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Abstract

The deep-inelastic processes of the ¢ + °8Ni reaction have been investigated
by using coincident charged particle tecniques. Inclusive as well as exclusive data
of the C, N, and O fully-damped fragments and their associated light charged
particles (p, d, t, and a-particles) were collected at the IReS Strasbourg VIVIT-
RON Tandem facility at the Ej,;(1¢0) = 133 MeV bombarding energy by using
the ICARE charged particle multidetector array, which consists of 48 telescopes.
The measured energy spectra, velocity distributions, and in-plane angular corre-
lations are analysed by a semiclassical model describing both the nonequilibrium
and the evaporative components of a deep-inelastic reaction mechanism in a sin-
gle picture. This closed-form theoretical approach is applied, in the hypothesis
of a sequential process, to the ((C, N,O) —p) and (C, N, O) — &) differential mul-
tiplicities for the 180 + 8N4 at 8.3 MeV /nucleon deep-inelastic collision. From
this analysis some reaction mechanism information, such as on polarization phe-
nomena and on “decay times” estimates, can be deduced.
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1 INTRODUCTION

The study of dinuclear systems formed in peripheral heavy-ion reactions as well as in
deep-inelastic (DI) collisions at low bombarding energies not exceeding 10 MeV /nucleon
[1] is still an interesting domain of research since the subsequent decay of these din-
uclear objects by light-particle sequential emission is still not well understood. The
light particle emission in DI collisions is a very powerful tool to investigate the var-
ious mechanims leading to the strong energy dissipation typical of this kind of re-
action mechanisms [2, 3, 4,5, 6, 7, 8, 9, 10]. DI collisions involve a large transfer
of angular momentum from the entrance channel to the intrinsic spins of the outgo-
ing fragments. The amount of the momentum transferred, and its alignment, can be
studied by measuring the angular distributions of the decay products of the excited
target-like fragments (TLF) with respect to their recoil directions. Several studies of
sequential processes (2, 4, 6, 7| have revealed that the measured in-plane angular cor-
relations are sharply forward-peaked, and not symmetric with respect either to the
direction of the coincident projectile-like fragment (PLF), or to the beam axis, with
marked differences between distributions for positive and negative angles [6, 7]. Then
and despite of the known sequential decay modes of DI fragments, clear experimental
evidences were found for the occurence of an additional fast nonequilibrium emission
of a particles in the *0 + *®Ni reaction between 6 and 9 MeV /nucleon [4, 6]. This
fast a-decay mode implies that the reaction time has to be small compared to the
rotational period of the intermediate dinuclear system. In order to describe this ex-
perimental behaviour we have developed in a recent publication [11] a semiclassical
approach [12, 13, 14], which accomodates both the fast nonequilibrium components
and the slower evaporative contributions (equilibrium components) of the sequential
particle emission in peripheral heavy-ion collisions in a simple way. This approach [14]
was first applied [11] to measured angular correlations between a particles and PLF’s
arising from the '°0(96 MeV) + *® N7 [4, 6] and '°0(133 MeV) + **T' [11] DI collisions.
Here we report on the analysis of the a and proton pre-equilibrium emission in the ¢0O
+ 58 N7 reaction. To this aim a new measurement on this reaction at E;;; = 133 MeV
has been performed at the VIVITRON Tandem facility with the ICARE charged
particle multidetector array [15, 16, 17]. The anglar correlations of protons have been
measured for the first time for the 0 + %8 Ni reaction. A comparison between the two
kinds of emission (nonequilibrium and evaporative components) for both a particles
and protons is proposed to give further information on the reaction mechanism: for
example polarization effects and estimates of “decay times”.

The paper is organized in the following way. After a short description of the
experimental techniques, the experimental results are presented in Section II (part of
the work presented here in detail have already been briefly reported elsewhere [18]). In
Section III reference to theoretical background is first given before a general discussion
of the the present **0O + *® Ni experimental data. The semiclassical approach to particle
- particle angular correlations is applied, and a comparison between (C,N,0) — a
and (C,N, Q) — p angular correlations is carried out. Concluding remarks are finally
proposed in Section IV, after a brief summary.



