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and (133 MeV) %0+“®Ti deep inelastic collisions

R. Barna D. De Pasquale, A. Italiano, A. Trifirand M. Trimarchi
Istituto Nazionale di Fisica Nucleare, Gruppo Collegato di Messina, Dipartimento di Fisica dell’'UniveSsiiga Sperone 31,

Vill. S. Agata, 1-98166 Messina, Italy

A. Strazzeri
Dipartimento di Fisica dell'Universitalstituto Nazionale di Fisica Nucleare, Sezione di Catania, Corso ltalia 57, 1-95129 Catania, Italy

V. Rauch, D. Disdief,C. Bhattacharya, C. Beck, T. Bellot, R. M. Freeman, R. Nouicer,
M. Rousseau, and O. Stezowski
Institut de Recherches Subatomiques, IReS, Strasbourg, France
(Received 8 November 2000; revised manuscript received 14 March 2001; published 1 October 2001

(96 MeV) %0+ %8Ni and (133 MeV) %0+ “Ti 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 @, N—«, and O« differential multiplicities for the®0+%Ni at 6 MeV/nucleon and
160-+48Tj at 8.3 MeV/nucleon deep inelastic collisions. From this analysis some reaction mechanism infor-
mation is deduced.
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[. INTRODUCTION In this paper we outline a closed-form expression for the
(b-c) multiplicity of a sequential process lik&(a,b)B(c)C

In peripheral heavy-ion reactions at intermediate bom'and show that even in the case of a sequential process, an

barding energies not exgeedmg 20 Me\//nug:leon a dmuclea‘ portant and remarkable nonequilibrium component in the
system can be formed with both the projectile and the targq article emission is present. We also show how useful con-

sticking together during a short time within a deep inelasti clusions on the mechanism of a peripheral collisiqa, b) B

collision. The subsequent decay of this kind of dinuclear . S
: R ' P . an be drawn from the investigation of thie-¢) measured
objects by light-particle sequential emission has been widel ngular correlation around the forward angles.

studied in the padtl]. . . ;
Many features of these emissions are explained by means In order to apply thissemiclassicalapproach we have

: - : easured angular correlations®@farticles arising from the
of a simple theoretical approach in terms of breakup of th 16~ 581 16~ A8 .
projectile and emission of particles from reaction residue 96 MeV) “°0+**Ni and (133 MeV) %0+ Ti deep inelas-

[2—7]. The experimental observations spurred many theore ic collisions. . . . .
ical models and approachgs—7] The paper is organized as follows. The semiclassical ap-

In the case of peripheral collisions. where one observe roach to particle-particle angular correlations is described in
the emission of tW% frg ments cIoseAr'\andZto the ingo- ec. Il with its application given in Sec. Iil for bottfO
9 9 + %8Ni and %0+ “®Ti reactions, and concluding remarks are

ing partners, besides few light particles and clusters, ener .
ar?deingular correlations betgvveepn these particles and the frgg[]a"y proposed in Sec. IV.
ments have been satisfactorily justified as due to a sequential |, seMICLASSICAL APPROACH TO PARTICLE-
emission from the detected projectilelike and the undetected PARTICLE ANGULAR CORRELATION
targetlike fragments. A common feature is evident in these
coincidence measurements, i.e.,dauble forward-peaked To get the theoretical formulas of our approg8hk11], let
structure, showing a minimum close to the direction of theus start by considering a sequential process like
projectilelike fragment together with a marked asymmetryA(a,b)B(c)C and assume that it proceeds through a given
between emission probability at positive and negative anglesontinuum state €5 ,Jg7g) in the nucleusB to a narrow
[2,8]. definite state €% ,Jc7c) in the final nucleusC.

