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Comparison betweena and proton sequential emission in16O„132 MeV…¿58Ni deep
inelastic collisions
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The 16O158Ni deep-inelastic collision has been investigated atElab(
16O)5132 MeV by using coincident

charged particle techniques. Exclusive data of the projectilelike fragments~C, N, and O! and their associated
light charged particles~protons anda particles! were collected in coincidence. The experiment has been
performed at the IReS Strasbourg VIVITRON Tandem facility by using theICARE 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 measured@(C,N,O)-p# and@(C,N,O)-a# differential multiplicities. Estimates on polarization phenomena
and on ‘‘decay times’’ are used to provide information about deep-inelastic scattering in16O158Ni at 8.25
MeV/nucleon.

DOI: 10.1103/PhysRevC.66.054607 PACS number~s!: 25.70.Gh, 25.70.Jj, 25.70.Mn, 24.60.Dr
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I. INTRODUCTION

The study of dinuclear systems formed in periphe
heavy-ion reactions as well as in deep-inelastic~DI! colli-
sions at low bombarding energies not exceeding 10 M
nucleon@1# is still an interesting domain of research sin
the subsequent decay of these dinuclear objects by li
particle sequential emission is still not well understood. T
light particle emission in DI collisions is a very powerfu
tool to investigate the various mechanims leading to
strong energy dissipation typical of this kind of reacti
mechanisms@2–12#. DI collisions involve a large transfer o
angular momentum from the entrance channel to the intrin
spins of the projectilelike and targetlike reaction produc
The amount of the angular momentum transferred, and
alignment, can be studied by measuring the angular distr
tions of the decay products of the excited targetlike fra
ments~TLF’s! with respect to their recoil directions. Sever
studies of sequential processes@2,3,5,7–9# have revealed tha
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the measured in-plane angular correlations are sharply
ward peaked, and not symmetric with respect either to
direction of the projectilelike fragments~PLF’s!, or to the
beam axis, with marked differences between distributions
positive and negative angles@7–9#. Despite of known se-
quential decay modes of DI fragments, clear experimen
evidences were found for the occurence of an additional
nonequilibrium emission ofa particles in the16O158Ni re-
action between 6 and 9 MeV/nucleon@2,5,7,8#. This fast
a-decay mode implies that the reaction time has to be sm
compared to the rotational period of the intermediate
nuclear system. In order to describe this experimental beh
ior we have developed in a recent publication@13# a semi-
classical approach@14–19#, which combines both the fas
nonequilibrium~NE! component and the slower evaporati
contribution @equilibrium ~E! component# of the sequential
particle emission in peripheral heavy-ion collisions in
simple way. This approach was recently applied@13# to mea-
sured angular correlations betweena particles and PLF’s
arising from the 16O(96 MeV)158Ni @2,5,7,8# and
16O(133 MeV)148Ti @13# DI collisions. Here we report on
the analysis of thea and proton preequilibrium emission i
the 16O158Ni reaction atElab5132 MeV. The experiment
has been performed at the VIVITRON Tandem facility wi
the ICARE charged particle multidetector array@20–22#. The
angular correlations of protons have been measured for
first time for the 16O158Ni reaction. A comparison betwee
the two kinds of emission~NE and evaporative component!
for both a particles and protons is made to give further i
formation on the reaction mechanism: for example polari
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BARNÁ et al. PHYSICAL REVIEW C 66, 054607 ~2002!
tion effects and estimates of ‘‘decay times.’’
The paper is organized in the following way. After a sho

description of the experimental techniques, the experime
results are presented in Sec. II~part of the work presented
here in detail has already been briefly reported elsewh
@23#!. In Sec. III a description of the semiclassical mod
used to analyze the experimental data is first given, and
the application of the approach is carried on with a comp
son between (C,N,O)-a and (C,N,O)-p angular correla-
tions. A summary and concluding remarks are finally giv
in Sec. IV.

II. EXPERIMENTAL TECHNIQUES AND RESULTS

In the present study, we have considered thea particles
associated with the C, N, and O PLF’s which are emitted
the reaction plane by the Zn, Cu, and Ni TLF’s during t
sequential reaction

16O158Ni→~C,N,O!1~Zn* ,Cu* ,Ni* !1Q2

→~C,N,O!1~Ni,Co,Fe!1a1Q3 .

Similarly, we have measured thein-plane angular correla-
tions of the protons associated with the C, N, and O PL
which are emitted by the Zn, Cu, and Ni PLF’s during t
sequential reaction

16O158Ni→~C,N,O!1~Zn* ,Cu* ,Ni* !1Q2

→~C,N,O!1~Cu,Ni,Co!1p1Q3 .

A. Experimental setup

The experiment has been performed at the IReS St
bourg VIVITRON Tandem facility using a 132 MeV16O
beam which was incident on an isotopically enriched58Ni
(500 mg/cm2 thick! target mounted in theICARE scattering
chamber@20–22#. The main purpose of this work was t
investigate thein-planeangular correlations between the C
N, and O PLF’s and the light charged particles~LCP’s!. We
have measured both the@(C,N,O)-a# and@(C,N,O)-p# dif-
ferential multiplicities, arising from the16O(132 MeV)
158Ni DI collision.

