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Semiclassical approach to sequentiala emission in „96 MeV… 16O¿58Ni
and „133 MeV… 16O¿48Ti deep inelastic collisions
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~96 MeV! 16O158Ni and ~133 MeV! 16O148Ti reactions have been experimentally investigated by using
coincident charged particle techniques. A closed-form theoretical approach, describing in a single picture the
nonequilibrium component and the evaporation component of the angular correlation between particles and
reaction residues emitted in a peripheral heavy-ion collision, is applied—in the hypothesis of sequential
process—to the C-a, N2a, and O-a differential multiplicities for the 16O158Ni at 6 MeV/nucleon and
16O148Ti at 8.3 MeV/nucleon deep inelastic collisions. From this analysis some reaction mechanism infor-
mation is deduced.
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I. INTRODUCTION

In peripheral heavy-ion reactions at intermediate bo
barding energies not exceeding 20 MeV/nucleon a dinuc
system can be formed with both the projectile and the ta
sticking together during a short time within a deep inelas
collision. The subsequent decay of this kind of dinucle
objects by light-particle sequential emission has been wid
studied in the past@1#.

Many features of these emissions are explained by me
of a simple theoretical approach in terms of breakup of
projectile and emission of particles from reaction residu
@2–7#. The experimental observations spurred many theo
ical models and approaches@5–7#.

In the case of peripheral collisions, where one obser
the emission of two fragments close inA andZ to the ingo-
ing partners, besides few light particles and clusters, ene
and angular correlations between these particles and the
ments have been satisfactorily justified as due to a seque
emission from the detected projectilelike and the undetec
targetlike fragments. A common feature is evident in the
coincidence measurements, i.e., adouble forward-peaked
structure, showing a minimum close to the direction of t
projectilelike fragment together with a marked asymme
between emission probability at positive and negative an
@2,8#.

These observed features have been described in terms
theoretical approach@9,10# recently revisited@11#, which ac-
comodates in a simple way the nonequilibrium compon
together with the evaporative one of the sequential part
emission in peripheral heavy-ion collisions lik
A(a,b)B(c)C.
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In this paper we outline a closed-form expression for
(b-c) multiplicity of a sequential process likeA(a,b)B(c)C
and show that even in the case of a sequential process
important and remarkable nonequilibrium component in
particle emission is present. We also show how useful c
clusions on the mechanism of a peripheral collisionA(a,b)B
can be drawn from the investigation of the (b-c) measured
angular correlation around the forward angles.

In order to apply thissemiclassicalapproach we have
measured angular correlations ofa particles arising from the
~96 MeV! 16O158Ni and ~133 MeV! 16O148Ti deep inelas-
tic collisions.

The paper is organized as follows. The semiclassical
proach to particle-particle angular correlations is describe
Sec. II, with its application given in Sec. III for both16O
158Ni and 16O148Ti reactions, and concluding remarks a
finally proposed in Sec. IV.

II. SEMICLASSICAL APPROACH TO PARTICLE-
PARTICLE ANGULAR CORRELATION

To get the theoretical formulas of our approach@9–11#, let
us start by considering a sequential process l
A(a,b)B(c)C and assume that it proceeds through a giv
continuum state (eB

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

! ,JCpC) in the final nucleusC.
In the following,eX

! indicates the excitation energy of th
state of definite spinJX and paritypX in the nucleusX and
mX , the z component ofJWX . The pair (xX) has relative ra-
dial coordinaterWx , momentumkW x , velocity vW x , and energy
ex . 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
©2001 The American Physical Society01-1
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R. BARNA et al. PHYSICAL REVIEW C 64 054601
frame with thex axis andz axis parallel to thex axis andz
axis of the c.m. frame.

In order that theA(a,b)B(c)C reaction be a sequentia
process, let us require that the excitation energyeB

! of the
intermediate systemB formed in the first step of the three
body reaction be independent of the particlec angles and
assume, moreover, that in theB→c1C decay the nuclea
interaction betweenb andB can be neglected; for simplicity
we suppose that the nucleiA,a,b, andc have spin zero andb
andc are in the ground state.

To get the average value of the (b-c) angular correlation
over the intervalD centered ateB

! , let us split theS matrix
into an equilibrium~E! and a nonequilibrium~NE! term as
@12#

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
1C decay and that their widths and energies are rando
distributed so that interference terms generally van
@13,14#.

