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Correlations between Projectilelike and Targetlike Fragments
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Correlations between projectilelike and targetlike fragments have been measured in the reaction
Al+44-MeV/nucleon Ar. These correlations can be consistently interpreted in the framework of an

abrasion model including dissipation. However, they can also be described by a binary process in which,
before decaying sequentially by particle emission, projectile and target share an approximately equal
amount of excitation energy with no significant mass transfer.
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For projectiles of intermediate energies (20 to 100
MeV/nucleon), peripheral collisions between heavy ions
have recently been subjected to extensive studies, '

motivated by a possible rapid change in the reaction
mechanism as the projectile velocity becomes compara-
ble to the velocity of the nucleons inside the nucleus.
Such a transition is suggested by a rapid broadening of
the projectilelike-fragment (PLF) momentum distribu-
tions between 20- and 40-MeV/nucleon projectile ener-

gy. This increase in momentum width is expected in a
transition from transfer to abrasion, due to the opening
of the phase space made available to the nucleons re-
moved from the projectile. Very schematically, for
projectile energies smaller than —20 MeV/nucleon,
most of these fragments are considered as the remnants
of an incomplete fusion process in which only part of the
projectile fuses with the target, wheres for energies
greater than 200 MeV/nucleon, they are thought to be
produced by a fast removal (abrasion) of the nucleons in

the region of overlap between projectile and target. '

Thus, it would be interesting to determine over which en-

ergy range the transition between those two processes
occurs. However, the other PLF properties (angular dis-
tributions, isotopic ratios, energy damping) evolve

smoothly from the low-energy regime to relativistic ener-
gies, showing hardly any evidence of a change in the re-
action process. Thus, PLF properties alone do not appear
as a sensitive probe of the reaction mechanism. A better
signature could be the amount of linear momentum im-

parted to the target since in the hypothesis of massive
transfer, the nucleons removed from the projectile are
captured by the target to which they communicate their
linear momentum, whereas in the case of abrasion, only

a small fraction of this momentum is imparted to the
target through friction forces. Thus, the onset of
abrasion should manifest itself by a sharp drop in the
linear momentum imparted to the targetlike fragments
(TLF's).

To better determine the underlying reaction mecha-
nism in the expected transition energy region, we have
measured the mass, angular, and velocity correlations
between PLF's and TLF's in the reactions induced by
1760-MeV Ar on Al, for which there already exist
extensive inclusive data on PLF's. "

The experiment was performed using a 44-MeV/
nucleon "Ar beam at the Grand Accelerateur National
d'Ions Lourds facility. In order to reduce energy and an-
gular straggling of the TLF's the self-supported Al tar-
get was only 100 pg/cm thick. The PLF's were
identified by their charge and mass using a time-of-Aight
spectrometer ' ' subtending a solid angle of 2.5 & 10 sr,
and positioned at 3.1' relative to the beam direction.

The targetlike fragments were detected in a battery of
eight 300-mm -area silicon detectors, the thickness of
which (300 and 500 pm) was sufficient to stop all target
fragments. These detectors, each subtending a solid an-

gle of 0.71 msr, were positioned 10 apart at 60 cm from
the target. They were located in the same plane as the
time-of-Aight spectrometer on the other side of the beam
and covered the angular range from 15 to 85 .

The low kinetic energy (5 to 20 MeV) of the TLF's
did not allow charge identification. However, from the
energy of these fragments and from their time of Aight,
it was possible to determine their mass. After correc-
tions for plasma delay, using the velocity of elastically
scattered Al nuclei, and for pulse-height defects' in
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the detectors, a complete mass identification of the
TLF's was achieved down to the detection threshold en-

ergy of —3 MeV for all masses. Mass, charge, velocity,
kinetic energy, and emission angle of PLF's and the cor-
responding quantities (except the charge) of the TLF's
were determined for each coincidence event.

Figure 1 shows the PLF-TLF mass correlation which
was obtained by considering the full angular range of the
TLF's between 15 and 85'. The data points represent
the ridge of the correlation, whereas the horizontal (vert-
ical) bars indicate the full width at half maximum
(FWHM) of the PLF's and (TLF's) mass distributions
for a given mass of the TLF's (PLF's). On average, the
mass lost by the target is equal to the mass lost by the
projectile.