Both the heavy ions (A>6) and their associated LCP
(p, d, t, and a particles! were detected using theICARE

charged particle multidetector array@20–22# which consists
of 48 telescopes in coincidence. The strongly energy-dam
PLF’s ~C, N, O! ions were detected in ten gas-silicon hybr
telescopes~IC!, each composed of a 4.8 cm thick ionizatio
chamber, with a thin Mylar entrance window, followed by
750 mm thick Si~SB! detector. The IC telescopes allow
good resolution in emission angle, kinetic energy, andZ of
the detected particle. Three of the IC’s were placed at
angle ofq lab530° with respect to the beam direction, we
above the grazing angle (qgrazing520° for the studied sys
tem!. The reaction plane is defined by the beam axis and
direction flight of the detected PLF’s, i.e., the IC location

The present investigation of the LCP angular correlatio
has been restricted to measurements in the reaction p
with 33 telescopes~of the total number of 48 telescopes! of
ICARE put in the reaction chamber on two rings intersect
05460
t
al

re
l
en
i-

n

n

’s

s-

ed

n

e

s
ne,

each other along the beam direction. Two IC telescopes w
mounted on the first ring, atq lab5130° andq lab5230°
with respect to the beam axis, while a third one was moun
on the second ring, atq lab5130°. The remaining seven IC
telescopes were mounted~on the first ring! at backward
angles (q>120°), having a low-energy threshold needed
detect very low energy particles emitted in the backwa
angle region. The IC’s were filled with isobutane at a pre
sure of 60 Torr for the backward angle telescopes and
Torr for the forward angle detectors, thus allowing for t
simultaneous measurement of both light and heavy fr
ments.

The in-plane detection of coincident LCP’s has been do
using 16 two-element telescopes@40 mm Si, 2 cm CsI~Tl!#,
with high-energy thresholds, mounted, on the first ring, in
q lab540°2120° angular range. seven three-element te
scopes@40 mm Si, 300mm Si, and 2 cm CsI~Tl!# were
mounted on both rings, betweenq lab510° andq lab535°,
where the kinetic energy of the light particles has its ma
mum. By adopting this geometry, collection of the coinc
dences between the PLF telescopes and each LCP teles
for both rings allowed the investigation of 54 angles on t
whole in-plane angular range. The CsI~Tl! scintillators were
coupled to photodiode readouts. To lower the detect
threshold for the LCP’s and to provide a mass identificati
time-of-flight measurements were also made for the s
LCP stopped in theDE detectors.

B. Experimental procedures and data analysis

The energy calibrations of the different telescopes of
ICARE multidetector array were carried out by using228Th
and 241Am radioactivea-particle sources in the 5–9 MeV
energy range, a precision pulser, and elastic scattering
132 MeV 16O from 197Au, 58Ni, and 12C targets in a stan-
dard manner. In addition, the12C(16O,a)24Mg* reaction at
Elab553 MeV @22# has been used to provide known energ
of a particles feeding the24Mg excited states, thus allowing
the a calibration of the LCP telescopes. The proton calib
tion has been carried out using scattered protons from fo
var targets bombarded in reversed kinematics reactions
the two 16O beams.

A typical example of PLF’s charge identification whic
can be achieved from theE-DE two-dimensional spectrum
registered atq lab5230° is displayed@24# in Fig. 1~a!. This
plot shows how clearly the identification of the fragmen
can be achieved, due to the excellent charge resolution by
IC’s allowing us to distinguish among them. Figure. 1~b!
displays a typical bidimensionalE-DE spectrum for a LCP
telescope located atq lab5130°. The charge and mass ide
tifications forp, d, and t as well as for3He anda particles
have been clearly achieved for all LCP telescopes. To lo
the detection threshold for the LCP’s and to provide a m
identification, time-of-flight measurements were also ma
for the slow LCP stopped in theDE detectors. More details
on the experimental setup ofICARE and on the experimenta
procedures can be found in Refs.@22,25,26#.

C. Experimental results

The velocity contour maps of the LCP Galilean invaria
differential cross sections (d2s/dVdE)p21c21 as a function
7-2
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COMPARISON BETWEENa AND PROTON SEQUENTIAL . . . PHYSICAL REVIEW C 66, 054607 ~2002!
of the LCP velocity provides an overall picture of the rea
tion pattern. Figure 2 shows such a velocity diagram of
variant cross section in the (Vi ,V') plane for a particles
measured in coincidence with C, N, and O fragments emi
at 30°. The symbolsVi and V' denote laboratory velocity
components parallel and perpendicular to the beam, res
tively. Figure 3 shows the analogous velocity diagram
protons.