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

!

within a regionD8(;D).
Finally, following restrictions and approximations of Re

@11#, the energy averaged (b-c) angular correlation can b
expressed as

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!

where

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

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

In Eq. ~3! the quantitywl , related to the relative density o
the available states (eC

! ,JCpC) in the nucleusC, describes
the probability of orbital angular momentuml transferred in
the (B;JBeB

!)→(cC; lJCeC
! ) decay and we have assumed t
05460
ly
h

parametrization^uS Eu2&5Tl /G, where Tl is the optical-
model transmission coefficient andG represents all decay
modes energetically open for theB→c1C decay@13,14#.

Actually, by using the time-dependent scattering theo
@15#, it can be roughly assumed that the quantity (d2s)NE is
associated with a situation in which the dissociation ofB into
c and C is a fast process occurring in time scales by ma
orders of magnitude shorter than the typical time correspo
ing to the equilibrium decay process, described by (d2s)E,
whose long lifetime leads to the ‘‘loss of memory’’ of th
formation of the decaying nucleusB @14#. For this reason the
angular symmetry of thec emission from a statistical equili
brated system described by the (b-c) angular correlation~3!
cannot be used as evidence for any particular model of
namical effect.

On the contrary, one can deduce from the (b-c) angular
correlation~4! that the memory of the first step of the s
quential processA(a,b)B(c)C can be retained during th
subsequent ‘‘fast’’B→c1C decay, so that the angular de
pendence of the particlesc emerging from such a short-live
composite system can display a marked forward-backw
asymmetry around the direction of the coincident projec
residueb or the beam axis.

Thus the study of the nonequilibrium sequential comp
nent of the particle emission can be seen as a powerful
to probe the early stage of the peripheral collision beside
useful alternative technique to obtain reaction mechan
information complementary to the ones extracted by me
of the angular distributions of the two-body reactio
products.

When the interest in using the angular correlation meth
is mainly devoted to obtain information on the mechanism
the A(a,b)B reaction and on the polarization effects of th
nucleusB, it is convenient to choose coordinate axes so t
the z axis is alongkWb3kWa ~perpendicular to the reactio
plane! and thex axis alongkWa .

Information on the polarization effects of the residu
nucleusB induced by the first step of the sequential proce
A(a,b)B(c)C can also be obtained through thew depen-
dence of the differential multiplicity for the second step@11#.

A semiclassical expression for the (b-c) differential mul-
tiplicity has been treated and developed in Refs.@10,11,16#,
which accounts for many of the observed features of
sequential emission of the high as well as low energy p
ticles from the fragments excited in a peripheral heavy-
reaction .

In this approach, we consider a semiclassical picture
assumes a coordinate rotation by means of the Euler an
to a more useful system chosen in describing theB→c1C
decay ~in the restrictions and assumptions of Ref.@11#!,
where the new quantization axis is oriented in the direct
of JWB which is at a certain angleL with respect to thez axis
and lies in a plane perpendicular to the reaction plane an
the direction of a unit vectork̂0, close to the recoil direction
of the decaying nucleusB @17#, corresponding to an angl
w05(p/21j) with respect to thex axis.

Then the relative momentumkW c of the pair (cC) has polar
angles (q,w) and (Q,F) with respect to the space-fixe
1-2
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SEMICLASSICAL APPROACH TO SEQUENTIALa . . . PHYSICAL REVIEW C 64 054601
system and to the (k̂03 ĴB ,k̂0 ,ĴB) axes, respectively. Sinc
the polar angles ofJB axis with respect to the (x,y,z) axes
are (L,p1j) ~see Fig. 2 of Ref.@11#!, we have

cosQ5cosL cosq2sinL sinq cos~w2j!, ~6a!

cotF5
cosL sinq cos~w2j!1sinL cosq

sinq sin~w2j!
. ~6b!