The angular distribution of the TLF's were fitted by
Gaussians in order to determine the average TLF recoil
angle as a function of the mass of the associated PLF's
[Fig. 2(a)]. As the mass of the detected PLF's increases,
the recoil angle of the associated TLF's gets larger,
reaching a value close to the elastic recoil angle for
PLF's approaching the projectile [Fig. 2(a)]. At the
same time, the velocity of the TLF's increases rapidly as
their mass decreases [Fig. 2(b)].

The observed mass-mass correlation (Fig. l) suggests
at first an abrasion process in which an approximately
equal number of nucleons is removed from projectile and
target. Recently, an extended version" of the simple
geometrical abrasion model' was, in fact, successful in

reproducing the mass distribution and the average kinet-
ic energy of the PLF's in the same reaction. " In this
model, it is assumed that the energy damping of the
fragments results essentially from the energy dissipated
in order to split the projectile or (and) target into a spec-
tator and a participant, whereas only a small amount of
excitation energy (less than 50 MeV) is imparted to the
primary fragments. "
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The masses of the secondary fragments were obtained
using the code LILITA ' to estimate the number of eva-
porated particles from the excited fragments. The pre-
dicted mass-mass correlation and the recoil velocity of
the TLF's are shown by the full lines in Figs. l and 2(b),
respectively. The TLF recoil angle [full line in Fig.
2(a)1 as a function of the PLF mass was obtained
through momentum conservation and by assuming that
the average momentum of the unobserved participants is
in the beam direction. All the main features of the data
are very well reproduced, which seems to support the
presence of such a process.

The above mechanism is basically a multiparticle pro-
cess in which the observed PLF's and TLF's are the rem-
nants of primary fragments left over after a first ejection
of a large number of fast nucleons. The dependence of
the TLF recoil angle upon the PLF mass is, however,
reminiscent of a more simple two-body mechanism
where only two excited primary fragments emerge from
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FIG. l. Detected mass of the TLF's vs the detected mass of
the PLF's. The full drawn curve is the result of a calculation
in the framework of an abrasion-ablation model.

Detected TLF Mass

FIG. 2. (a) Average recoil angle of the TLF's as a function
of the mass of the associated PLF's. The vertical and horizon-
tal bars represent the FWHM of TLF angular correlation and
of the PLF mass distribution, respectively. The full drawn
curve is the result of an abrasion-ablation calculation. (b)
Average recoil velocity (in units of c) of the TLF's as a func-
tion of their mass in bins of two mass units as indicated by the
horizontal bars. The vertical bars are the FWHM of the veloc-

ity distributions. The full drawn curve is the result of an
abrasion-ablation calculation (see text).
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the collision, which then decay by particle emission. ' In
order to test this possibility, we have performed an event
by event analysis of the data using the following hy-
potheses: (i) The primary reaction is a two-body reac-
tion, (ii) the excited primary fragments are individually
in thermal equilibrium and decay by light-particle emis-
sion, and (iii) the average velocity and direction of the
fragments are not modified by the evaporation process.
Then momentum conservation can be used for a full ki-
nematic reconstruction of the binary events, ' which
yields primary quantities like fragment masses, excita-
tion, and kinetic energies. The average primary masses
of the PLF's and of the TLF's have been independently
reconstructed and are shown as functions of the detected
PLF mass in Figs. 3(a) and 3(b). We note that, within
one mass unit, the PLF and TLF primary masses add up
to the sum of the projectile and target masses as they
should in a two-body process, and that they remain very
close to those of the projectile and of the target with a
net average mass transfer from projectile to target not
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FIG. 3. Masses of the (a) primary PLF's and (b) primary
TLF's as functions of the mass of the detected PLF's. The
masses of the projectile and of the target are indicated by the
horizontal dotted-dashed lines. (c) Total kinetic-energy loss
(Q) and total excitation energy (~) of the primary fragments
of functions of the measurement PLF mass. (d) Fraction of
the excitation energy imparted to the primary PLF's as a func-
tion of the measured PLF mass. The vertical bars are the
FWHM's of the reconstructed distributions.

exceeding two mass units. Furthermore, the widths
(FWHM) of the primary mass distributions [vertical
bars in Figs. 3(a) and 3(b)j, although increasing when
the detected PLF mass decreases, remain relatively small
((7 mass units). The evaporation process as well as the
angular and energy straggling in the target of the detect-
ed TLF's contribute significantly to those widths which
should be considered as upper limits. Thus these results
invalidate massive transfer either from the projectile to
the target or from the target to the projectile as a main
reaction mechanism.