2 EXPERIMENTAL TECHNIQUES AND RESULTS

In the present experiment, the a particles associated with the ( C', N, O ) fragments
are emitted by (Zn, Cu, N1i) intermediate nuclei during the sequential reaction

0 +%° Ni — (C, N, 0) + (Zn*,Cu*, Ni*) + @,
5 (C,N,0) + (Ni,Co, Fe) + a + Q; (1)

similarly, the protons associated with the ( C, N, O ) fragments are emitted by (Zn,
Cu, Nt) intermediate nuclei during the sequential reaction

0 +% Ni — (C, N, 0) + (Zn",Cu", Ni*) + @,
~ (C,N,0) + (Cu, Ni, Co) + p+ Qs. )

2.1 Experimental setup

The experiment was performed at the IReS Strasbourg VIVITRON Tandem facility
using a 133 MeV '°O beam which was incident on an isotopically enriched *®*Ni (750
pg/em? thick) target mounted in the ICARE scattering chamber [15, 16, 17]. The main
purpose of this work is to investigate the in-plane angular correlations between C, N, O
PLF’s and light particles (a,p). Therefore, as an application of the theoretical approach
that has been recently proposed by Barna et al. [11], and which will be presented in
the next Section, we have measured the ((C', N,0) — a) and ((C, N,O) — p) differential
multiplicities, respectively, arising from the *0(133 MeV) + °®N: DI collision.

Both the heavy ions (A > 6) and their associated LCP’s (p, d, t, and a particles)
were detected using the ICARE charged particle multidetector array [15, 16, 17] which
consists of 48 telescopes in coincidence. The strongly energy-damped PLF’s (C, N, O)-
ions were detected in 10 gas-silicon hybrid telescopes (IC), each composed of a 4.8 cm
thick ionization chamber, with a thin Mylar entrance window, followed by a 500 pm
thick Si(SB) detector. The IC telescopes allow a good resolution in emission angle,
kinetic energy, and Z of the detected particle. To lower the detection threshold for
light charged particles (LCP) their time-of-flight were measured in addition to provide
a mass identification. Three of the IC’s were placed at an angle of ¥;,, = 30° with
respect to the beam direction, well above the grazing angle (J4rq2iny = 20° for the
studied system). Fig. 1.a) displays a typical example of charge identification which can
be achieved from the E-AE two-dimensional spectrum registered for the *O + *®Ni
reaction E;,;, = 133 MeV at ¥;,, = 30°. This plot shows how clearly the identification
of the fragments can be achieved, due to the excellent charge resolution by the IC’s
allowing us to distinguish among them.

2.2 Experimental procedures and data analysis

Since we are interested in the investigation of the angular correlations mainly in the
reaction plane, 33 telescopes (of the total number of 48 telescopes) of ICARE have
located in the reaction chamber on two rings intersecting each other along the beam
direction. Two IC telescopes were mounted on the first ring, at ¥, = +30° and ¥4
= —30° with respect to the beam axis, while a third one was mounted on the second
ring, at ¥, = +30°. 7 IC telescopes were mounted (on the first ring) at backward
angles (J > 120°), having a low-energy threshold needed to detect very low energy



particles emitted in the backward angle region. The IC’s were filled with isobutane at
a pressure of 120 Torr for the backward angle telescopes and of 60 Torr for the forward
angle detectors, thus allowing for the simultaneous measurement of both light and
heavy fragments. The acceptance of each telescope was defined by thick aluminium
collimators.

The in-plane detection of coincident LCP’s was done using 16 two-element tele-
scopes (40 pm Si, 2 cm CsI(T1)), with high-energy thresholds, mounted - on the first
ring - in the 91,5 = 40° + 120° angular range, and 7 three-element telescopes (40 pm
Si, 300 pm Si, and 2 cm CsI(Tl)) mounted on both rings, between ¥, = 10° and
V1ap = 35°, angular range where the kinetic energy of the light particles peaks at his
maximum. By adopting this geometry, collection of the coincidences between the PLF
telescopes and each LCP telescope for both rings allowed the investigation of 54 angles
on the whole in-plane angular angle. The CsI(T1) scintillators were coupled to photo-
diode readouts. Fig. 1.b) displays a bidimensional E-0E spectrum, which refers to the
lighter fragments (lower spectrum) and was registered for the '*0 + 5®Ni reaction E;4
= 133 MeV at ;4 = 30°. The charge and mass identifications for p, d, and t as well
as for ®He and a particles have been clearly achieved for all LCP telescopes.