In the framework of the quantal treatment carried out
Ref. @18#, we assume the semiclassical replacement@18,19#

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

where

a[~I1MR2!\2/2ITCMR2,

b[JB\2/ITC

with M, R, andI being the reduced mass, the radius, and
rigid-body moment of inertia of the pair (cC), respectively,
andTC is the nuclear temperature corresponding to the e
tation energyeC

! in the nucleusC.
In the sharp cutoffapproximation for the coefficientTl ,

converting the summation overl to an integral, we get@see
Eq. ~6a!#

@M ~q,w,L!#E5CEexp~2g cos2Q!, ~8!

whereCE is independent ofq and w while the anisotropy
coefficientg is given byg[b2/4a. We attribute the ‘‘direct’’
sequentialB→c1C decay described bŷS& @see Eqs.~1!# to
a promptemission of particles from peripheral regions of t
nucleusB bearing in mind that in the classical limit the pa
ticles c while escaping from the rotating nucleusB get an
additional velocity if emitted along the equatorial plane.

For an estimate of the NE (b-c) multiplicity we can there-
fore assume the emission of particlesc in the equatorial
plane with orbital angular momentumlW parallel to JWB to
dominate, and consequently we assume that the periph
nature of the NE decay process is consistent with the hyp
esis that only an ‘‘l window’’ centered at a certainl 0 contrib-
utes. So for the energy-averaged element^Sl& in the
amplitude-phase representation

^Sl&5h~ l !exp@ id~ l !#,

we can write nearl 5 l 0

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

where we have assumed the phased( l ) to be linear inl about
l 0 and

x0[F]d~ l !

] l G
l 0

~10!

is the quantal deflection functionsomehow describing the
‘‘classical trajectory’’ of the particlesc and the nucleusC in
their mean field characterized by the phase shiftd @20#.
05460
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An estimate of the NE differential multiplicity can b
written as follows:

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

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

Q(6)~F![(
l

h~ l 2 l 0!exp@ i ~ l 2 l 0!~x06F!#. ~12!

Recalling the peripheral nature of the direct NE decay p
cess, if we express the amplitudeh( l 2 l 0) as a Gaussian
distribution @21#

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

following an analogous procedure as forM (u,f,L), we fi-
nally obtain

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

1h0exp@2l2~F2x0!2#%, ~13!

whereCNE englobes all the inessential constants independ
of q andw.

To obtain the final expression of the semiclassical (b-c)
differential multiplicity, we shall assume that the spin orie
tation is governed by a distribution functionL(L), so that
finally we have

M ~q,w!5$M ~q,w!%E1$M ~q,w!%NE ~14!

with

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

~15!

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

~16!

whereME andMNE are given by Eqs.~6!, ~8!, and~13!.
For simplicity we shall assumeL(L) as a Gaussian dis

tribution,

L~L!5exp@2~L2L0!2/2V2#. ~17!

The in-plane differential multiplicity corresponds toq
5p/2. In this case Eqs.~6! become

cosQ5sinL cos~w2j!, ~18a!

cotF5cosL cot~w2j!. ~18b!

As already shown in Ref.@11#, when the dealignment is suf
ficiently small (L!1), the NE in-plane (b-c) differential
multiplicity is essentially given by a two component asym
metric ~in generalh0Þ1) pattern about the anglej5w0
2p/2 ~see Fig. 2 of Ref.@11#!, peaked at the anglesw15j
2x0 and w25j1x0, respectively; moreover, ifx0,j and
h0,1, the (b-c) coincidence events appear with maximu
probability on the same side of the beam axis with respec
1-3
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R. BARNA et al. PHYSICAL REVIEW C 64 054601
the direction of the ‘‘detected’’ projectile residue. The valu
of the in-plane coincidence cross section aboutw1 and w2
correspond toA(a,b)B reaction process with opposite pola
ization ofB, which, in a qualitative picture, may somehow b
explained by the assumption that only one type of ‘‘sem
classical trajectory’’ predominantly contributes to the i
plane (b-c) angular correlation for either positive or negati
angles with respect to the direction of the projectileli
nucleusb @20,22#.

In the cases whenL!1 one can obtain an estimate of th
anglej and the quantal deflectionx0 by a simple inspection
of the experimental in-plane angular correlation patt
around the ‘‘peak angles’’w1 andw2, using the expressions

2j.w21w1 , ~19a!

2x0.w22w1 . ~19b!