In Figs. 2 and 3 the arrows indicate, for the16O158Ni,
the ~average! recoil velocity vectors corresponding to th
PLF and TLF emission sources, respectively. The ellipso
curves and the circles centered at the tips of these arr
mark the most probable velocities of thea particles and
protons sequentially emitted from the fully accelerated
nary fragments. It should be noticed that the appearanc
an ellipse fora emission from the detected PLF’s is due
the narrow velocity distribution of the primary fragment a
the recoil imparted to the secondary fragment when the
mary fragment decays. The radii of the circles associa
with the TLF emission sources have been calculated by
suming the respective Coulomb barriers ofa-TLF and
p-TLF. The ellipsoidal curves have been calculated by fix
the PLF excitation energies to their most probable valu
i.e., 10, 6, and 7 MeV for O* , F* , and Ne* fragments,
respectively@21,27,28#. These calculated ellipsoidal curve

FIG. 1. Examples of charge identification from two typic
E-DE bidimensional spectra measured for the16O158Ni reaction at
Elab5132 MeV with a IC telescope located atq lab5230° ~a!, and
a LCP telescope located atq lab5130° ~b!.
05460
-
-

d

c-
r

al
s

-
of

i-
d
s-

g
s,

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

The velocity diagrams of Figs. 2 and 3 show the comple
ity of separating the different emission sources whose c
tributions are mixed in the forward hemisphere, where
NE a emission is known to compete significantly in the a
gular correlations. In order to discriminate reactions w
light target contaminations~mainly C and much less O!, the
carbon target measurements have been very carefully
lyzed for all a detection angles as shown in Figs. 2 and
The comparison of the velocity diagrams for the58Ni and
12C targets allow to distinguish a significanta component
due to the C build-up contamination of the58Ni target. The
amount of carbon impurity in the58Ni target has been esti
mated to be of approximately 10mg/cm2. This component is
essentially present in the forward-angle region. In order
well identify theE and NE sequential components, all oth
processes contributing to thea andp emissions, e.g., thea
particles arising from the C build-up contamination and t
break-up events, have to be eliminated. The following s
straction procedure has been used. First, and from the ca
target measurements, the DIa yields were derived by sub
stracting the C build-up yields in each of thea energy spec-
tra of all the 54 detection angles. Thereafter, the elastic
inelastic PLF breakup yields, which contribute more arou
the PLF emission direction, could be removed reasona
well by an extrapolation analysis of thea energy versus PLF
energy correlations. This method allows us to evaluate
low-energy contribution starting from the high-energy one
can be shown from the the velocity diagrams of Fig. 2 th
the observed cross section for the high-energy contribu
decreases monotonically with increasinga angle. This de-
pendence is due to the angular variation of the inclusive P
cross section, while the sequential emission is isotropic
the reference frame of the recoiling system.

Details on the procedure followed can be found in Re
@21,27,28#. The analyzed in-plane angular correlation da
are transformed to the rest frame of the recoiling TLF~Zn,
Cu, and Ni, respectively!.

Figure 4 shows the experimental data of the cross sect
for (C-a), (N-a), and (O-a) coincidences together with th
theoretical curves described in the following section, plot
vs the in-planea angle measured with respect to the bea
direction, respectively. Since we have adopted as a ‘‘natu
reference frame the ‘‘recoil center of mass’’ system@19#, the
fa ~and, next,fp) angles undergo such a transformatio
This is the reason why thef values that are indicated by th
arrows in Figs. 4 and 5 are not the same as for the dete
angles of the experimental setup. The forward-angle reg
appears to be dominated by the preequilibrium compon
which strongly depends on the mechanism of the first re
tion step, while at backward angles only theE emission is
present, and this component is almost isotropic for all
three coincident exit channels. The in-plane differential m
tiplicities of (C-p), (N-p), and (O-p) vs thewp angle are
shown in Fig. 5. The samey scale adopted in both Figs.
7-3
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FIG. 2. Exclusive Galilean in-
variant cross section (d2s/
dVdE)p21c21 of a particles in
coincidence with C,N,O frag-
ments identified in a IC located a
Q lab

C 530°, as plotted in the
(Vi ,V') plane for the16O158Ni
~left side! and 16O112C ~right
side! reactions at Elab

5132 MeV.
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and 5 allows a direct comparison of the differential mu
plicities for thea and proton emissions, respectively.

III. SEMICLASSICAL APPROACH TO
PARTICLE-PARTICLE ANGULAR CORRELATION

A. Theoretical background

The theoretical background of the semiclassical mode
Refs.@18,19# has already been described in a previous p
lication @13#. Let us recall some of the fundamental formul
for a better understanding of the physical meaning of
deduced quantities which will be discussed later in the
lowing section as well as in the conclusions which will
drawn at the end of the paper.

The main aim of the theoretical approach is to outline
closed-form expression for theb-c multiplicity of a three-
body sequential process such asA(a,b)B(c)C showing that
a significant NE component in the particle emission
present even in the case of a sequential process. We
show how useful conclusions on the mechanism of a per
05460
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eral collisionA(a,b)B can be drawn from the investigatio
of the b-c angular correlation pattern around the forwa
angles.