The energy calibrations of the different telescopes of the ICARE multidetector
array were carried out using ***Th and ?*' Am radioactive a-particle sources in the 5-9
MeV energy range, a precision pulser, and elastic scatterings of 133 MeV 60 from
197Au, 58Ni, and '2C targets in a standard manner. In addition, the 2C(*¢0,a)**Mg*
reaction at E;;p = 53 MeV [17] was used to provide known energies of a particles feeding
the 2*Mg excited states, thus allowing for calibration of the backward angle detectors.
The proton calibration was carried out using scattered protons from formvar targets
bombarded in reversed kinematics reactions with the two *0O beams. More details on
the experimental setup of ICARE and on the experimental procedures can be found

in Refs. [17, 19, 20].

2.3 Experimental results

The velocity contour maps of the LCP Galilean invariant differential cross-sections
(d?¢/dQdE)p~tc™! as a function of the LCP velocity provides an overall picture of the
reaction pattern. Fig. 2 shows such a plot of invariant cross-section in the (V,V.)
plane for a particles measured in coincidence with C'; N and O fragments emitted
at 30°. The symbols V| and V denote laboratory velocity components parallel and
perpendicular to the beam, respectively. Fig. 3 shows the analogous velocity plots for
protons when fragments are detected at ©;,, = 30°.

In Fig. 2 and Fig. 3 the arrows correspond to the recoil velocities of the TLF and
PLF emission sources, respectively. The radii of the circles associated with the TLF
emission sources have been calculated by assuming the respective Coulomb barriers of
a-TLF and p-TLF. The ellipsoidal curves drawn in Fig. 2 are centered on the PLF
velocities, and have been calculated by fixing the PLF excitation energies to their most
probable values : i.e. 10 MeV, 6 MeV, and 7 MeV for O*, F*, and Ne* fragments,
respectively [16]. These curves display the occurence of the two different kinematical
solutions which are also visible in the experimental data. The comparison of the velocity
diagrams for the °®Ni and *?C targets allow to distinguish a third o component due
to the C build-up contamination of the *®Ni target. The amount of carbon impurity
in the °®Ni target was estimated to be of approximately 10 pg/cm?. This component
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Figure 1: Ezamples of charge identification from two typical E-AE bidimensional spec-
tra for the O + *8 Ni reaction at Ejy, = 133 MeV.
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Figure 2: Fzclusive Galilean invariant cross-section (o /dQdE)p~'c™! of a particles
in coincidence with C, N, O fragments identified in a IC located at OF, = 30°, as plotted
in the (V) V1) plane for the '®0 + **Ni (left side) and O + 2 C (right side) reactions
at Elab =133 MEV



is essentially present in the forward-angle region. To extract the equilibrium and non-
equilibrium sequential components, all different processes contributing to the a- and
p-emission, e.g. the a particles arising from the C' build-up contamination and the
break-up events, were identified and removed following the procedure described in
detail in Ref. [16].

The analyzed in-plane angular correlations have been referred to the Recoil Centre
of Mass System (i.e. to the C.M. systems of Zn, Cu and N1, respectively.
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Figure 3: Fzclusive Galilean invariant cross-section (d’c/dQdE)p~'c™' of protons in

coincidence with C, N,O fragments identified in a IC located at ©F, = 30°, as plotted
in the (V||,VL) plane for the 10 + 58 Ni and *0 + *2C reactions at Ejp = 133 MeV.

Fig. 4 shows the experimental data of the cross-sections for (C' — a), (N — a) and
(O — a) coincidences together with the theoretical curves described in the following
Section, plotted vs. the in-plane a-angle measured with respect to the beam direction,
respectively. The forward-angle region appears to be dominated by the preequilibrium
component, which strongly depends on the mechanism of the first reaction step, while
at backward angles only the equilibrium emission is present, and this component is
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Figure 4: Best-fit of the in-plane C — a, N — a and O — a differential multiplicity
data, for the O +°®Ni reaction at Ej, = 133 MeV. The differential multiplicities, in
10=2sr~! units, are plotted vs. the in-plane a-angle. The arrows indicate the directions
of the PLF (b) and TLF (B) with respect to the incident beam in the laboratory system.
The solid curves represent the total multiplicities, while the dashed curves represent the
equilitbrium component.



almost isotropic for all the three coincident exit-channels. Fig. 5 reports the in-plane
differential multiplicities of (C' — p), (N — p) and (O — p) vs. the p, angle. The same
y-scale adopted in both figures 4 and 5 allows a direct comparison of the differential
multiplicities for the a and proton emissions, respectively.