The total kinetic energy loss to the primary fragments,
derived from the kinematics, is compared in Fig. 3(c) to
their total excitation energy as a function of PLF detect-
ed mass. The excitation energies EpLp and ETLp of the
primary PLF's and TLF's were obtained using the code
LI LITA in which the primary mass distributions were
given as input and the excitation energies were adjusted
until the mass distributions of the final products agreed
with the experimental ones. For a true two-body reac-
tion and in the absence of nonequilibrium emission of
particles, the total excitation energy Et*,t imparted to the
fragment, except for a small contribution from the
ground-state Q values which has been neglected, should
be equal to the kinematically determined total kinetic-
energy loss EI„,. It is found [Fig. 3(c)] that for the
lightest detected PLF's, the total excitation energy, al-
though consistent with the total kinetic-energy loss, is
somewhat larger. This slight discrepancy may in part
originate from uncertainties in the evaporation calcula-
tions. Alternatively, this diff'erence between Et,t and

Ei„, could be imputed to an emission of fast nucleons or
an evaporation of light particles prior to the separation
of the fragments. Emission of less than five nucleons
with about half the beam velocity (in the laboratory
frame) would be sufficient to explain the observed dif-
ference between Et*,t and Ei„,. In contrast, for the same
reaction, recent calculations' performed in the frame-
work of Landau-Vlasov dynamics, for an impact param-
eter of 7 fm, predict an emission of —15 fast nucleons
for a 45-MeV/nucleon projectile.

The ratio EpLF/E&*, &
of the excitation energy in the pri-

mary PLF's to the total excitation energy of the system
is reported in Fig. 3(d) as a function of the mass of the
detected PLF's. Although this ratio may be consistent
with an almost equal sharing of the excitation energy be-
tween projectile and target, it tends to decrease as the
mass of the detected PLF's increases (or the energy loss
decreases). The primary mass distributions indicate no
net mass transfer between projectile and target, suggest-
ing that an about equal number of nucleons has been ex-
changed between projectile and target. This exchange
process should be at the origin of the excitation energy in
the primary fragments and could explain the slight tar-
get dependence' of the PLF average neutron-to-proton
ratio. The same process has been invoked' ' to explain
why in deeply inelastic collisions, for small energy loss
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(or short interaction times), the excitation energy divides
almost equally between projectile and target, whereas for
large energy losses (or long interaction times), it ap-
proaches the ratio of the primary fragment masses.
At the present energy the interaction time could always
be too short to allow thermal equilibrium between pro-
jectile and target.

In contrast with the prediction of the abrasion model,
in the present two-body description, the primary frag-
ments carry a much larger amount of excitation energy
which increases almost linearly as the mass of the ob-
served fragment decreases. This behavior is consistent
with the recently observed increase of the charged-
particle multiplicity as the Z of the PLF's decreases.

In conclusion, we have observed strong correlations be-
tween the properties of the projectilelike and targetlike
fragments in the intermediate-energy regime. A
coherent description of the data can be obtained in the
framework of the abrasion model commonly used to de-
scribe projectile fragmentation. However, our analysis
has shown that the observed correlations are also con-
sistent with a primary two-body process, reminiscent of
the early stage of deeply inelastic collisions, in which
projectile and target share an approximately equal
amount of excitation energy. Recent measurements of
the charged-particle multiplicities associated with the
projectilelike fragments seems to favor this second hy-
pothesis. Fragment-correlation measurements in more
asymmetric systems or measurements of the excitation
energy imparted to primary fragments should help to
solve the above ambiguities.
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