Indeed here the deviation from left-right symmet
around a direction close to the one of the coincident pro
tile residue as well as the double forward-peaked shape in
angular correlation pattern does not necessarily imply
the light particles emerge from the contact zone between
two colliding nuclei ~spatial-localization!. Actually, in a
simple optical picture, we can interpret the sums appea
in Eq. ~12! @see also Eq.~13!# as a beam of particlesc emit-
ted from an ‘‘l -window’’ centered about a mean valuel 0 and
extended over a narrow widthD l;l ( l localization!.

From the above rough picture we somehow idealize
time dependence of the NEB→c1C decay; for example,
the observed strongly forward-peaked in-plane angular
relation can be interpreted as an indication that the light p
ticlesc are emitted in decay times shorter than the rotatio
period of the nucleusB, corresponding to the time require
for a hypothetical complete revolution of the (c1C) com-
posite system. In a simple, classical picture we can us
wave packet description to estimate the average time inte
occurring betweenB nucleus formation in theA(a,b)B pe-
ripheral collision and theB→C1c fast emission. To this
aim, let us consider the (C1c) composite system to rotat
during the timet0 with angular momentuml 0 and rotational
frequency v05\ l 0 /I. If we assume that the ‘‘deflection
angle’’ x0 depends ont0 NE decay time, starting from a
t050 when thek̂C component in reaction plane is in th
direction of k̂0, we get the following linear formula:

2x05v0t05
\ l 0

I t0 . ~20!

III. EXPERIMENTAL RESULTS

As an application of the above-mentioned theoretical
proach, we analyze the C-a, N-a, and O-a differential mul-
tiplicities for the~96 MeV! 16O158Ni @23,8# and~133 MeV!
16O148Ti @24,25# deep inelastic collisions, respectively. W
studied thein-plane and out-of-planeangular correlations
~see, e.g. Ref.@11# and references therein! between projec-
tilelike fragments~C, N, O! and a particles coming from
05460
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the ~96 MeV! 16O158Ni and ~133 MeV! 16O148Ti,
respectively.

The a particles associated to the~C, N, O! fragments are
emitted by~Zn, Cu, Ni! intermediate nuclei during the se
quential reaction

16O158Ni→~C,N,O!1~Zn* ,Cu* ,Ni* !1Q2→~C,N,O!

1~Ni,Co,Fe!1a1Q3 , ~21!

while they are emitted by~Cr,V,Ti! in the sequential reaction

16O148Ti→~C,N,O!1~Cr* ,V* ,Ti* !1Q2→~C,N,O!

1~Ti,Sc,Ca!1a1Q3 . ~22!

A. The 16O¿58Ni reaction at E lab„
16O…Ä96 MeV

The first experiment has been performed with a 96-M
16O beam supplied by the MP Tandem facility in Strasbou
to study the (C-a), (N-a), and (O-a) differential multiplici-
ties for the58Ni( 16O,C)Zn(a)Ni, 58Ni( 16O,N)Cu(a)Co, and
58Ni( 16O,O)Ni(a)Fe sequential processes@23,8#.

The 16O beam hit an isotopically enriched 750-mg/cm2-
thick 58Ni target. The strongly energy damped projectile re
dues~C,N,O! ions were detected by a (DEgas,Esilicon) tele-
scope atu lab5235°. Measurement ofa angular distribu-
tions have been performed by means of position-sensitiv
detectors~PSD!, combined with an ionization chamber, to
gether with a triple Si-telescope detector for small forwa
angles.

To extract the equilibrium and nonequilibrium sequent
components, all other processes contributing to thea
emission, like, e.g., thea ’s coming from the C buildup
contamination and the breakup events, were identifi
and removed@8#.

Thesequentialityof the distribution so obtained is pointe
out by the concentration of such events inQ-value windows
thatdo not dependon thea detection angles~see, e.g., Fig. 1
of Ref. @26#!. The average values of (Q2 ,Q3) in MeV for
(C-a), (N-a), and (O-a) coincidences are, respectivel
(238.4,228.5), (235.8,225.8), and (233.9,224.8). As a
consequence, since the excitation energy of projectile
particles is negligible and a major part of the kinetic ener
is carried out by thea particle, it follows that the~Zn, Cu,
Ni! intermediate nuclei excitation energy does not appre
bly depend on thea-emission angle.