We start by considering@17–19# a three-body sequentia
process such asA(a,b)B(c)C that assumes it proceed
through a given continuum state (eB

! ,JBpB) in the nucleusB
to a narrow definite state (eC

! ,JCpC) in the final nucleus C.
In the following,eX

! indicates the excitation energy of th
state of definite spinJX and paritypX in the nucleusX and
mX thez component ofJWX . The pair (xX) has relative radial
coordinaterWx , momentumkW x , velocity vW x , and energyex .
The spherical polar angles (qb ,wb) of kWb are defined in the
(A1a) center-of-mass~c.m.! system, whilekW c has polar
angles (q,w) defined in the recoil center-of-mass~r.c.m.!
system~rest frame of the nucleusB) and described in axyz
frame with thex axis andz axis parallel to thex axis andz
axis of the c.m. frame@14,16#.

In order for theA(a,b)B(c)C reaction to be a sequentia
process, we require that theeB

! excitation energy of the in-
7-4
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FIG. 3. Exclusive Galilean in-
variant cross section (d2s/
dVdE)p21c21 of protons in co-
incidence with C, N, O fragments
identified in a IC located atQ lab

C

530°, as plotted in the (Vi ,V')
plane for the16O158Ni and 16O
112C reactions at Elab

5132 MeV.
y
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termediate systemB formed in the first step of the three-bod
reaction be independent of the particlec emission angle and
assume, moreover, that in theB→c1C decay the nuclea
interaction betweenb andB can be neglected. For the sake
simplicity, we suppose that the nucleiA,a,b, andc have spin
zero andb andc are in the ground state@17#.

The average value of theb-c angular correlation over the
energy intervalD centered at energyeB

! , can be obtained
by splitting theS matrix into anE and a NE term as@29#

S5S E1S NE ~1a!

with

S E5S2^S&, ~1b!

S NE5^S&. ~1c!

Moreover we suppose the phase ofS E andS NE to be uncor-
related~so that their cross terms average out to zero! and we
make the statistical assumption that in the energy intervaD
aroundeB

! there are many levels contributing to theB→c
05460
1C decay and that their widths and energies are rando
distributed, so that interference terms generally van
@30,31#.

We also assume that the amplitudeS NE @see Eq.~1c!# is a
very smoothly varying function of the excitation energyeC

!

within a D8(;D) region. By consideringvb and v as the
solid angles of the corresponding PLF and LCP detect
respectively~as defined in Fig. 1 of Ref.@19#!, we can ex-
press the energy averagedb-c angular correlation as the sum

K d2s

dvbdv L 5S d2s

dvbdv D E

1S d2s

dvbdv D NE

~2!

with

S d2s

dvbdv D E

5(
mC

(
lJC

wl~JC!S Tl

G DU(
mB

pl~mB ,mC ;vb ,v!U2

~3!

S d2s

dvbdv D NE

5(
mC

U(
lJC

^Sl&(
mB

pl~mB ,mC ;vb ,v!U2

,

~4!
7-5
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FIG. 4. Best fit of the in-plane C-a, N-a, and
O-a angular correlation data, for the16O158Ni
reaction atElab5132 MeV. The differential mul-
tiplicities, in 1022 sr21 units, are plotted in the
recoil center of mass system vs the in-planea
angle. The arrows indicate in the recoil center
mass system the directions of the PLF~b! and the
TLF ~B! in the rest frame of the recoiling TLF
with respect to the beam axis~see text!. The solid
curves represent the total (E1NE) multiplicities,
while the dashed curves represent the equilibriu
E component.
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where

pl~mB ,mC ;vb ,v![~2 ! lFba~mB ,vb!

3^ lJC ,mB

2mC ,mCuJBmB&Yl
mB2mC~v!. ~5!

In these expressions the decay amplitudeFba(mB ,vb)
@and hence the differential cross section for the reac
A(a,b)B] is a slowly varying function of the excitation en
ergy which is defined in the basic equations quoted in R
@18,19# ~see Eq.~3! of Ref. @18#!. Fba(mB ,vb) is related,
through the proper Jacobian, to the amplitudef ba which de-
termines the population of the substate characterized
(JB ,mB), in the nucleusB, prepared by detecting theb par-
ticle @19#.

The quantitywl(JC) which is related to the relative den
sity of available states (eC

! ,JCpC) in the nucleusC, takes
into account the probability of orbital angular momentuml
transferred in theB→c1C decay into the (B;JBeB

!)
05460
n
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y

→(cC;lJCeC
!) decay, and assumes the parametrizat

^uS Eu2&5Tl /G, whereTl is the optical-model transmissio
coefficient,G representing all decay modes energetically
lowed for theB→c1C decay@30,31#. In particular, we are
interested in the study of the following kinds of reactions

a1A→b1B→b1a1C

or

a1A→b1B→b1p1C.