3 SEMICLASSICAL APPROACH TO PARTICLE-
PARTICLE ANGULAR CORRELATION

3.1 Theoretical background

Let us recall some fundamental formulas for a better understanding of the physical
meaning of some deduced quantities which will be discussed later in the following
Section as well as in the conclusions which will be drawn at the end of the paper. All
the theoretical background is described in more detail in Refs. [14, 11].

The main aim of the theoretical approach is to outline a closed-form expression for
the b— multiplicity of a sequential process like A(a,b)B(c)C showing that an important
and remarkable nonequilibrium component in the particle emission is present even in
the case of a sequential process. We also show how useful conclusions on the mechanism
of a peripheral collision A(a,b)B can be drawn from the investigation of the b—c angular
correlation pattern around the forward angles.

Following closely the definitions and approximations of Ref. [14], we start by
considering a sequential process like A(a,b)B(c)C and we assume it proceeds through a
given continuum state (€¢f, Jpmp) in the nucleus B to a narrow definite state (e, Jomc)
in the final nucleus C.

In the following, €% indicates the excitation energy of the state of definite spin
Jx and parity mx in the nucleus X and myx the z-component of Jx. The pair (xX) has
relative radial coordinate 7,, momentum Em, velocity v, and energy €,. The spherical
polar angles (¥, ) of k, are defined in the (A + a) centre-of-mass (c.m.) system,
while &, has polar angles (¥,¢) defined in the recoil centre-of-mass (r.c.m.) system
(rest frame of the nucleus B) and described in a xyz-frame with the x-axis and z-axis
parallel to the x-axis and z-axis of the c.m. frame.

In order for the A(a,b)B(c)C reaction to be a sequential process, we require
that the e} excitation energy of the intermediate system B formed in the first step of
the three-body reaction be independent of the particle ¢ emission angle and assume,
moreover, that in the B — ¢ 4+ C decay the nuclear interaction between b and B can
be neglected; for simplicity, we suppose that the nuclei A, a,b and c have spin zero and
b and c are in the ground state.

The average value of the b— angular correlation over the A interval centered at €},
can be obtained by splitting the § matrix into an equilibrium (E) and a nonequilibrium

(NE) term like [21]

S=8F+8NF (1a)

with
SP=8-(S) (1b)
SVE — (8). (1c)

Moreover we suppose the phase of S and SV to be uncorrelated (so that their cross
terms average out to zero) and we make the statistical assumption that in the energy
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interval A around €} there are many levels contributing to the B — ¢ + (' decay and
that their widths and energies are randomly distributed, so that interference terms
generally vanish [22, 23].

We also assume that the amplitude S¥Z (see eq.(1c)) is a very smoothly varying
function of the excitation energy €f, within a A’(~ A) region.

Following restrictions and approximations of Ref. [14], we can express the energy
averaged b—c angular correlation as the sum

< Lo >_ o E+ 2o \VE (2)
dwydw’  \ dwpdw dwpdw
with .
d’o ) T, 2
= we(Jo)(—) | D pe(mp, mo;wp,w) | (3)
(dwbdw mzcgzjg G g};
(o) -Sixey 2
= | Y (8) ) pe(mp,me;wp,w) | (4)
dwpdw e o e
where
pe(mp, me;wh,w) = (=) Fra(mp,ws) - (5)
«(tJe,mp —m¢,mc | Jpmp)Y,"P 7" (w).

These expressions keep into account the probability of orbital angular momentum /
transferred into the (B;Jgey) — (cC;LJoer) decay and assume the parametrization
(| 8€ |?) = T,/G , where T} is the optical-model transmission coefficient, G representing
all decay energy-allowed modes for the B — ¢+ C decay [22, 23|. In particular, we are
interested in the study of the following kinds of reaction:

at+tA—-b+B—=sb+tat+C

or

a+A—-b+B—b+p+C

The time-dependent scattering theory [24] allows us to assume that the quantity
(d?0)¥E can be associated with a situation in which the dissociation of B into ¢ and
C is a fast process occurring in time scales by many orders of magnitude shorter than
the typical time corresponding to the equilibrium decay process, described by (d?0)F,
whose long lifetime in some way produces a "loss of memory” of the formation of the
B decaying nucleus [23]. This is why the angular symmetry of the c-emission from a
statistical equilibrated system described by the b—c angular correlation (3) cannot be
used as evidence for any particular model of dynamical effect.