For the three coincidences the mean value of the exc
tion energy of the emitting target nucleus is about 35 MeV
value lying in the continuum region of the excitation spe
trum, and this allows us to apply to this reaction the sem
classical approach previously described. Moreover, appr
mating the impact parameter to the grazing one, and us
the mean kinetic energy of the projectilelike fragments e
tracted from our data, we obtain a rough value of the angu
momentum transferred in the first step of the reaction, wh
is about 25\. Such a value,58Ni spin being zero, gives us a
estimation of the targetlike nucleus spinJB . Figure 1 shows
the in-plane differential multiplicity data for (C-a), (N-a),
and (O-a) coincidences vs thea-particle detection angle. As
1-4
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SEMICLASSICAL APPROACH TO SEQUENTIALa . . . PHYSICAL REVIEW C 64 054601
these data have been referred to the rcm system, i.e., the
system of~Zn, Cu, Ni! nuclei, they can be directly fitted b
the theoretical formula~14!, represented by the solid lines
the dashed lines are the best fit of the equlibrated part of
differential multiplicity given by Eq.~15!.

The out-of-plane coincidence data shown in Fig. 2
taken at backward angles; since in that angular region
nonequilibrium emission is negligible, these out-of-plane
perimental data were employed to get the (CE ;g;L0 ;V)
parameters by means of the purely evaporative formula~15!
@11#.

In contrast to the case of the (CE ;g;L0 ;V) parameters,
the value off0 obtained in the fitting prcedure cannot b
determined to a sufficient accuracy, since in the pres
analysis the angular correlations given by Eq.~15! are not

FIG. 1. Best fit of the in-plane C-a, N-a, and O2a differential
multiplicity data, for the sequential process16O158Ni at 96 MeV
laboratory energy@8#. The differential multiplicity, in units of
1022 sr21, is plotted vs the in-planea-particle angle. The arrows
indicate the directions of the projectilelike fragment~b! and target-
like fragment~B! with respect to the incident beam in the laborato
system,f0 being the direction of the average momentum tra
ferred ~see text!.
05460
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sensitive to the choice off0 within an angular interval of
30° around the values of the recoil directions of t
a-decaying nuclei, reported in Table I.

Bestx2 values forCE , g, L0, andV are listed in Table I.
SinceL0 and V are a measure of dealignment of the ro
tional axis of thea-decaying nucleus along an axis normal
the reaction plane, one sees from an inspection of Table I
in a qualitative picture, the dealignment of Cr and Zn
small. The angular correlation data do not uniquely de
mine the quantitiesg and L0 but rather define a range o
possibilities, the values listed in Table I can therefore
considered as an estimate. In principle, thej parameter could
be calculated in the same way, but the evaporative com
nent is not as sensitive to the choice ofj as the nonequilib-
rium one. As a matter of fact, the values obtained forL0 and
V mean that the targetlike nucleus rotational axis lies v
close to thez axis, then bothj andx0 can be evaluated usin
the approximate expressions~19!, wheref1 andf2 are the

-

FIG. 2. Best fit of the out-of-plane (C-a), (N-a), and (O-a)
differential multiplicity data, for the 58Ni( 16O,C!Zn~a!Ni,
58Ni( 16O,N)Cu(a)Co, and 58Ni( 16O,O)Ni(a)Fe sequential pro-
cesses at 96 MeV laboratory energy@23#. The differential multiplic-
ity, in units of 1022 sr21, is plotted vs the out-of-planea-particle
angle.
1-5
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TABLE I. List of the parameters obtained in the analysis of the out-of-plane and in-plane an
correlations coming from the~96 MeV! 16O158Ni reaction.

Coincidences CE
a g a L0

a V a j b x0
b

(1022 sr21)

C-a 1.460.1 3.060.2 (19613)° (1362)° (23072)° (24572)°
N-a 1.060.1 2.260.1 (664)° (2462)° (24172)° (24572)°
O-a 0.660.06 1.960.1 (19613)° (1362)° (24372)° (27872)°

Coincidences CNE l h0 fR f0

(1022 sr21)
C-a 2.160.2 2.360.2 0.3060.04 (6063)° (3563)°
N-a 1.860.2 2.560.3 0.4960.06 (4963)° (4263)°
O-a 0.760.07 2.260.2 0.4360.05 (4763)° (4763)°

aThe quantities obtained by fitting the experimental data by the evaporative formula~15!.
bThe quantities estimated from a simple inspection of the experimental angular correlation patterns b
the approximate expressions~19!.
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a-particle emission angle corresponding to the two peak
the total differential multiplicity.