The time-dependent scattering theory@32# allows us to as-
sume that the quantity (d2s)NE can be associated with
situation in which the dissociation ofB into c andC is a fast
process occurring in time scales by many orders of mag
tude shorter than the typical time corresponding to the eq
librium decay process, described by (d2s)E, whose long
lifetime in some way produces a ‘‘loss of memory’’ of th
formation of theB decaying nucleus@31#. This is why the
angular symmetry of thec-emission from a statistical equili
7-6
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FIG. 5. Best fit of the in-plane C-p, N-p, and
O-p angular correlation data, for the sequent
process16O158Ni at Elab5132 MeV. The differ-
ential multiplicities, in 1022 sr21 units, are plot-
ted in the recoil center of mass system vs t
in-plane proton angle. The arrows indicate in th
recoil center of mass system the directions of t
PLF ~b! and the TLF~B! in the rest frame of the
recoiling TLF with respect to the beam axis~see
text!. The solid curves represent the total (E
1NE) multiplicities, while the dashed curve
represent theE component.
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brated system described by theb-c angular correlation~3!
cannot be used as evidence for any particular model of
namical effect.

The memory of the first step of the sequential proc
A(a,b)B(c)C is assumed to be retained during the sub
quent ‘‘fast’’ B→c1C decay, so that the angular dependen
of thec particles emerging from such a short-lived compos
system can display a marked forward-backward asymm
around the direction of the coincident projectile residueb or
the beam axis. The study of the NE sequential componen
the particle emission therefore becomes a powerful too
probe the early stage of the peripheral collision in addition
a useful alternative technique to obtain nuclear structure
reaction mechanism information complementary to wha
usually extracted by means of the angular distributions of
two-body reaction products@17#.

Since the angular correlation method is mainly devoted
obtain information on the mechanism of theA(a,b)B reac-
tion and on the polarization effects of theB nucleus, it would
be appropriate to adopt coordinate axes such that thez-axis is
alongkWb3kWa ~perpendicular to the reaction plane! and thex

axis alongkWa .
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Information on the polarization effects of the residu
nucleusB induced by the first step of the sequential proce
A(a,b)B(c)C, and left in general polarized in the reactio
can also be obtained through thew dependence of the differ
ential multiplicity for the second step@18,19#.

A semiclassical expression for theb-c differential multi-
plicity has been treated and developed in Refs.@18,19# which
accounts for many of the observed features of the seque
emission of the high as well as low energy particles from
fragments excited in a peripheral heavy-ion reaction. With
going into the details of the theoretical approach@18,19#, we
consider a semiclassical picture that assumes a coord
rotation by means of the Euler angles (j,L,0) to a more
useful system described below. The rotation of axes defi
by the Euler angles and the coordinate system chose
describe theB→c1C decay can be visualized in Fig. 2 o
Ref. @19#.

Note that in reaction between heavy ions DI collisions a
likely to produce nuclei having the intrinsic angular mome
tum predominantly oriented perpendicular to the react
plane. The new quantization axis is oriented in the direct
of JWB which is at an angle
7-7
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L52cos21S mB

JB
D ~6!

with respect to the normalz axis and lies in a plane perpen
dicular to the reaction plane and to the direction of a u
vector k̂0, close to the recoil direction of the decayin
nucleusB @33#, corresponding to an anglew05(p/21j)
with respect to thex axis. Consequently, the relative mome
tum kW c of the pair (cC) has polar angles (q,w) and (Q,F)
with respect to the space-fixed system and to thek̂0

3 ĴB ,k̂0 ,ĴB)-axes, respectively. The average valueL0 of the
angle between the spin direction and the normalz-axis will
be discussed more deeply in the theoretical analysis.

We introduce the variablem5JB-JC instead ofJC in the
quantity wl of Eq. ~3!, and we assume the following sem
classical replacement@34,35# in the well-known quantal
treatment elaborated by Ericson and Strutinsky@34#:

wl~m!;exp~2a l 2!exp~bm!, ~7!

where

a[~I1MR2!\2/2ITCMR2,

b[JB\2/ITC

with M, R, andI the reduced mass, the radius, and the rig
body moment of inertia of the pair (cC), respectively, and
TC the nuclear temperature corresponding to the excita
energyeC

! in the C nucleus.
By using thesharp cutoffapproximation for the coeffi-

cient transmissionTl and converting the summation overl to
an integral, one obtains

@M ~q,w,L!#E5CE exp~2g cos2Q!, ~8!

CE being independent ofq and w, while g[b2/4a is the
so-called anisotropy coefficient@35#.

The ‘‘direct’’ sequentialB→c1C decay described bŷS&
@see Eq.~1!# is naturally attributed to apromptemission of
particles from peripheral regions of the nucleusB bearing in
mind that in the classical limit thec particles while escaping
from the rotating nucleusB gain additional velocity if emit-
ted along the equatorial plane.