These observed features have been described in terms of a|n the following, €} indicates the excitation energy of the
theoretical approact9,1Q] recently revisited11], which ac-  state of definite spidy and paritymy in the nucleus< and

comodates. in a simple way the nonequilibrium clomponfenan’ the z component oﬁx. The pair &X) has relative ra-
together with the evaporative one of the sequential partlcl%. | di - R locity & d
emission in peripheral heavy-ion collisions like dial coordinater,, momentunk,, velocity vy, and energy

A(a,b)B(c)C. ex. The spherical polar anglest(,, ¢;,) of Kk, are defined in

the (A+a) center-of-massc.m) system, whilek, has polar
angles ,¢) defined in the recoil center-of-magsc.m)
"Deceased. system(rest frame of the nucleuB) and described in ayz
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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 sequential
process, let us require that the excitation enesfjyof the
intermediate syster® formed in the first step of the three-
body reaction be independent of the particlengles and
assume, moreover, that in tie—c+C decay the nuclear
interaction betweeb andB can be neglected; for simplicity,
we suppose that the nucl&ija,b, andc have spin zero anh
andc are in the ground state.

To get the average value of thb-€) angular correlation
over the intervalA centered akg, let us split theS matrix
into an equilibrium(E) and a nonequilibriun{NE) term as
[12]

S=S8F+SNE (1a

with
SE=5-(8), (1b)
SNE=(S). (10

Moreover we suppose the phasef andSNE to be uncor-
related(so that their cross terms average out to zamd we
make the statistical assumption that in the energy intekval
around e there are many levels contributing to tBe—c
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parametrization(|SE|?)=T,/G, where T, is the optical-
model transmission coefficient ar@ represents all decay
modes energetically open for ttie—c+ C decay[13,14.

Actually, by using the time-dependent scattering theory
[15], it can be roughly assumed that the quantity«)NE is
associated with a situation in which the dissociatioB@fito
c andC is a fast process occurring in time scales by many
orders of magnitude shorter than the typical time correspond-
ing to the equilibrium decay process, described 8%0()F,
whose long lifetime leads to the “loss of memory” of the
formation of the decaying nucletss[14]. For this reason the
angular symmetry of the emission from a statistical equili-
brated system described by the-¢) angular correlatior{3)
cannot be used as evidence for any particular model of dy-
namical effect.

On the contrary, one can deduce from thed) angular
correlation(4) that the memory of the first step of the se-
quential proces#\(a,b)B(c)C can be retained during the
subsequent “fast’B—c+ C decay, so that the angular de-
pendence of the particlesemerging from such a short-lived
composite system can display a marked forward-backward
asymmetry around the direction of the coincident projectile
residueb or the beam axis.

Thus the study of the nonequilibrium sequential compo-
nent of the particle emission can be seen as a powerful tool
to probe the early stage of the peripheral collision besides a

+C decay and that their widths and energies are randoml&‘sefm alternative technique to obtain reaction mechanism
distributed so that interference terms generally vanisinformation complementary to the ones extracted by means

[13,14.

We also assume that the amplitusi® [see Eq(10)]is a
very smoothly varying function of the excitation energy
within a regionA’(~A).

Finally, following restrictions and approximations of Ref.
[11], the energy averaged{c) angular correlation can be
expressed as

d?c d?c \E d?c \NE
<dwbdw>=<dwbdw) +(dwbdw) @

with

d? : T 2
(dwbgw) mzc JE W|(JC)<§I>‘;B pi(Mg,Mc; @y, )

©)

NS

2

B ,

dwbdw mc

> <S|>2 pi(Mg,Mc; wp, @)
|‘]C mg
4
where
pI(Mg,Mc; @, @)=(—)'Fpa(Mg,wp)-(IJc, Mg
_mc,mc|JBmB>Y|mB_mC(w)- (5
In Eq. (3) the quantityw,, related to the relative density of

the available statesef,Jcm¢) in the nucleusC, describes
the probability of orbital angular momentulransferred in

of the angular distributions of the two-body reaction
products.

When the interest in using the angular correlation method
is mainly devoted to obtain information on the mechanism of
the A(a,b)B reaction and on the polarization effects of the
nucleusB, it is convenient to choose coordinate axes so that

the z axis is anngIbeIZa (perpendicular to the reaction

plang and thex axis alongk, .

Information on the polarization effects of the residual
nucleusB induced by the first step of the sequential process
A(a,b)B(c)C can also be obtained through tle depen-
dence of the differential multiplicity for the second sfdf].

