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Breakup of the projectile in ' 0-induced reactions on Al, Ni,
and ' Au targets around 100 MeV/nucleon
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The spatial correlation among the four He ions coming from the disassembly of the ' 0 projectile on
Al, "Ni, and ' Au targets has been studied at 94 MeV/nucleon. Charged particles have been detected

by a multielement array of plastic scintillators covering the angular domain between 3' and 150'. Stan-
dard relativistic kinematics has been used to reconstruct the excitation energy of the primary projectile-
like nucleus (Ep„N). Mean values of this quantity are found independent of the target mass and the com-
parison with existing similar data taken at lower bombarding energies shows a saturation of EpLN
around 3 MeV/nucleon. An event-by-event analysis has been performed in order to study the distribu-
tions of some global variables such as coplanarity, sphericity, and relative angle, helpful in the under-
standing of the topological characteristics of the process and in the evaluation of its time scale. Experi-
mental data have also been compared with the results of Monte Carlo simulations based on different re-
action mechanisms and it is possible to conclude that sequential emission of the fragments is preferred.

PACS number(s): 25.70.Mn

I. INTRODUCTION

Two very important goals in the study of heavy-ion re-
actions at intermediate energies are the understanding of
the space-time evolution of the interacting system [1—42]
and the solution of the related problem concerning the
existence of a limit for the excitation energy that a nu-
cleus can sustain before its breaking [43—56]. In the last
few years, the first of these aims has been pursued
through the analysis of both angular correlations between
light charged particles at small (intensity interferometry
technique) [1—7] and large (coincidence azimuthal angu-
lar distributions study) [8—22] relative momenta, and
suitable global variable distributions [24—42] related to
the event shape in momentum space [24—35] or to the to-
pological distribution of the particles in configuration
space [7—22,34—42]. The study of the two-particle corre-
lation functions at small relative momenta with the as-
sumption of spherical sources of negligible lifetime [7]
shows that the correlation distance which can be directly

compared with the source size is independent of the tar-
get mass. This result is in agreement with the con-
clusions of Refs. [12,22] in which the azimuthal angular
distribution of projectilelike particles have been measured
in coincidence with light charged particles. Moreover, if
one takes into account the temporal contribution to the
correlation distance [2], it is possible to calculate emis-
sion times of the order of several tens of fm/c in accor-
dance with those calculated by a dynamical model in Ref.
[22]. Strong final-state interactions (due to the short
times involved) [22] and momentum conservation limita-
tions [8—23] as well as collective motions [15,16,36—42]
also play an important role as one can see from the trend

of the asymmetries in the azimuthal angular distributions
in the reaction plane and out of the reaction plane as a
function of the target mass and incident energy. Mean
field effects such as angular momentum ones are also
present at lower energies (especially for heavy targets)
[9—11,23], but they disappear at higher ones [17,23].

The question about the excitation energy limitation for
a nucleus in heavy-ion collisions has been investigated
with various projectiles such as Ar [44—47], Kr [48],
and Pb [49] on different heavy targets from ' Rh to

U in the incident energy range between 27 and 77
MeV/nucleon. In these experiments multiplicities of
neutrons [45,47—49] and light charged particles [44—46]
associated with central collisions have been measured in
coincidence with projectilelike fragments [44,48,49], tar-
getlike ones [47—49], and fission fragments [46,48,49].
Unfortunately, no compelling evidence for the existence
of a limit of the excitation energy is yet observable in ex-
perimental data relative to heavy systems and selecting
small impact parameters. So, recently, some attention
has been turned to the study of projectile breakup
[31,34,35,50—56] in peripheral collisions induced by light
nuclei such as ' C [50,54], 0 [31,34,35,50,51,54—56],

Ne [52], Si [53], and S [51] on difFerent targets span-
ning the whole stable mass range at bombarding energies
from 12.5 to 94 MeV/nucleon. The projectile disassem-
bly channels involving charged particles have been ob-
served in those events where the total detected charge
was equal to the projectile one. The excitation energy of
the primary projectilelike nuclei was reconstructed from
the measured kinetic energies of the individual fragments
in the event center of mass. The authors of Refs. [52,53],
and those of Refs. [50,51,54 —56], who have analyzed the
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systems Si+ Si and ' 0+ ' Au, respectively, conclude
that there is a possible saturation of the projectile excita-
tion energy around 3 MeV/nucleon with an increase of
the bombarding energy, independent of the particular de-
cay channel. In Ref. [56] it is also shown that this value
is independent of the target mass.