Finally, (CNE ;l;h0) parameters were obtained by fittin
the forward region experimental data by the formula~14!,
where the above-determined values of (CE ;g;L0 ;V;j;x0)
were inserted. From the analysis of the fit parameters
ported in Table I, one easily infers that the spin direction
almost perpendicular to the reaction plane as we suppose
the theoretical approach. As a matter of fact, the aver
angle between the spin direction and the normal axis (L0) is
less than 20° for all three coincidences.

The nonequilibrium component consists of two bum
the higher one is associated with the positive polarizati
the lower to the negative polarization. The width of the pea
is related to the model parameterl, which represents the
width of the l window mainly contributing to the decay pro
cess; such a value does not exceed 3\, thus confirming that
we are dealing with a peripheral process. Another interes
parameter ish0, which is related to the probabilityp0 of
positive polarization of the targetlike nucleus on a quanti
tion axis perpendicular to the reaction plane~omitting the
explicit indication ofvb),

p05u f ba~m0!u2/@ u f ba~m0!u21u f ba~2m0!u2#

5~11h0!215H 0.77 ~C-a!

0.67 ~N-a!

0.70 ~O-a!.

According to Wilczynski’s model of deep inelastic rea
tions @27#, which ascribes the energy dissipation to friction
forces arising in the projectile-target contact region, up a
down polarization can be related to positive and nega
deflection function, respectively. Then, the observed posi
polarization can be explained by assuming@22# that only one
kind of semiclassical trajectory, i.e., the far-side one, pre-
dominantly contributes to the nonequilibrium component
the sequential emission.

The half-angle between the two peaksx0 can be related to
the lifetime of the emitting nucleus by Eq.~20!, where we
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approximatedI with the rigid body moment of inertia of the
emitting nucleus@23#

I'Irigid'0.0137A5/3\2.

The last parameter obtained by the fit isj, which is re-
lated to the directionf0 of the momentum transferred in th
projectile-target interaction; if we had dealt with ha
spheres, this direction would correspond to the recoil dir
tion of the targetlike nucleus,fR . As one can deduce from
Table I, these angles are not equal but their difference
creases for decreasing projectile-target mass transfer.

B. The 16O¿48Ti reaction at Elab„
16O…Ä133 MeV

The second experiment we studied was the16O148Ti re-
action performed at the IRES MP tandem accelerator
Strasbourg, France. Since the mean excitation energy o
emitting targetlike nuclei is about 60 MeV, a value lying
the continuum region of the excitation spectrum, we co
apply the same theoretical approach we used in the16O
158Ni reaction to this nuclear system. Following the sam
procedure adopted as in the16O158Ni case, we give an es
timation of about 27\ of the JB targetlike nucleus spin.

The strongly energy damped projectile residues~C, N, O!
were detected in a (DEgas,Esilicon) telescope atu lab5
230° with respect to the beam direction, while th
a-particle angular distributions were measured by mean
(DEgas,Esilicon(PSD)) telescope and two (DEsilicon ,ECsI)
telescopes for small forward angles. The (DEgas,Esilicon)
telescope, already used for the16O158Ni measurement, is
suitable for identifying charges of heavy ions, as shown
Fig. 3. Then we used the Vivitron accelerator and an ea
stage of the ICARE facility~whose complete configuration i
made up of 48 telescopes!, thus obtaining a good resolutio
in the emission angle, kinetic energy andZ of the detected
particle, as well as the mass of the light charged particles
means of the time of flight technique. Eight telescopes
mainly devoted to the heavy-ion detection, the remaining
detect light charged particles, such asp’s and a ’s, 16 of
1-6
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which are devoted to the high energy particles emitted.
24 doubleDESi2ECsI(Tl) telescopes are devoted to th

detection of fewer than 30-MeV charged particles, while
triple DESi1DESi2-ECsI(Tl) telescopes detect the light particle
carrying higher energy. The eightDEgas-ESi telescopes are
ionization chambers used to identify heavy fragments w
Z<40.