A semiclassical expression for thb-€) differential mul-
tiplicity has been treated and developed in Rgf€),11,186,
which accounts for many of the observed features of the
sequential emission of the high as well as low energy par-
ticles from the fragments excited in a peripheral heavy-ion
reaction .

In this approach, we consider a semiclassical picture that
assumes a coordinate rotation by means of the Euler angles
to a more useful system chosen in describingBhec+C
decay (in the restrictions and assumptions of Rgfl)),
where the new quantization axis is oriented in the direction

of 53 which is at a certain angl& with respect to the axis

and lies in a plane perpendicular to the reaction plane and to
the direction of a unit vectdk,, close to the recoil direction

of the decaying nucleuB [17], corresponding to an angle
@o=(7/2+ &) with respect to thex axis.

Then the relative momentuﬁ& of the pair €C) has polar

the B;Jgeg) — (cC;lIcet) decay and we have assumed theangles ¢,¢) and ©,d) with respect to the space-fixed
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System and to theR(JXjBlkoujB) axes, respective|y. Since -An estimate of the NE differential mUltlpllClty can be
the polar angles ofg axis with respect to thex(y,z) axes  Written as follows:

are (A, 7+ &) (see Fig. 2 of Ref[11]), we have [M({},qp,A)]NEfv|Q(*)(<I>)|2+h0|Q(*)(<I))|2, (11)

cos® =cosA cosd—sinA sind cos(p—¢), (63 oo e have defined the “single source” amplitude

B cosA sind cog ¢ — &) +sinA cosd
cotd = Sind sing—&) - (6b) QUU®)=Z nl-loexil -l (xo= ®)]. (12

In the framework of the quantal treatment carried out in
Ref.[18], we assume the semiclassical replaceni&8fl19

Recalling the peripheral nature of the direct NE decay pro-
cess, if we express the amplitudgl —1,) as a Gaussian

W () ~exp(— al?)exp(Bu), 7) distribution[21]
where n(1—lg)~exd — (1 —1)2/4\?],
a=(T+MRY)AY2ITMR?, following an analogous procedure as (6, $,A), we fi-
nally obtain
,BEJBﬁZ/ZTC

[M(3,0,A)]NE=Cyelexd — N3 (P + x0)?]
with M, R, andZ being the reduced mass, the radius, and the 2 2
S . . o ’ +h —\(P— , 1
rigid-body moment of inertia of the paicC), respectively, XA —A(P=xo)lh - (19
andTc is the nuclear temperature corresponding to the exciwhereC, englobes all the inessential constants independent

tation energye¢ in the nucleusC. of & and¢.

In the sharp cutoffapproximation for the coefficieri,, To obtain the final expression of the semiclassidak
converting the summation ovérto an integral, we gefisee  differential multiplicity, we shall assume that the spin orien-
Eq. (6] tation is governed by a distribution functidn{A), so that

finally we have
[M(9,¢,A)]E=Cgexp(— ycos0), (8) y

M(9,¢@)={M(8,¢)}E+{M(3,¢)}NE 14
where Cg is independent of and ¢ while the anisotropy (9,9)={M (@)} +iM(D. )} a4

coefficienty is given byy= 8%/4«. We attribute the “direct”  with
sequentiaB— c+ C decay described b§S) [see Egs(1)] to

a promptemission of particles from peripheral regions of the E_ E

nucleusB bearing in mind that in the classical limit the par- ™ (% ®)"= AAL(A)M(D.0,A)]7 | dAL(A),
ticles ¢ while escaping from the rotating nucle@sget an (15
additional velocity if emitted along the equatorial plane.