Two goals in the understanding of the breakup mecha-
nism are to explain the spatial correlations among the
emitted fragments and to determine the process time
scale, i.e., whether the splitting of the highly excited pro-
jectile takes place instantaneously or following a sequence
of binary, fissionlike steps. At low energies
[31—35,50—54] (up to about 30 MeV/nucleon), the data
are well reproduced by theoretical calculations based on a
sequential binary fission emission [28,57,58], while at
higher energy no exhaustive calculation exists, although
there is some evidence in the system Ar+ 'V [32,33] at
65 and 85 MeV/nucleon that could be described in a mul-
tifragmentation picture. The spatial distribution of the
projectile breakup products has been previously analyzed
in Ref. [54], for two-body decay channels in the reaction
' 0+' Au at 32.5 MeV/nucleon, and in Ref. [35],where
a study was performed concerning the projectile angular
momentum effect and the target proximity effects such as
final-state interactions, shadowing, etc., for the reaction

Tb(' 0,4He) at 25 MeV/nucleon. No work exists for
such light projectiles at higher incident energies.

In this paper we report on an experiment in which the
4 He breakup channel of the ' 0 projectile has been stud-
ied at 94 MeV/nucleon bombarding energy in reactions
induced on different targets spanning a wide range of nu-
clear masses. The paper is organized as follows. Section
II is devoted to a description of the experimental setup
and selection criteria on treated data. In Sec. III a gen-
eral review of the results of data analysis is shown. Sec-
tion IV concerns an event shape study conducted through
the analysis of some global variable distributions in both
configuration and momentum space. Experimental data
are also compared with the results of different theoretical
calculations based on sequential and prompt emission of
the particles in order to evaluate the process time scale.
Summary and conclusions are given in Sec. V.

II. EXPERIMENT
AND DATA SEI.ECTION CRITERIA

The experiment discussed in the present paper was per-
formed at GANIL. A ' 0 beam at 94 MeV/nucleon was
pulsed with a repetition rate of 13.5 MHz on Al, Ni,
and ' Au targets. The full width at half maximum
(FWHM) of the beam pulse was 1 ns. The target
thicknesses used were 6.76 mg/cm for the Al, 8.9
mg/cm for the Ni, and 19.3 mg/cm for the Au.

EXPERIMENTAL SET—UP

Tonnea

FIG. 1. Global view of the experimental setup.
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by the rf signal delivered by the machine. The mul-
tidetectors used in this experiment were the Mur (plastic
wall) [59] and one half of the Tonneau (plastic barrel)
[60], installed in the Nautilus vacuum chamber at the
GANIL facility.

The Mur consists of an array of 96 NE102 plastic scin-
tillators, 2 mm thick, arranged in seven concentric rings
located at angles of 4', 6', 8.5', 12', 16.5, 21.5', and 27'
with respect to the beam, covering the whole azimuthal
domain. All the counters were placed 210 cm from the
target position, subtending a total solid angle of 0.85 sr.

Larger angles, from 30' to 150', were covered by the
Tonneau, which consists of 36 staves of NE102 plastic
scintillators, 2 mrn thick. The Tonneau covered only half
of the azimuthal angular range, between 90' and 270', in
steps of 10' (see Fig. 1). The detectors of the Tonneau
were placed 80 cm from the target position, subtending a

A. Detection system

100 800 300
TIME OF FLIGHT (arb. units)

400

The overall detection apparatus is sketched in Fig. 1.
Light charged particles have been detected by two large-
area multidetectors, which were able to identify the
charge Z from hydrogen to oxygen by a standard 4E-
TQF (time of fiight) technique. The TOF start was given

FIG. 2. Typical energy loss versus time of Qight plot (AE-
TOF) of an element of the Tonneau. To the left of the dashed
line (which corresponds to a stopping range of —15
MeV/nucleon for protons and helium ions), the particles cross
the detector (AE regime}. On the right side the particles are
stopped within the detector (E regime}.
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FIG. 3. As in Fig. 2 for a plastic scintillator of the first ring
of the Mur.

total solid angle of 5.44 sr. The light output of each scin-
tillator was monitored at both ends by two photomulti-
pliers. This allowed a determ. ination of the crossing point
of the charged particle through the transit duration time
difference (t& t2) of—the light signals as measured at the
two extremities. The uncertainty in the angle with
respect to the beam was about +6'. Aluminum foil, 200
pm thick, was placed in front of each plastic counter of
both multidetectors to absorb soft radiation.