The memory of the first step of the sequential process A(a,b)B(c)C can instead be
retained during the subsequent "fast” B — c+ (' decay, so that the angular dependence
of the ¢ particles emerging from such a short-lived composite system can display a
marked forward-backward asymmetry around the direction of the coincident projectile
residue b or the beam axis. The study of the nonequilibrium sequential component
of the particle emission therefore becomes a powerful tool to probe the early stage
of the peripheral collision besides a useful alternative technique to obtain reaction
mechanism information complementary to what is usually extracted by means of the
angular distributions of the two-body reaction products.
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Since 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 B nucleus
, a proper choice would be to adopt coordinate axes such that the z-axis is along Fy x ko
(perpendicular to the reaction plane) and the z-axis along Eq.

Information on the polarization effects of the residual nucleus B induced by the
first step of the sequential process A(a,b)B(c)C can also be obtained through the
p-dependence of the differential multiplicity for the second step [14] .

A semiclassical expression for the b—c differential multiplicity has been treated
and developed in Ref. [14] which accounts for many of the observed features of the
sequential emission of the high as well as low energy particles from the fragments
excited in a peripheral heavy-ion reaction

Without going into the details of the theoretical approach, already extensively
described and justified in Ref. [14], we consider a semiclassical picture that assumes
a coordinate rotation by means of the Euler angles to a more useful system chosen in
describing the B — ¢ + (' decay, where the new quantization axis is oriented in the
direction of Jp which is at a certain angle A with respect to the z-axis and lies in
a plane perpendicular to the reaction plane and to the direction of a unit vector 12:0,
close to the recoil direction of the decaying nucleus B [25], corresponding to an angle
o = (/2 + ) with respect to the z-axis; consequently, the relative momentum k. of
the pair (cC) has polar angles (J,¢) and (©, ®) with respect to the space-fixed system
and to the (IA@O X jB,ico,jB)-axes, respectively.

Following the quantal treatment carried out in ref. [26], we assume the semiclas-
sical replacement [26, 27|

we(p) ~ exp(—al?) exp(Bp) (7)

where

a=(T+ MR*)R’/2ITc MR?

/8 = JBh2/ITC

with M, R and Z the reduced mass, the radius and the rigid-body moment of inertia
of the pair (cC'), respectively, and T¢ the nuclear temperature corresponding to the
excitation energy € in the C nucleus.

By using the sharp cut-off approximation for the coefficient 7; and converting the
summation over £ to an integral, one obtains

(M(9,¢,A))" = Cp exp(—7cos*O) (8)

CEk being independent of ¥ and ¢, while v = 32/4a is the anisotropy coefficient.

The "direct” sequential B — ¢ + C decay described by (S) (see egs. (1)) is
naturally attributed to a prompt emission of particles from peripheral regions of the
nucleus B bearing in mind that in the classical limit the ¢ particles while escaping from
the rotating nucleus B gain additional velocity if emitted along the equatorial plane.

We estimate the NE b—c multiplicity by assuming the emission of particles c in
the equatorial plane with orbital angular momentum 7 parallel to Jp to dominate and,
consequently, that the peripheral nature of the NE decay process is consistent with
the hypothesis that only an ”/-window” centered at a certain £, contributes. In the
amplitude-phase representation, therefore, the energy-averaged element (S;) becomes

(8e) = n(£) exp[id(¢)];

11



Moreover, near £ = £,

(8e) ~ n(L — Lo) exp[i(£ — Lo)xol, (9)
assuming the 6(£) phase linear in £ about {, and introducing the quantal deflection
function:

04 (¢)
=(—")g- 1
Xo ( EY] )lo ( 0)

The NE differential multiplicity can be written as follows:
(M(D,0, A))VE ~| Q@) |* +ho | Q() I, (11)
where we have defined the ”single source” amplitudes

Q@) = Y n(t — £o) expli(£ — Lo)(xo0 = ®)]-

In the approximations and restrictions of Ref. [14], Eq. (11) finally becomes
(M3, 9, A))"" = Cnp{exp[—X*(® + x0)’] + hoexp[-A*(® — xo)’]}  (12)

(Cng englobing all the non-essential constants independent of ¥ and ¢).
Then, by assuming that the spin orientation is governed by a Gaussian distribution
function L(A) around A, we have