We estimate the NEb-c multiplicity by assuming that the
emission of particlesc in the equatorial plane with orbita
angular momentumlW parallel toJWB dominates and, we fur
ther assume that the peripheral nature of the NE decay
cess is consistent with the hypothesis that only an ‘‘l win-
dow,’’ centered at an average valuel 5 l 0, contributes.
Therefore in the amplitude-phase representation the ene
averaged element^Sl& becomes approximately nearl 5 l 0:

^Sl&;h~ l 2 l 0!exp@ i ~ l 2 l 0!x0#, ~9!

if we assume the Taylor expansion of the phased( l ) to be
linear aboutl 0 rather than of the second order withl @17#,
i.e., d( l )'d( l 0)1( l 2 l 0)x0, where
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] l D
l 0

~10!

is the so-called quantal deflection function which someh
describes the ‘‘classical trajectory’’ of the particlec and the
nucleusC in their mean field characterized by the phase s
d @36#. By taking into account the relative amplitudeh0,
which is associated with the negative polarization of the
caying residueB @19#, and defined as the ratio

h05u f ba~2m0 ,vb!u2/u f ba~m0 ,vb!u2,

where f ba is linked to theFba amplitude by means of the
proper Jacobian~see Ref.@19#!, the NE differential multiplic-
ity can be written as follows:

@M ~q,w,L!#NE;uQ(1)~F!u21h0uQ(2)~F!u2, ~11!

where we have defined the ‘‘single source’’ amplitudes

Q(6)~F![(
l

h~ l 2 l 0!exp@ i ~ l 2 l 0!~x06F!#.

Recalling the peripheral nature of the direct NE proce
we can assume the amplitudeh( l 2 l 0) as a Gaussian distri
bution @37#

h~ l 2 l 0!;exp@2~ l 2 l 0!2/4l2#,

and then following the approximations suggested in Re
@18,19#, Eq. ~11! finally becomes

@M ~q,w,L!#NE5CNE$exp@2l2~F1x0!2#

1h0 exp@2l2~F2x0!2#%. ~12!

The model parameterl, which represents the width of th
‘‘ l window,’’ is of importance as it is related with the widt
of the peaks observed in the experimental angular corr
tions displayed in Figs. 4 and 5. It is interesting to note t
CNE contains all the nonessential constants independent oq
andw.

For the sake of simplicity, the spin orientation is govern
by a Gaussian distribution functionL(L) around the average
valueL0, i.e., L(L)5exp@2(L-L0)2/V2#. We have

M ~q,w!5@@M ~q,w!#E1@M ~q,w!#NE# ~13!

with

M ~q,w!E5E dLL~L!~M ~q,w,L!!E/E dLL~L!,

~14!

M ~q,w!NE5E dLL~L!~M ~q,w,L!!NE/E dLL~L!,

~15!

whereME andMNE are given by Eqs.~8! and ~12!.
The NE in-planeb-c differential multiplicity corresponds

to q5p/2, and is expected to exhibit a two-compone
7-8
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asymmetric patern~since in general the relative amplitudeh0
is non-null! about a direction close to the one of the detec
ejectilej5w02p/2 angle~see Fig. 2 of Ref.@19#!. For ex-
ample, in the simple case of complete alignment, the
components are peaked at thew15j2x0 and w25j1x0
angles, respectively. Moreover, ifx0,j andh0,1, theb-c
coincidence events most probably appear on the same si
the beam axis with respect to the direction of the ‘‘detecte
projectile residue. The in-plane coincidence cross sect
aroundw1 andw2 correspond to theA(a,b)B reaction pro-
cess with opposite polarization ofB. This may qualitatively
be explained by assuming that only one type of ‘‘semiclas
cal trajectory’’ mainly contributes to the in-planeb-c angular
correlation for either positive or negative angles with resp
to the direction of the PLFb @36,39#.

In the cases when the alignment is almost complete~as in
the present data! with L!1, one can obtain an estimate
the anglej, which is related to the directionf0 of the mo-
mentum transferred to the projectile-target interaction, an
the quantal deflectionx0 by a simple inspection of the ex
perimental in-plane angular correlation pattern around
‘‘peak angles’’w1 andw2, using the expressions

2j.w21w1 , ~16!

2x0.w22w1 . ~17!

Indeed here the deviation from left-right symmetry in
direction close to the one of the coincident projectile resid
as well as the double forward-peaked shape in the ang
correlation pattern does not necessarily imply that the li
particles emerge from the contact zone between the two
liding nuclei ~spatial localization!. In a simple optical pic-
ture, we can interpret the sums appearing in Eq.~12! @see
also Eq.~13!# as a beam of particlesc emitted on the nuclea
surface of the NE TLF from a ‘‘l window’’ centered about a
mean valuel 0 and extended over a narrow widthD l;l ( l
localization!.

From the above rough picture we can find the time dep
dence of the NEB→c1C decay; for example the observe
strongly forward peaked in-plane angular correlation can
seen as a signature of an emission of thec light particles in
decay times shorter than the rotational period of theB
nucleus, taken to be the time required for a hypothet
complete revolution of the (c1C) composite system. More
over, as already shown, a simple semiclassical picture all
us to link thex0 deflection angle to thet0 NE decay time,
via the rotational frequency of the rotating nucleusv0
5\ l 0 /I:

2x05v0t05
\ l 0

I t0 . ~18!

B. Theoretical analysis

The in-plane angular correlations plotted in Figs. 4 an
for a particles and protons, respectively, have been fit
~solid lines! by the semiclassical equations given before. T
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dashed and solid lines correspond to the equilibrium~E! and
total (E1NE) components, respectively.

Since the mean excitation energy of the emitting TLF
about 60 MeV, a value lying in the continuum region of th
excitation spectrum, we can apply the above described th
retical approach to our nuclear system.