Figure 4 shows the (C-a), (N-a), and (O-a) in-plane
angular correlations in the recoil center of mass system,
tracted after subtracting undesired contributions such asa ’s
coming from projectile breakup andC buildup contamina-
tion. By means of a procedure similar to the one followed
the 16O158Ni system, the fit parameters for the16O148Ti
system were obtained and are shown in Table II, with
corresponding curves in the same figure.

By applying this procedure to the16O148Ti system we
get

p05H 0.83 ~C-a!

0.74 ~N-a!

0.74 ~O-a!,

showing also in this case how only one kind ofsemiclassical
trajectoryplays a predominant role, namely thefar-sideone.

The fR angle, given in the last three rows of the secon
last columns of Tables I and II denotes the angle of the re
direction of thea-decaying targetlike nucleusB with respect
to the beam angle. From the tables we can note that
difference (f02fR)—which is the angular interval betwee

FIG. 3. Example of charge identification spectrum for the~133
MeV! 16O148Ti reaction.
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the direction of the average momentum transferred in
58Ni( 16O,b)B as well as48Ti( 16O,b)B and the recoil direc-
tion of thea-decaying nucleusB—is larger for larger mass
transfer in the reaction considered and increases with
relative energy between projectile and target at theVC barrier

VC5ZazAe2/R, R5r 0~Aa
1/31AA

1/3!, r 051.4 fm.
~23!

In addition, one can obtain a rough estimate of the in-pla

FIG. 4. Best fit of the in-plane (C-a), (N-a), and (O-a) dif-
ferential multiplicity data for the sequential process16O148Ti at
133 MeV laboratory energy@18–20#. The differential multiplicity,
in units of 1022 sr21, is plotted vs the in-planea-particle angle.
The arrows indicate the directions of the projectilelike fragment~b!
and targetlike fragment~B! with respect to the incident beam in th
laboratory system;f0 is the direction of the average momentu
transferred~see text!.
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TABLE II. List of the parameters obtained in the analysis of the out-of-plane and in-plane an
correlations coming from the~133 MeV! 16O148Ti reaction.

Coincidences CE
a g a L0

a V a j b x0
b

(1022 sr21)

C-a 0.460.04 3.860.2 (966)° (3564)° (23572)° (23872)°
N-a 0.360.2 3.360.2 (664)° (2963)° (23972)° (23972)°
O-a 0.2360.02 3.060.2 (966)° (2563)° (23572)° (23572)°

Coincidences CNE l h0 fR f0

(1022 sr21)
C-a 4.560.5 3.560.4 0.2060.02 (5562)° (29.561)°
N-a 2.560.3 3.360.4 0.3560.04 (5162)° (34.761)°
O-a 1.860.2 2.660.3 0.3660.04 (5562)° (3961)°

aThe quantities obtained by fitting the experimental data by the evaporative formula~15!.
bThe quantities estimated from a simple inspection of the experimental angular correlation patterns b
the approximate expressions~19!.
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integrated sequential E and NEa emissions for the processe
considered here; in fact, from Eqs.~8! and~13!–~18!, we can
get (q5p/2)

E
2p

p

dfM ~f!5ME1MNE ~24!

with

ME;pCE@12exp~2g!#, ~25!

MNE;CNE~11h0!/l. ~26!

The values per out-of-plane unit angle ofME1MNE esti-
mated within 30% are listed in Table III. Although NE pro
cesses contribute at the percentage level at low bombar
energy, they cannot be neglected at increasing bombar
energies.

IV. SUMMARY AND CONCLUSIONS

Differential multiplicities for the16O158Ni reaction at 6
MeV/nucleon and for the16O148Ti at 8.25 MeV/nucleon
have been measured for deep inelastic events. A theore
semiclassical approach, assuming the hypothesis of a
step sequential process, is proposed to further analyze

TABLE III. Values of rough approximations ofME andMNE for
the ~96 MeV! 16O158Ni and ~132 MeV! 16O148Ti reactions.

16O158Ni 16O148Ti

Coincidences ME MNE ME MNE

C-a 4.1 1.2 1.2 1.5
N-a 2.8 1.1 0.9 1.0
O-a 1.5 0.4 0.7 0.9
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measured angular correlations betweena particles detected
in coincidence with the deep inelastic projectilelike fra
ments C, N, and O.