A very clean separation of the different charges was ob-
tained only for particles crossing the scintillators (b,E re-
gimel, while those stopped in the detectors (E regime)
could not be easily identified. A velocity threshold of
about 5 cm/ns (corresponding to an energy threshold of
about 15 MeV/nucleon for H and He ions) was thus im-
posed due to the thickness of the detectors and of the

aluminum foil absorber.
In Fig. 2 a typical AE-TOF scatter plot for an element

of the Tonneau is shown. Z=1 particles are clearly
separated from Z=2 particles only in the AE regime.
Figure 3 shows a AE-TOF scatter plot relative to an ele-
ment of the first ring of the Mur. All particles are mov-
ing essentially with beam velocity, and they all fall in the
AE region. All charges from Z= 1 up to Z=8 are visible.

B. Selection of projectile breakup events

Although the detection system allowed for the
identification of all charges from Z=1 up to the projec-
tile, in this work we restricted our analysis to Z=2 frag-
ments. In accordance with Refs. [31,34,35,50,54—56,58],
in the off-line analysis we selected only those events
where the total collected charge was equal to the charge
of the projectile. This condition, coupled with the veloci-
ty threshold due to particle identification, eliminated
nearly any contribution of low-energy particles coming
by an excited targetlike nucleus [54].

The mass-symmetric channel 4 He has the least ambi-
guity with respect to the isotopic makeup of the final nu-
clei, and all Z=2 fragments are treated as He [31,34,35].
Moreover, because of spatial symmetry reasons, we took
into account only those He ions firing the detectors of the
Mur. For the particles measured by the Tonneau, only
the total multiplicity information was considered in the
present work.

Typical velocity spectra of He ions detected with the
Au target are shown in Fig. 4 for those events contain-

ing only four Z=2 particles. In each plot right and left
arrows indicate the projectile velocity and the compound
nucleus velocity, respectively. The phenomenology of
this kind of reaction between heavy ions at intermediate
energies generally shows the fragmentation of projectile
and the formation of a participant zone. These two com-
ponents are visible in the velocity spectra. The first one is
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FIG. 4. Velocity distributions of the He
ions detected in the ' 0+' Au reaction at 94
MeV/nucleon. Only those events containing
four Z=2 particles are plotted. In each plot
right and left arrows indicate the projectile ve-
locity and the compound nucleus velocity, re-
spectively.
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centered close to the projectile velocity and appears pri-
marily at forward angles. The second one is centered
around half of the beam velocity and is attributed to a
more relaxed source [22,61]. The latter is present at all
angles and becomes the main contribution when the angle
with respect to the beam increases beyond 20'. This
seems quite reasonable since the grazing angles for the re-
actions induced by ' 0 at 94 MeV/nucleon on Al, Ni,
and ' Au are 0.7', l.4, and 3, respectively.

In the present paper we restricted the analysis to the
events with only four particles with Z=2, all detected in
the angular range between 3' and 20 (the first five rings
of the Mur; see Fig. 1) with a velocity larger than g
cm/ns. These severe conditions reasonably select those
events resulting from the breakup of the primary projec-
tilelike nucleus (PLN). Figure 5 shows the total mea-
sured parallel momentum (divided by the projectile
momentum) distributions for the three different targets
for those events where only He ions were detected in the
Mur. The peaks correspond to different multiplicities of
Z=2 particles. As one can see the 4-He events are
reasonably well measured [30]; i.e., the projectile momen-
tum is almost completely reconstructed. By means of
standard relativistic kinematics [62], we have also recon-
structed the velocity of the center of mass of the frag-
ments detected in these events. The peripheral nature of
the reaction was verified by observing the distribution of
this quantity for each of the three targets, shown in Fig.
6. The PLN velocities are peaked very close to the beam
velocity, and moreover, no evidence of a target-mass
dependence is observed.
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FIG. 6. Velocity distributions of the 4-He center of mass for
the Al, ' Ni, and ' Au targets. In each histogram the arrows
indicate the projectile velocity (up„, j and the compound nucleus
velocity (uc~ }.

C. Efficiency

A Monte Carlo simulation of the breakup process via a
binary sequential decay has been performed in order to
evaluate the detector efficiency as a function of the detec-
tion angle and excitation energy (see next section) of the
projectilelike nucleus. The calculation takes into account
the complete geometry of the experimental setup and
contains the measured angular distribution of the pri-
mary fragment and its velocity distribution. The effects
of the efficiency correlation on the experimental data are
in agreement with the results of Ref. [55], obtained with a
very similar multidetector, and will be discussed in more
detail in the next sections.
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III. RKSUI.TS

A. Excitation energy spectra

The excitation energy of the primary projectilelike nu-
cleus can be calculated [54] as the sum over the relative
kinetic energies EH, of all fragments detected in an event
in the rest frame of the PLN, shifted by the Q value of
the 4-He breakup channel:

0.2 0.4 0.6 0.8

P///P proj

4
&P'LN= & &H.„+Q~6o

v=1

FICx. 5. Total parallel momentum (divided by the projectile
momentum) distributions for the three different targets relative
to those events where only He ions were detected in the Mur.
The different peaks correspond to different multiplicities of
Z= 2 particles.