For an estimate of the NEb¢c) multiplicity we can there- M NE:j AL(AM A NEJ' AL(A
fore assume the emission of particlesin the equatorial (3.0) AALCAIM (3,0, )T | dAL(A),

plane with orbital angular momenturh parallel to Jg to (16)

dominate, and consequently we assume that the peripherghare ME and MNE are given by Eqs(6), (8), and (13).

nature of the NE decay process is consistent with the hypoth- £, simplicity we shall assume(A) as a Gaussian dis-
esis that only an I window” centered at a certaily contrib-

tribution,
utes. So for the energy-averaged elemgs}) in the
amplitude-phase representation L(A)=exd — (A—Ag)?/202]. (17
(S)y=mnhexdisa(l)], The in-plane differential multiplicity corresponds td

. = /2. In this case Eq96) become
we can write neat=1,

(S~ 71~ lo)exi(l ~o)xol, © coso=sinA cose e, (e
where we have assumed the phaél to be linear in about cot®=cosA coll¢—&). (180
lo and As already shown in Refl1], when the dealignment is suf-
a5(1) ficiently _sm.all (A«l), the. NE in-plane I§-c) differential
XOE[T} (10) multiplicity is essentially given by a two component asym-
[

metric (in generalhy# 1) pattern about the anglé= ¢,

— /2 (see Fig. 2 of Ref[11]), peaked at the angles,= ¢

is the quantal deflection functiosomehow describing the — xo and ¢,= &+ xo, respectively; moreover, if,<§¢ and
“classical trajectory” of the particles and the nucleu€ in ho<1, the (b-c) coincidence events appear with maximum
their mean field characterized by the phase shif20]. probability on the same side of the beam axis with respect to

0
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the direction of the “detected” projectile residue. The valuesthe (96 MeV) °0+%Ni and (133 MeV) %0+4eTi,
of the in-plane coincidence cross section abgytand ¢, respectively.
correspond ta\(a,b)B reaction process with opposite polar-  The « particles associated to tH€, N, O) fragments are
ization of B, which, in a qualitative picture, may somehow be emitted by(Zn, Cu, Nj intermediate nuclei during the se-
explained by the assumption that only one type of “semi-quential reaction
classical trajectory” predominantly contributes to the in-
plane p-c) angular correlation for either positive or negative %0+ *8Ni— (C,N,0) + (Zn*,Cu* ,Ni* )+ Q,— (C,N,0)
angles with respect to the direction of the projectilelike .
nucleusb [20,22. +(Ni,Co,Fe + a+Qs, (21

In the cases when <1 one can obtain an estimate of the
angle¢ and the quantal deflectiog, by a simple inspection
of the experimental in-plane angular correlation pattern 16~ 48+ P —
around the “peak anglesp; and ¢,, using the expressions O+ #Ti—(C.N.O)+(Cr, V¥, Ti) + Q2 (C.N.O)