M(9,p) = [(M(3,9))" + (M9, ¢))""] (13)

with
M(9,9)E = / dAL(A)(M(D,p,A))" / / dAL(A) (14)
M(9,p)VE = / dAL(A)(M(9,¢,A)V" / / dAL(A) (15)

where M¥ and MM® are given by egs. (8), (9)-

The in-plane differential multiplicity corresponds to ¥ = 7/2. Moreover when,
as in our case, the dealignment is sufficiently small (A << 1), the NE in-plane b—c
differential multiplicity is essentially given by a two component asymmetric (in general
ho # 1) pattern about the { = po — m/2 angle (see Fig. 2 of Ref. [14]), peaked at the
p1 =& — xo and @3 = £ + xo angles, respectively; moreover, if xo < € and hg < 1, the
b— ¢ coincidence events most probably appear on the same side of the beam axis with
respect to the direction of the ”detected” projectile residue. The in-plane coincidence
cross-section values around ¢; and ¢, correspond to the A(a,b)B reaction process with
opposite polarization of B, which may qualitatively be explained by assuming that only
one type of ”semiclassical trajectory” mainly contributes to the in-plane b—c angular
correlation for either positive or negative angles with respect to the direction of the
PLF b [28, 30].

In the cases when A << 1, one can obtain an estimate of the ¢ angle and of
the quantal deflection xo by a simple inspection of the experimental in-plane angular
correlation pattern around the ”peak angles” ¢; and @3, using the expressions

26 ~ 2 + @1 (16)
2X0 & P2 — p1. (17)
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Indeed here the deviation from left-right symmetry in a direction close to the one
of the coincident projectile residue as well as the double forward-peaked shape in the
angular correlation pattern does not necessarily imply that the light particles emerge
from the contact zone between the two colliding nuclei (spatial-localization). Actually,
in a simple optical picture, we can interpret the sums appearing in eq. (12) (see also
eq. (13)) as a beam of particles ¢ emitted from a ”f-window” centered about a mean
value £y and extended over a narrow width AZ ~ X ({-localization).

From the above rough picture we somehow idealize the time dependence of the
NE B — ¢+ C decay; for example the observed strongly forward-peaked in-plane
angular correlation can be seen as a signature of an emission of the c light particles
in decay times shorter than the B nucleus rotational period, believed to be the time
required for a hypothetical complete revolution of the (¢ + C') composite system.

Moreover, as already shown, a simple, classical picture allows us to link the o
deflection angle to the 7y NE decay time, via the rotational frequency wy = ily/Z:

Rt
—Xo = WoTo = —To. (18)

A

3.2 Theoretical analysis

Different multiplicity data plotted in Figs. 4 and 5 for a particles and protons, respec-
tively, have been fitted (solid lines) by the semiclassical equations given before. The
dashed and solid lines correspond to the equilibrium and total components, respec-
tively.

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

For both kinds of spectra, Cg, v, A and 2 parameters were fitted by the purely
evaporative formula (13) using the backward region data (| @ught—partice |> 100°),
where the experimental data arise primarily from the equilibrium component, and
the nonequilibrium term is not present. 4 and A, are not uniquely determined by this
procedure, since a range of possibilities can likewise hold; ¢ could also be deduced by
the evaporative component, but this one is not so sensitive to its choice.

3.2.1 o emission in the *0 + %¢Ni reaction

In the case of a emission shown in Fig. 4, the values obtained for the average angle
between the spin direction and the normal axis Ag (6° for all the three coincidences)
and for the the spin fluctuations Q (13°) show that the polarization direction of the
emitting nucleus is nearly orthogonal to the reaction plane. The fact that the TLF
rotational axis lies very close to the z-axis allows an estimate of xo values by rewriting

formulas (16,17) as follows:

™

801:€—X0:‘100—§—X0 (19)
™
soz=§+X0=900—§+Xo (20)

Correspondingly, Cnxg, A and hy parameters were obtained by fitting the forward an-
gular region (| @ught—particie |< 100°) by means of the (complete) formula (13), after
inserting the values of the above-determined Cyg, v, Ao, 2, £, xo parameters.
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Table 1: List of the parameters obtained in the analysis of the in-plane PLF-a
angular correlations arising from the *0(133 MeV) + *®*Ni reaction.