For both kinds of spectraCE , g, L, andV parameters
have been fitted by the purely evaporativeE formula ~13!
using thebackwardregion data (uw light-particleu>100°), where
the experimental data arise primarily from theE component.
g and L0 are not uniquely determined by this procedu
since a range of possibilities can likewise hold;j could also
be deduced by the evaporative component, but this one is
so sensitive to its choice.

1. a emission in the16O¿56Ni reaction

In the case ofa emission shown in Fig. 4, the value
obtained for the average angle between the spin direction
the normal axisL0 (6° for all the three coincidences! and for
the the spin fluctuationsV (13°) show that the polarization
direction of the emitting nucleus is nearly orthogonal to t
reaction plane. The fact that the TLF rotational axis lies ve
close to thez axis allows an estimate of the values ofx0 by
rewriting formulas~16!,~17! as follows:

w15j2x05w02
p

2
2x0 , ~19!

w25j1x05w02
p

2
1x0 . ~20!

Correspondingly, theCNE, l, andh0 parameters have bee
obtained by fitting theforward angular region (uw light-particle
u,100°) by means of the~complete! formula ~13!, after in-
serting the values of the above determinedCNE, g, L0 , V,
j, x0 parameters.

The parameter values for the three angular correlati
are reported in Table I. By assuming (CNE;g;L0) as free
parameters, the complete experimental in-plane angular
relations of the differential multiplicities~for a ’s and pro-
tons! have been fitted with the (CE ;g;L0 ;V;j;x0) respec-
tive values previously determined, and thus the values
(CNE;l;h0) parameters have been deduced.

Comparing the values of theCE parameter reported in
Table I to the values deduced in Table I of Ref.@13# with the
same analysis atElab596 MeV, one can observe that theE
components are approximately identical. In contrast, the
ues of theCNE parameter increase by almost a factor 4,
dicating that NEa emission appears to follow an exponent
increasing trend between 6 and 8.2 MeV/nucleon. Howe
the target dependence~see Table II of Ref.@13# for the analy-
sis of the data of the48Ti target atElab5132 MeV for the
comparison! of the NE component is very weak. These r
sults confirm the systematics previously proposed by
et al. @7# ~see Fig. 4 of Ref.@7#!.

2. Proton emission in the16O¿56Ni reaction

The same theoretical approach has been applied to
analysis of the PLF-proton angular correlations. Figure
7-9
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TABLE I. List of the parameters obtained in the analysis of the in-plane PLF-a angular correlations
arising from the16O(132 MeV)158Ni reaction.

Coincidences CE
a g a L0

a V a j b x0
b

(1022 sr21)

C-a 1.160.1 2.060.1 (664)° (1362)° (23372)° (24172)°
N-a 0.860.1 4.060.2 (664)° (1362)° (23372)° (24172)°
O-a 0.4860.05 4.060.2 (664)° (1362)° (23372)° (24172)°

Coincidences CNE
a l a h0

a fR f0
b

(1022 sr21)
C-a 4.460.4 2.560.3 0.2560.03 (3063)° (5763)°
N-a 3.560.4 2.360.2 0.3060.04 (3863)° (5763)°
O-a 2.560.3 2.460.2 0.3660.05 (4063)° (5763)°

aThe quantities obtained by fitting the experimental data by the evaporative formula~13!.
bThe quantities estimated from a simple inspection of the experimental angular correlation patterns b
the approximate expressions~19! and ~20!.
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shows the calculations~solid lines for the NE component an
dashed lines for theE component! of the in-plane angular
correlations of the differential multiplicities of C-p, N-p,
and O-p vs thewp angle. From Table II it can be seen tha
whereas the NE components for protons are comparab
the that fora particles, theE components are larger by a
least a factor 2.

From the analysis of the fit parameters reported in Tab
I and II, one easily infers that the spin direction is almo
perpendicular to the reaction plane, as was supposed in
theoretical approach. As a matter of fact, the small aver
value found for the angle between the spin direction and
normal axis (L0<10°) confirms this hypothesis for all thre
coincidences. The NE component consists of two bumps;
higher one is associated with the positive polarization,
lower with the negative one. The width of the peaks is
lated to the model parameterl which represents the width o
the l window mainly contributing to the decay process; su
a rather small value which does not exceed 3\ confirms that
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we are dealing with a peripheral process. The last param
obtained by the fit isj, which is related to the directionf0
of the momentum transferred to the projectile-target inter
tion; in the case of hard spheres, this direction would cor
spond to the recoil direction of the TLF (fR). As one can
deduce from Tables I and II, the difference between th
angles decreases for decreasing projectile-target mass t
fer.

In addition, one can obtain a rough estimate of the
plane integrated sequentialE and NE a emission for the
processes considered here; in fact, in the case ofq5p/2, we
can get

E
2p

p

dfM ~f!5ME1MNE ~21!

with
tions

y using
TABLE II. List of the parameters obtained in the analysis of the in-plane PLF-proton angular correla
arising from the16O(132 MeV)158Ni reaction.