while they are emitted byCr,V,Ti) in the sequential reaction

+(Ti,Sc,Ca+ a+Qs. (22
2=yt ¢, (1939

A. The %0+ 58Ni reaction at E ,,(*%0)=96 MeV

2X0=@P2— @1. 1
Xo=@¥am @ (195 The first experiment has been performed with a 96-MeV
Indeed here the deviation from left-right symmetry O beam supplied by the MP Tandem facility in Strasbourg,
around a direction close to the one of the coincident projecto study the (Ca), (N-a), and (Q«) differential multiplici-
tile residue as well as the double forward-peaked shape in tHes for the “Ni(*°0,C)Zn(a)Ni, **Ni(™“0,N)Cu(«)Co, and
angular correlation pattern does not necessarily imply that Ni(~O,0)Ni(a)Fe sequential processgz3,8].
the light particles emerge from the contact zone between the The ‘°0 beam hit an isotopically enriched 73@y/cnt-
two colliding nuclei (spatial-localization Actually, in a thick *®Nitarget. The strongly energy damped projectile resi-
simple optical picture, we can interpret the sums appearingues(C,N,O) ions were detected by a\Egas, Esiiicon) tele-
in Eq. (12) [see also Eq(13)] as a beam of particlesemit- ~ SCope atf),,= —35°. Measurement o& angular distribu-
ted from an 1-window” centered about a mean valligand  tions have been performed by means of position-sensitive Si
extended over a narrow widthl ~\ (I localization). detectors(PSD, combined with an ionization chamber, to-
From the above rough picture we somehow idealize thé@€ther with a triple Si-telescope detector for small forward
time dependence of the NBE—c+C decay; for example, angles.
the observed strongly forward-peaked in-plane angular cor- TO extract the equilibrium and nonequilibrium sequential
relation can be interpreted as an indication that the light parcomponents, all other processes contributing to the
ticlesc are emitted in decay times shorter than the rotationagmission, like, e.g., thexr’s coming from the C buildup
period of the nucleus, corresponding to the time required contamination and the breakup events, were identified
for a hypothetical complete revolution of the{C) com-  and removeds8].
posite system. In a simple, classical picture we can use a Thesequentialityof the distribution so obtained is pointed
wave packet description to estimate the average time interv&ut by the concentration of such eventsQrvalue windows
occurring betweerB nucleus formation in thé\(a,b)B pe-  thatdo not depenan thea detection angletsee, e.g., Fig. 1
ripheral collision and theB—C+c fast emission. To this ©Of Ref. [26]). The average values 0f)%,Q3) in MeV for
aim, let us consider theQ+c) composite system to rotate (C-a), (N-a), and (O«) coincidences are, respectively,
during the timer, with angular momenturty, and rotational  (—38.4,-28.5), (~35.8,-25.8), and (-33.9,-24.8). As a
frequency wo="7%lo/Z. If we assume that the “deflection consequence, since the excitation energy of projectilelike
angle” y, depends onry NE decay time, starting from a particlgs is negligible and a mqjor part of the kinetic energy
70=0 when theke component in reaction plane is in the N cgrned out by ther parthle,'lt follows that thezn, Cu, .
o o L ] Ni) intermediate nuclei excitation energy does not apprecia-
direction ofk,, we get the following linear formula: bly depend on thex-emission angle.
For the three coincidences the mean value of the excita-
(20) tion energy of the emitting target nucleus is about 35 MeV, a
value lying in the continuum region of the excitation spec-
trum, and this allows us to apply to this reaction the semi-
classical approach previously described. Moreover, approxi-
mating the impact parameter to the grazing one, and using
As an application of the above-mentioned theoretical apthe mean kinetic energy of the projectilelike fragments ex-
proach, we analyze the €; N-a, and O« differential mul-  tracted from our data, we obtain a rough value of the angular
tiplicities for the(96 MeV) 10+ %Ni [23,8] and(133 MeV)  momentum transferred in the first step of the reaction, which
160+ 48Tj [24,25 deep inelastic collisions, respectively. We is about 2%. Such a value®Ni spin being zero, gives us an
studied thein-plane and out-of-planeangular correlations estimation of the targetlike nucleus spig. Figure 1 shows
(see, e.g. Refl11] and references thergitetween projec- the in-plane differential multiplicity data for (@), (N-«),
tilelike fragments(C, N, O and « particles coming from and (O«) coincidences vs the-particle detection angle. As

flg
_Xo:onoz?To-

Ill. EXPERIMENTAL RESULTS
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v (degrees) FIG. 2. Best fit of the out-of-plane (@), (N-a), and (O«)

FIG. 1. Best fit of the in-plane @ N-a, and O- « differential géﬁgrential multiplicity data, for the SSNi(lGO'C)Z”.(“)Ni’
multiplicity data, for the sequential proce$®0+*Ni at 96 MeV Ni(*%0,N)Cu(a)Co, and *Ni(*°0,0)Ni(a)Fe sequential pro-
laboratory energy{8]. The differential multiplicity, in units of ~CesSes at 96 MeV laboratory enef@]. The differential multiplic-
1072 sr'L, is plotted vs the in-plane-particle angle. The arrows ity, in units of 10°2 sr 1, is plotted vs the out-of-plane-particle
indicate the directions of the projectilelike fragméht and target-  angle.
like fragment(B) with respect to the incident beam in the laboratory
system, ¢, being the direction of the average momentum trans-sensitive to the choice aob, within an angular interval of
ferred(see text 30° around the values of the recoil directions of the

a-decaying nuclei, reported in Table I.
these data have been referred to the rcm system, i.e., the c.m. Besty? values forCg, y, Ao, and() are listed in Table I.
system of(Zn, Cu, Nj nuclei, they can be directly fitted by SinceA, and () are a measure of dealignment of the rota-
the theoretical formuld14), represented by the solid lines; tional axis of then-decaying nucleus along an axis normal to
the dashed lines are the best fit of the equlibrated part of théhe reaction plane, one sees from an inspection of Table | that
differential multiplicity given by Eq(15). in a qualitative picture, the dealignment of Cr and Zn is