From this analysis, we can see that the angular inte
between the average transferred momentum in58Ni( 16O,b)B
and 48Ti( 16O,b)B reactions, respectively, and the reco
nucleusB direction increases with the transferred mass
16O nucleus to58Ni and 48Ti nuclei. In the application to the
16O158Ni and 16O148Ti systems, the positive alignment pa
rameters that have been deduced for the respective pro
tilelike fragments suggests that thefar-side trajectory is
dominant. The nonequilibrium component for the16O148Ti
reaction is quite large compared to the one extracted from
16O158Ni reaction. Equation~20!, applied to the two sys-
tems studied, gives the following values fort0 revolution
times:

t055310222 s

and

t053310222 s,

where we used thel 0 values calculated from our data, i.e
2\ and 6\. These estimates oft0 can be regarded as th
lifetimes of the targetlike fragments, i.e., the ‘‘decay time
after the formation of Ni and Cr, for16O158Ni and 16O
148Ti systems, respectively.

The simple semiclassical approach used here seems
able to reproduce many of the observed features of the
quential E and NEa emission and to extract reaction mech
nism information directly by applying formulas~15! and~16!
to the analysis of the experimental angular correlation d
Of course, this model should be applied to other nucl
systems for further investigation of the reaction mechan
of deep inelastic collisions. To this aim, analysis of expe
mental data is still in progress.
1-8
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@1# W. U. Schröder and J. R. Huizenga, inTreatise on Heavy-Ion
Science, edited by D. A. Bromley, Nuclear Sciences Vol.
~Plenum, New York, 1994!; D. Guerreau,Nuclear Matter and
Heavy-Ion Collisions, edited by M. Soyer, H. Flocard, B
Tamain, and M. Porneuf~Plenum, New York, 1989!.

@2# H. Ho, P. L. Gonthier, M. N. Namboodiri, J. B. Natowitz, L
Adler, S. Simon, K. Hagel, R. Terry, and A. Khodai, Phy
Lett. 96B, 51 ~1980!.

@3# T. C. Awes, G. Poggi, C. K. Gelbke, B. B. Back, B. G
Glagola, H. Breuer, and V. E. Viola, Jr., Phys. Rev. C24, 89
~1981!.

@4# H. Ho, G. Y. Fan, P. L. Gonthier, W. Ku¨hn, B. Lindl, A. Pfoh,
L. Schad, R. Wolski, J. P. Wurm, J. C. Adloff, D. Disdier, V
Rauch, and F. Scheibling, Nucl. Phys.A437, 465 ~1985!.

@5# B. Lindl, A. Brucker, M. Bantel, H. Ho, R. Muffler, L. Schad
M. G. Trauth, and J. P. Wurm, Z. Phys. A328, 85 ~1987!.

@6# W. Terlau, M. Burgel, A. Budzanowski, H. Fuchs, H. Homey
G. Roschert, J. Uckert, and R. Vogel, Z. Phys. A330, 303
~1988!.

@7# R. Wada, M. Gonin, M. Gui, K. Hagel, Y. Lou, D. Utley, J. B
Natowitz, G. Nebbia, D. Fabris, R. Billerey, B. Cheynis, A
Demeyer, D. Drain, D. Guinet, C. Pastor, L. Vagneron,
Zaid, J. Alarja, A. Giorni, D. Heuer, C. Morand, B. Viano, C
Mazur, C. Ngoˆ, S. Leray, R. Lucas, M. Ribrag, and E. Toma
Nucl. Phys.A328, 85 ~1987!.

@8# H. Ho, P. L. Gonthier, W. Ku¨hn, A. Pfoh, L. Schad, R. Wolski
J. P. Wurm, J. C. Adloff, D. Disdier, A. Kamili, V. Rauch, G
Rudolf, F. Scheibling, and A. Strazzeri, Phys. Rev. C27, 584
~1983!.

@9# A. Strazzeri, Nuovo Cimento Soc. Ital. Fis., A52A, 323
~1979!.

@10# A. Strazzeri, Nuovo Cimento Soc. Ital. Fis., A80A, 35 ~1984!.
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