Coincidences CE
a g a L0

a V a j b x0
b

(1022 sr21)

C-p 2.260.2 0.560.03 (664)° (1362)° (23572)° (22872)°
N-p 1.960.2 1.360.07 (664)° (1362)° (23972)° (23572)°
O-p 1.360.1 2.060.1 (664)° (1362)° (23772)° (22972)°

Coincidences CNE
a l a h0

a fR f0
b

(1022 sr21)
C-p 4.060.4 2.760.3 0.2960.04 (3163)° (5763)°
N-p 2.860.3 2.460.2 0.1460.02 (3863)° (5763)°
O-p 3.060.3 2.660.3 0.1660.02 (4363)° (5763)°

aThe quantities obtained by fitting the experimental data by the evaporative formula~13!.
bThe quantities estimated from a simple inspection of the experimental angular correlation patterns b
the approximate expressions~19!,~20!.
7-10
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ME;pCE@12exp~2g!#, ~22!

MNE;CNE~11h0!/l. ~23!

The values ofME1MNE, estimated within 30%, are listed i
Table III. Although NE processes comparatively contribu
less at low bombarding energy, they cannot be neglecte
increasing bombarding energies.

As usual in our treatment, we can define a positive ali
ment parameter on a quantization axis perpendicular to
reaction plane as~omitting the explicit indication ofvb)

p05u f ba~m0!u2 @ u f ba~m0!u21u f ba~2m0!u2#5~11h0!21,

whose values are reported in Table IV. For botha particles
and protons the values of this parameter show a domin
positive polarization probability. Despite rather large unc
tainties~with error bars larger than 10–15 % for botha par-
ticles and protons! the values of the polarization paramete
for protons in coincidence with either O or N PLF’s appe
to be slightly greater than those obtained for thea emission.

According to the Wilczynski model of DI reactions@38#,
which attributes the energy dissipation to frictional forc
arising in the projectile-target contact region, up and do
polarizations can be related to positive and negative defl
tion functions, respectively. Then, the observed positive
larization can be explained by assuming@39# that only one
kind of semiclassical trajectory, i.e., the far-side one, pre-
dominantly contributes to the NE component of the sequ
tial emission.

An interesting feature of the reaction mechanism can
obtained by observing that@18,19# the half-angle between
the two peaksx0 can be related to the lifetime of the emittin
nucleus@5# according to Eq.~18!, whereI is calculated as

I'Irigid'0.0137A5/3\2.

If we apply Eq.~18! to our reaction withl 0.4\ we obtain

TABLE III. Values of rough approximations ofME andMNE for
the PLF-a and PLF-p angular correlations from the
16O(132 MeV)158Ni reaction.

PLF-a PLF-proton
Coincidences ME MNE ME MNE

C-~light-particle! 4.1 1.2 2.7 1.9
N-~light-particle! 2.8 1.1 4.3 1.3
O-~light-particle! 1.5 0.4 3.5 1.3

TABLE IV. Values of p0 parameters for the PLF-a and PLF-p
angular correlations from the16O(132 MeV)158Ni reaction.

p0 for coincidences C N O

a 0.80 0.77 0.74
p 0.78 0.88 0.86
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t0.5310222 s for a particles,

t0.7310222 s for protons

as an estimate of the ‘‘decay time’’ after the formation of t
B decaying nucleus. The results summarized in Table IV
consistent with the ‘‘decay times’’ deduced in Ref.@13# for
the 16O(96 MeV)158Ni and 16O(133 MeV)148Ti reac-
tions.

IV. SUMMARY AND CONCLUDING REMARKS

The differential multiplicities obtained for both thea par-
ticles and the protons have been measured for the DI c
sions 16O158Ni at 8.2 MeV/nucleon using theICARE

charged-particle multidetector array@20–22# for energy-
damped events. A newly developed theoretical semiclass
approach@13# assuming the hypothesis of a two-step sequ
tial mechanism that combinesE and NE processes is suc
cessfully applied to analyze quantitatively the measured
plane angular correlations betweena particles and protons
detected in coincidence with PLF’s.

From this analysis, one infers that the angular inter
between the average transferred momentum in
58Ni( 16O,b)B reaction and the recoil nucleusB direction in-
creases with the transferred mass from16O nucleus to58Ni
nucleus. Many of the observed features of the sequentiE
emission and NE emission are well reproduced for both
a particles and the protons by means of this simple semic
sical approach@13#. In particular, we have found for the firs
time that NE proton emission exists significantly in the
processes of the16O158Ni reaction. Some information of the
reaction mechanisms has been extracted, such as polariz
phenomena~which appear to be slighltly more sensitive fo
proton emission thana emission! or estimates of ‘‘decay
times.’’ By a comparison of the present analysis of the16O
158Ni reaction to previous one@13# of the 16O148Ti reac-
tion, the target dependence of the NEa emission is found to
be rather weak. The projectile dependence of both the Na
and proton emission still have to be investigated in a syst
atical manner. Therefore, this work may stimulate furth
experimental studies on different nuclear systems aimed
deeper investigation of the time scales~lifetimes of the tar-
getlike fragments and ‘‘decay times’’ of the formed dinucle
systems! involved in DI collisions.
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