The out-of-plane coincidence data shown in Fig. 2 aresmall. The angular correlation data do not uniquely deter-
taken at backward angles; since in that angular region theine the quantitiesy and A, but rather define a range of
nonequilibrium emission is negligible, these out-of-plane ex{ossibilities, the values listed in Table | can therefore be
perimental data were employed to get th@g(y;Aq; Q) considered as an estimate. In principle, §hgarameter could
parameters by means of the purely evaporative forrflia ~ be calculated in the same way, but the evaporative compo-
[11]. nent is not as sensitive to the choiceéés the nonequilib-

In contrast to the case of th€g; y;Ay; ) parameters, rium one. As a matter of fact, the values obtainedAgrand
the value of¢, obtained in the fitting prcedure cannot be () mean that the targetlike nucleus rotational axis lies very
determined to a sufficient accuracy, since in the presentlose to thez axis, then bottg and y, can be evaluated using
analysis the angular correlations given by Etp) are not the approximate expressiofk9), where¢; and ¢, are the
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TABLE |. List of the parameters obtained in the analysis of the out-of-plane and in-plane angular
correlations coming from thé96 MeV) 60+ 58Ni reaction.

Coincidences Ce? y? Ao? 0a £b X"
(1072 sr' Y
C-a 1.4+0.1 3.0:02  (19:13)°  (13:2)°  (—30%2)° (—45%2)°
N-a 1.0+0.1 2.2:0.1 (6:4)°  (24+2)°  (—41F2)°  (—4572)°
O-a 06+0.06  1.9:0.1  (19:13)°  (13t2)°  (—43%2)° (—78%2)°
Coincidences Cne A ho R bo
(1072 sr'Y
C-a 21+02 2302  0.30:004  (6Q:3)° (35+3)°
N-a 1.8+0.2 25:0.3  0.49:0.06  (49:3)° (42+3)°
O-a 07+0.07  2.2:0.2 043005  (47:3)° (472 3)°

&The quantities obtained by fitting the experimental data by the evaporative fofirilla
®The quantities estimated from a simple inspection of the experimental angular correlation patterns by using
the approximate expressiofik9).

a-particle emission angle corresponding to the two peaks ofpproximated. with the rigid body moment of inertia of the

the total differential multiplicity. emitting nucleug 23]
Finally, (Cye;\;hg) parameters were obtained by fitting
the forward region experimental data by the formld), T~T,i4ig~0.013 %2,

where the above-determined values &:( v;Ag;Q;&;x0)

were iqserted. From the gnglysis of the fit parametgrs ré- The last parameter obtained by the fitéiswhich is re-
ported in Table_l, one easily mfers that the spin direction iSjated to the directionp, of the momentum transferred in the
almost perpendlcular to the reaction plane as we supposed Brojectile-target interaction; if we had dealt with hard
the theoretical approach. As a matter of fact, the averaggpneres, this direction would correspond to the recoil direc-
angle between the spin direction and the normal aXig) (S tjon of the targetlike nucleuspg. As one can deduce from
less than 20° for all three coincidences. Table |, these angles are not equal but their difference de-

The nonequilibrium component consists of two bumps;creases for decreasing projectile-target mass transfer.
the higher one is associated with the positive polarization,

the lower to the negative polarization. The width of the peaks Lo s 48 ) 1
is related to the model parameter which represents the B. The %0+Ti reaction at Ejqp(**0) =133 MeV

width of thel window mainly contributing to the decay pro-  The second experiment we studied was tf@+ *°Ti re-
cess; such a value does not exceéd Bus confirming that action performed at the IRES MP tandem accelerator in
we are dealing with a peripheral process. Another interestingtrasbourg, France. Since the mean excitation energy of the
parameter ishg, which is related to the probabilitpy of  emitting targetlike nuclei is about 60 MeV, a value lying in
positive polarization of the targetlike nucleus on a quantizathe continuum region of the excitation spectrum, we could
tion axis perpendicular to the reaction plaf@mitting the apply the same theoretical approach we used in @