Coincidences Cgl) ~(a) A((,a) Qla) ¢®) X((,b)
(10~%sr71)
C—-a 1.14+01 20401 (6+4)° (13+2)° (-33F2)° (—41F2)°
N —a 08+01 4.0+£02 (6+£4)° (13£2)° (-33F2)° (—41F2)°

O—a  048+0.05 40102 (6L4)° (13+£2)° (-33T2)° (—41F2)°

Coincidences C](\;% Ae) h((,a) bR gf)(()b)
(107%sr71)
C—a 444+04 25403 025+003 (30£3)° (57+3)°
N —a 35+£04 23+0.2 0.30+£0.04 (38+£3)° (57£3)°
0-a 25+03 24+02 0.36+£0.05 (40+£3) (57+£3)°

The quantities obtained by fitting the experimental data by the evaporative formula (13) are labelled
by (a). The quantities estimated from a simple inspection of the experimental angular correlation

patterns by using the approximate expressions (21,22) are labelled by (b).

The parameter values for the three multiplicities are reported in Table I. Then, by as-
suming (Cng;7; Ao) as free parameters, the complete experimental in-plane differential
multiplicities (for a's and protons) were fitted after inserting the (Cg;v;Ao; Q255 x0)
respective values previously determined, and finally the values for (Cyg; A; ho) param-
eters were deduced.

When comparing the values of the C'g parameter reported in Table I at E;;, =
133 MeV to the value deduced in Table I of Ref. [11] with the same analysis at Ei,p =
96 MeV, one can observe that the equilibrium components are approximately identical.
In contrast, as the values of the C'yg parameter have increased by almost a factor 4, the
nonequilibrium a-emission appears to follow an exponential increasing trend between
6 MeV /nucleon and 8.3 MeV /nucleon. However the target dependence (see Table II
of Ref. [11] for the analysis of the data of the *8T1i target at Ejpp = 133 MeV for the
comparison) of the nonequilibrium component is very weak. These results confirm the
systematics previoulsy proposed by Ho et al. [6] (see Fig. 4 of Ref. [6]).

3.2.2 Proton emission in the 0 + °¢Ni reaction

The same theoretical approach has been applied to the analysis of the PLF-proton an-
gular correlations. Fig. 5 shows the calculations (solid lines for the NE component and
dashed lines for the equilibrium component) of the in-plane differential multiplicities of
C —p, N—pand O—pvs. the p, angle. From Table I it can be seen that, whereas the
nonequilibrium components for protons are comparable to the that for alpha particles,
the equilibrium components are large by at least a factor 2.

From the analysis of the fit parameters reported in Tables I and II, one easily
infers that the spin direction is almost perpendicular to the reaction plane, as we
supposed in the theoretical approach. As a matter of fact, the average value found
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for the angle between the spin direction and the normal axis (A¢ < 10°) confirms
this hypothesis for all three coincidences. The non-equilibrium component consists of
two bumps; the higher one is associated with the positive polarization, the lower with
the negative one. The width of the peaks is related to the model parameter A which
represents the width of the /~window mainly contributing to the decay process; such
a value does not exceed 3Ah, thus confirming that we are dealing with a peripheral
process. The last parameter obtained by the fit is £, which is related to the direction
¢o of the momentum transferred to the projectile-target interaction; in the case of hard
spheres, this direction would correspond to the recoil direction of the TLF (¢r). As
one can deduce from Tables I and II, the difference between these angles decreases for
decreasing projectile-target mass transfer.

Table 2: List of the parameters obtained in the analysis of the in-plane PLF-
proton angular correlations arising from the '°0(133 MeV) + °®Ni reaction.

Coincidences C](;) (@) A(()a) Q@ ¢e) X(()b)
(107%sr71)

C—p 22+ 02 05+003 (6+14)° (13L£2)° (—35F2)° (—28F2)°

N—p  19+02 13+007 (6+£4)° (13+2)° (—39F2)° (—35F2)

0—p 13+01 20+01 (6+4)° (13+£2)° (-37F2)° (—29F2)°

Coincidences C](&)g Ale) h((,a) oR g{)(()b)
(107%sr71)
C—a 40+04 27403 029 +£0.04 (31£3)° (57+3)°
N — «a 28+03 24+0.2 0.14+0.02 (38+3)° (57+3)°
0O—a 3.0£03 2.6+03 0.16 +£0.02 (43+£3) (57£3)°

The quantities obtained by fitting the experimental data by the evaporative formula (13) are labelled
by (a). The quantities estimated from a simple inspection of the experimental angular correlation

patterns by using the approximate expressions (21,22) are labelled by (b).

In addition, one can obtain a rough estimate of the in-plane integrated sequential
E and NE a-emissions for the processes considered here; in fact, in the case of ¢ = 7/2,
we can get

/_: dpM(¢) = MP + MVE (21)

with
M% ~ 7Cg(1 — exp(—7)), (22)
MNP ~ Cng(1 + ho)/A. (23)

The values of M + MYE, estimated within 30%, are listed in Table III.