In Fig. 7 the excitation energy distributions for the
different targets are shown. The spectral shapes are quite
similar. They exhibit a maximum centered at around
30—35 MeV and an exponential tai1 which has the same
slope for the three targets. The arrows in Fig. 7 indicate
the Q value for the 4-He channel. Only the falloff to Q of



48 BREAKUP OF THE PROJECTILE IN ' 0-INDUCED. . . 637

10

10'

I I

Al( 0,4He)

I I I

~ ~ ~ kg ~ y I +e
'0%

100
~ U.

~ ~

102

~ . . I
~ ~ ~ 11 la ~ as II ~ ~ ~ I ~ ~ a

~ 1'I ~ ~ ~ ~I ~ ~ ~

Ni(' 0,4He)kgI ~ ayII
II"

100
. U. --.

~ ~ ~TI ~ ~ ~ 11 ~ ~

II III. . . . I
~ 'I ~

'
~

I
~ T ~

I
~ t ~ 1

Au( 0,4He)-

10'
II

100
. U.

0 25

yO III
-- II Cl

II
I I I.-.--

50 75 100

EPLN (MBV)

125 150

the excitation energy distributions is slightly different for
the various targets. It is sharper for the Al target than
for the heavier ones. This could be explained as an effect
of the repulsive interaction of the fragments with the
target's Coulomb potential. Figure 8 shows the PLN ex-
citation energy distribution for the Au target compared
to those obtained for the same target at lower bombard-

FIG. 7. Experimental excitation energy distributions of the
primary projectilelike nucleus for the three different targets at
94 MeV/nucleon. The arrows indicate the limit due to the mass
conservation(Q, 6 ).

ing energies [55]. The spectra have been normalized to
the same number of counts. The shape of the spectrum
taken at 94 MeV/nucleon is very similar to that of the
spectrum taken at 70 MeV/nucleon both in slope and lo-
cation of the maximum. In Table I (third and fourth
columns), the mean values of the extracted PLN excita-
tion energies EpLN and the values of the slope p of the ex-
citation energy spectra are reported as a function of the
target mass and bombarding energy. The errors listed
are statistical. The same value is found for the three tar-
gets, indicating that the breakup process, for the ob-
served channel, has to be related mainly to the internal
structure of the projectile. EPLN values show a slight in-
crease with the incident energy going from 30 MeV at
32.5 MeV/nucleon [55] to 53 MeV at 70 MeV/nucleon
[55]. The mean value of 54+2 MeV at 94 MeV/nucleon
is equal, within the error bars, to that observed at 70
MeV/nucleon, revealing a saturation of the excitation en-
ergy which can be stored in such a projectile, for the ob-
served disassembly channel. This value has been ob-
tained by imposing the previously mentioned conditions
on the detection angle (8~20') and particle velocity
(U &8 cm/ns). Slightly varying these conditions, we find
a value of 53+2 MeV, taking into account all particles
with 8~ 14.5' (the first four rings of the Mur) and U&7
cm/ns, and a value of 58+2 MeV, taking into account all
particles with 0~20 and u&7 cm/ns, which are still
compatible with the value extracted at 70 MeV/nucleon.
The extreme value of 58+2 MeV found with the low-
velocity threshold is probably too high due to the fact
that He ions from the more relaxed source [22,61] are in-
cluded in the analysis. The penultimate column of Table
I contains the values p„„,which are the slopes of the ex-
citation energy spectra taking into account the detector
efticiency correction. The trend of the experimental data
both with target mass and bombarding energy is
confirmed also for these eKciency-corrected data.
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FIG. 8. Experimental excitation energy distributions of the
primary projectilelike nucleus for the breakup process
' 0~4He in the reaction ' 0+' Au at different bombarding
energies. The data have been normalized to the same number of
counts. The arrow indicates the limit due to the mass conserva-
tion (Q, 6 ). The data at 32.5, 50, and 70 MeV/nucleon

come from Ref. [54].

Important hints for understanding the reaction mecha-
nism can be obtained through the study of the excitation
energy sharing between the projectile and the target
[54,55]. In fact, this energy sharing must lie between two
extremes: (i) the equal temperature limit (ETL), when the
interaction time is long enough for the target and projec-
tile to reach thermal equilibrium and the total excitation
energy is shared according to the ratio of their masses,
and (ii) the equal energy sharing limit (EES), where the
excitation energy is shared equally, on the average, be-
tween projectile and target as a consequence of fast
nucleon-nucleon exchanges.