explicit indication ofwy), +°8Ni reaction to this nuclear system. Following the same
B ) 5 5 procedure adopted as in tHé0+ *Ni case, we give an es-
Po=[fba(Mo)|“/[[fpa(Mo)|“+[fpal —mo)[“] timation of about 27 of the Jg targetlike nucleus spin.
0.77 (C-a) The strongly energy damped projectile resid(@sN, O)
B were detected in aAEgas,Esiiicon) telescope atf,,=
=(1+hg)~*=4 0.67 (N-a) —30° with respect to the beam direction, while the
0.70 (O-a). a-particle angular distributions were measured by means of

(AEgaS!Esilicon(PSD)) telescope and two MEsiIicon’ECsl)

According to Wilczynski's model of deep inelastic reac- telescopes for small forward angles. Th&Hg,s,Esilicon)
tions[27], which ascribes the energy dissipation to frictional telescope, already used for tH€O+ 8Ni measurement, is
forces arising in the projectile-target contact region, up anduitable for identifying charges of heavy ions, as shown in
down polarization can be related to positive and negativé-ig. 3. Then we used the Vivitron accelerator and an early
deflection function, respectively. Then, the observed positivestage of the ICARE facilitywhose complete configuration is
polarization can be explained by assumjag] that only one  made up of 48 telescopeghus obtaining a good resolution
kind of semiclassical trajectoryi.e., thefar-side one, pre- in the emission angle, kinetic energy aAdf the detected
dominantly contributes to the nonequilibrium component ofparticle, as well as the mass of the light charged particles by
the sequential emission. means of the time of flight technique. Eight telescopes are

The half-angle between the two peakscan be related to mainly devoted to the heavy-ion detection, the remaining 40
the lifetime of the emitting nucleus by E¢R0), where we detect light charged particles, such p's and «’s, 16 of
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FIG. 3. Example of charge identification spectrum for (h83 0

MeV) 80+ *8Tj reaction.

which are devoted to the high energy particles emitted. 2
24 double AEgi— Ecg () telescopes are devoted to the
detection of fewer than 30-MeV charged patrticles, while 16
triple AEgj;AEgi-Ecg () telescopes detect the light particles
carrying higher energy. The eigltE ,<Eg; telescopes are
ionization chambers used to identify heavy fragments with 0
Z<40. -180 —120 -60 0 60 120 180
Figure 4 shows the (@), (N-a), and (O«) in-plane
angular correlations in the recoil center of mass system, ex-
tracted after subtracting undesired contributions such’'ss FIG. 4. Best fit of the in-plane (@), (N-a), and (O«) dif-
coming from projectile breakup an@ buildup contamina- ferential multiplicity data for the sequential proce¥O+*®Ti at
tion. By means of a procedure similar to the one followed for133 MeV laboratory energ18—20. The differential multiplicity,
the %0+ %8Ni system, the fit parameters for thH8O+ *®Ti in units of 1072 sr %, is plotted vs the in-plane-particle angle.
system were obtained and are shown in Table I, with thel'he arrows indicate the directions of the projectilelike fragnient

@, (degrees)

corresponding curves in the same figure. and targetlike fragmer.(B) With.respect to the incident beam in the
By applying this procedure to th&0+ 48Tj system we laboratory systemi, is the direction of the average momentum
get transferredsee text
0.83 (C-a) the direction of the average momentum transferred in the
po=1 0.74 (N-a) **Ni(*°0,b)B as well as**Ti(*°0,b)B and the recoil direc-
0.74 (O-a), tion of the a-decaying nucleu8—is larger for larger mass

transfer in the reaction considered and increases with the

showing also in this case how only one kindsemiclassical relative energy between projectile and target abMpearrier

trajectory plays a predominant role, namely tfa-sideone.
The ¢ angle, given in the last three rows of the second—. Ve=Z.2€/R, R:rO(A;/aJFAi\/s . ro=14 fm.
last columns of Tables | and Il denotes the angle of the recoil (23)
direction of thea-decaying targetlike nucleu® with respect
to the beam angle. From the tables we can note that the
difference (o— ¢r)—which is the angular interval between In addition, one can obtain a rough estimate of the in-plane
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TABLE II. List of the parameters obtained in the analysis of the out-of-plane and in-plane angular
correlations coming from thé&133 MeV) 60+ “Ti reaction.