Although NE processes contribute at the percentage level at low bombarding
energy, they cannot be neglected at increasing bombarding energies.
As usual in our treatment, we can define a positive alignment parameter on a quanti-
zation axis perpendicular to the reaction plane as (omitting the explicit indication of

wp )
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Figure 5: Best-fit of the in-plane C' — p, N — p and O — p differential multiplicity data,
for the sequential process **O+°8Ni at By, = 133 MeV. The differential multiplicities,
in 107257~ wunits, are plotted vs. the in-plane proton-angle. The arrows indicate
the directions of the PLF (b) and TLF (B) with respect to the incident beam in the
laboratory system. The solid curves represent the total multiplicities, while the dashed
curves represent the equilibrium component.
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Table 3: Values of rough approximations of M¥ and MY Z for the PLF-a and PLF-p
angular correlations from the 160(133 MeV) + 58 N'; reaction.

PLF —a PLF —proton
Coincidences M® 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 35 1.3

po = foa(mo) [* /(| foa(mo) I + | fra(—mao) ") = (14 ho)7",

Table 4: Values of py parameters for the PLF-a and PLF-p angular correlations from
the 160(133 MeV) + 58 N3 reaction.

po for Coincidences (' N o)
a 0.80 0.77 0.74
P 0.78 0.88 0.86

whose values are reported in Table IV. The values of the polarization parameters for
protons are roughly greater than those ones obtained for the a-emission. This means
that the information about the polarization induced on the TLF’s by the first step of
the reaction is more important by studying the proton emission.

According to the Wilczynski model of DI reactions [31], which attributes the
energy dissipation to frictional forces arising in the projectile-target contact region,
up and down polarization can be related to positive and negative deflection function,
respectively. Then, the observed positive polarization can be explained by assuming
[30] that only one kind of semiclassical trajectory, i.e. the far-side one, predominantly
contributes to the nonequilibrium component of the sequential emission.

An interesting feature of the reaction mechanism can be obtained by observing
that [14] the half-angle between the two peaks, o, can be related to the lifetime of the
emitting nucleus [4] according to Eq. (18), where Z is calculated as:

T ~ Tigia ~ 0.0137A%/*K2,
Eq. (26), applied to our reaction whereby ¢, ~ 4f, gives
10~ 5 x 107?*s for a, and

10~ 7 x 1072%s for protons

as an estimate of the “decay time” after the formation of the B decaying nucleus.
The results summarized in Table IV are consistent with the “decay times” deduced in

Ref. Barna0l for the 160(96 MeV) + 58Ni and 160(133 MeV) + *8Ti reactions.
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4 SUMMARY AND CONCLUDING REMARKS

The differential multiplicities obtained for both the a particles and the protons have
been measured for the O + %8N3¢ reaction at 8.3 MeV /nucleon using the ICARE
charged-particle multidetector array [15, 16, 17| for energy-damped events. A newly
developed theoretical semiclassical approach [11], assuming the hypothesis of a two-
step sequential process, is successfully applied to analyse the measured angular corre-
lations between a particles and protons detected in coincidence with the deep-inelastic
projectile-like fragments more deeply and quantitatively.

From this analysis, one infers that the angular interval between the average trans-
ferred momentum in the *®Ni('®0,b)B reaction and the recoil nucleus B direction
increases with the transferred mass from 'O nucleus to °® Ni nucleus. Many of the
observed features of the sequential equilibrium emission and nonequilibrium emission
are well reproduced for both the a particles and the protons by means of this sim-
ple semiclassical approach [11|. In particular, we have found for the first time that
nonequilibrium proton emission exists significantly in the DI processes of the 60O +
*8Ni reaction. Some information of the reaction mechanisms has been extracted, such as
polarization phenomena (which are more sensitive for proton-emission than a-emission)
or estimates of “decay times”. By a comparions of the present analysis of the 16Q +
*8Ni reaction to previous one [11] of the *O + **Ti reaction, the target dependence of
the nonequilibrium a-emission is found to be rather weak. The projetile dependence
of both the nonequilibrium a- and proton-emissions have still to be investigated in a
systematical manner. Therefore, this work may stimulate further experimental studies
on different nuclear systems aimed at a deeper investigation of the timescales (lifetimes
of the targetlike fragments and “decay times” of the formed dinucler systems) involved
in DI collisions.
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