1, plane angular correlations betweenparticles and protons
detected in coincidence with PLF’s.
whose values are reported in Table IV. For batlparticles From this analysis, one infers that the angular interval

and protons the values of this parameter show a dominartetween the average transferred momentum in the
positive polarization probability. Despite rather large uncer-°®Ni(*%0,b)B reaction and the recoil nucle@sdirection in-
tainties(with error bars larger than 10—15 % for bathpar-  creases with the transferred mass frd®® nucleus to®®Ni
ticles and protonsthe values of the polarization parametersnucleus. Many of the observed features of the sequektial
for protons in coincidence with either O or N PLF’s appearemission and NE emission are well reproduced for both the
to be slightly greater than those obtained for éhemission.  « particles and the protons by means of this simple semiclas-

According to the Wilczynski model of DI reactio88],  sical approacil3]. In particular, we have found for the first
which attributes the energy dissipation to frictional forcestime that NE proton emission exists significantly in the DI
arising in the projectile-target contact region, up and dowrprocesses of th&®0+ Ni reaction. Some information of the
polarizations can be related to positive and negative defleaeaction mechanisms has been extracted, such as polarization
tion functions, respectively. Then, the observed positive pophenomendwhich appear to be slighltly more sensitive for
larization can be explained by assumif89] that only one  proton emission thamx emission or estimates of “decay
kind of semiclassical trajectoryi.e., thefar-side one, pre- times.” By a comparison of the present analysis of i@
dominantly contributes to the NE component of the sequen-+ 8Ni reaction to previous onfl3] of the %0+ *eTi reac-
tial emission. tion, the target dependence of the MEemission is found to

An interesting feature of the reaction mechanism can bée rather weak. The projectile dependence of both thexNE
obtained by observing thdtl8,19 the half-angle between and proton emission still have to be investigated in a system-
the two peakgg can be related to the lifetime of the emitting atical manner. Therefore, this work may stimulate further
nucleus[5] according to Eq(18), whereZ is calculated as  experimental studies on different nuclear systems aimed at a

deeper investigation of the time scaldigetimes of the tar-
getlike fragments and “decay times” of the formed dinuclear
I~ Tigiq~0.013A%%:2, systemg involved in DI collisions.

If we apply Eq.(18) to our reaction with y=4# we obtain

TABLE IV. Values of p, parameters for the PLE-and PLFp ACKNOWLEDGMENTS
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