Coincidences Ce? y?2 Ag? 0a £b X0 "
(1072 sr Y
C-a 04+0.04  3.802 (9£6)°  (35:4)°  (—35%2)° (—38%2)°
N-cr 0.3+0.2 3302 (6+4)°  (29+3)°  (—39%2)°  (—39%2)°
O-a 023002  3.0:02 (9+6)°  (25+3)°  (—-35%¥2)° (—35%2)°
Coincidences Cne A ho PR bo
(1072 sr Y
C-a 45+05 35:04  020:0.02  (55:2)°  (29.5:1)°
N-a 25+03  3.3:0.4 035004  (51x2)°  (34.7:1)°
O-a 1.8+0.2 2.6:0.3  0.36:0.04  (55:2)° (39+1)°

&The quantities obtained by fitting the experimental data by the evaporative fofirilla
®The quantities estimated from a simple inspection of the experimental angular correlation patterns by using
the approximate expressiofik9).

integrated sequential E and NEemissions for the processes measured angular correlations betweemparticles detected
considered here; in fact, from Ed8) and(13)—-(18), we can  in coincidence with the deep inelastic projectilelike frag-
get (9=m/2) ments C, N, and O.
From this analysis, we can see that the angular interval
K N/ 16
ddM () =ME+MNE 24 betweer_1 the average tra}nsferred momentuﬁ?lm( 0,b)B _
fﬂr oM(¢) 24 and “®Ti(*%0,b)B reactions, respectively, and the recoil
. nucleusB direction increases with the transferred mass by
with 160 nucleus to*®Ni and “8Ti nuclei. In the application to the
160+ %8N and 80+ “®Ti systems, the positive alignment pa-
Ef‘\/ — — 1
M=~ 7Cel1—-exp—v)], (25 rameters that have been deduced for the respective projec-
NE_ tilelike fragments suggests that tHar-side trajectory is
M™E~Cre(1+ho)/A 28 Gominant. The nonequilibrium component for tHO+ 8T
The values per out-of-plane unit angle MIE+MNE esti- ~ réaction is quite large compared to the one extracted from the

es plane 60+ 5N react i i

mated within 30% are listed in Table III. Although NE pro- - O+ *Ni reaction. Equatior(20), applied to the two sys-
cesses contribute at the percentage level at low bombardif§ms studied, gives the following values feg revolution
energy, they cannot be neglected at increasing bombardirf§nes:
energies. 7=5X10°2 s
IV. SUMMARY AND CONCLUSIONS and

Differential multiplicities for the %0+ ®Ni reaction at 6 7o=3X10"2 s,
MeV/nucleon and for the'®0+#eTi at 8.25 MeV/nucleon
have been measured for deep inelastic events. A theoreticalhere we used thé, values calculated from our data, i.e.,
semiclassical approach, assuming the hypothesis of a tw@# and &:. These estimates of, can be regarded as the
step sequential process, is proposed to further analyze thiéetimes of the targetlike fragments, i.e., the “decay times”
after the formation of Ni and Cr, for®0+%Ni and €0
TABLE IlI. Values of rough approximations &€ andMNEfor  +“8Tj systems, respectively.

the (96 MeV) '°0+%Ni and (132 MeV) *°0+“®Ti reactions. The simple semiclassical approach used here seems to be
FPSRp— PSR able tp reproduce many _of the observed featurgs of the se-

°0+°Ni O+ *°Ti quential E and NEx emission and to extract reaction mecha-

Coincidences ME MNE ME MNE nism information directly by applying formuld45) and(16)

to the analysis of the experimental angular correlation data.

C-a 4.1 1.2 1.2 1.5 Of course, this model should be applied to other nuclear

N-a 2.8 11 0.9 1.0 systems for further investigation of the reaction mechanism

O-a 15 0.4 0.7 0.9 of deep inelastic collisions. To this aim, analysis of experi-

mental data is still in progress.
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