In order to study this excitation energy sharing, we cal-
culate, on an event-by-event basis, the target excitation
energy (which is called available energy E,*„,). This quan-
tity can be evaluated by imposing total energy conserva-
tion:

)fc

av1 Ebeam +PLN +tgt +PLN

where EPLN is the kinetic energy of the primary projec-
tilelike nucleus, obtained from UPLN and K«t is the kinet-
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TABLE I. Third and fourth columns report the mean values of the extracted PLN excitation ener-
gies Epy N and the values of the slope p of the excitation energy spectra as a function of the target mass
(first column) and bombarding energy (second column). The fifth column contains the values p„„of
the slopes of the excitation energy spectra taking into account the detector eSciency correction. The
last column contains the values of the ratio R =E„&/Ep&N between the most probable excitation ener-
gies of the target and projectile for the system ' 0+ ' Au at different bombarding energies. All errors
are statistical. The data at 32.5, 50, and 70 MeV/nucleon come from Ref. [54].

Target

197Au
I97A

I97A

197A

58N'

Al

32.5A MeV
50.0A MeV
70.0A MeV
94.0A MeV
94.0A MeV
94.0A MeV

EP*LN

30 MeV
40 MeV
53 MeV

54+2 MeV
54+1 MeV
54+1 MeV

8.0 MeV
12.0 MeV
18.0 MeV

21.0+4.0 MeV
21.0+4.0 MeV
19.0+2.0 MeV

pcorr

10.9 MeV
17.3 MeV
22.7 MeV

22.0+2.0 MeV
22.7+3.0 MeV
22.1+1.2 MeV

2.6
3.3
3.7

2.9+1.7

ao~ 0 ~ e e
F Al(' 0,4He)

1O'

100
I. . . . I

I
~ ~

I

ic energy of the targetlike nucleus, evaluated from the
momentum conservation equation Pb„=Ptgt+ PpLN.
The distributions of the available energy for all three tar-
gets are plotted in Fig. 9. These spectra show very broad
maxima around 100—200 MeV and an exponential de-
crease up to more than 600 MeV. Ho~ever, these
surprisingly high tails have relatively large errors and
could be explained by the combined effects of the residual
contamination of the particles coming from the relaxed
source and the finite energy resolution due to the tem-
poral structure of the beam pulse. In fact, this is justified
by observing that PLN velocity distributions of Fig. 6 are
slightly skewed to the left (see Table II) and that for a ve-
locity of about 8 —9 cm/ns the energy resolution is
—10%.

The last column of Table I contains the values of the
ratio R =E,'„&/EP„N between the most probable (peak
position [54,55]) excitation energies of the target and pro-

jectile for the system ' 0+ ' Au at different bombarding
energies. The large asymmetry of this system helps
discriminate between the two different possibilities: ETL
(R = 12) or EES (R = 1). The value R =2.9+1.7 found at
94 MeV/nucleon is in agreement with those extracted at
lower incident energies [54,55] and suggests quite rapid
energy sharing between projectile and target, very far
from a thermally equilibrated system picture.

C. PLN angular distributions

In Fig. 10 experimental PLN angular distributions for
the different targets are reported. Open symbols refer to
raw data, while solid ones refer to efficiency-corrected
data. All the spectra show an exponential decrease with
practically the same slope. In the case of the Au target,
the points at low angles differ from the common
behavior, displaying a change in the slope both for raw
and corrected data. This might be explained by an orbit-
ing effect, due to the large mass of the heaviest target,
which would deflect the trajectories of the fragments in-
side the forward hole of the Mur. The effect is visible
only for this target because of the large grazing angle of
the reaction ' 0+' Au at 94 MeV/nucleon (about 3'),
which almost coincides with the minimum detection an-
gle of the experimental setup.
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D. Fragment spatial distribution in the PLN frame

The analysis of the projectilelike nucleus excitation en-

ergy spectra gave no evidence of target mass dependence
as was seen both in the mean values of EpLN and the
slope parameters p. In order to study more closely PLN
angular momentum effects and possible target inAuences
through final-state interactions and/or shadowings, the

1Oo
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I. . . . I

400 600

E."„, (Mev)

800 1000

FICi. 9. Experimental distributions of the available energy
(see text) for the three different targets at 94 MeV/nucleon.

Target Mean Std. dev. Skewness Kurtosis

Al
' Ni
'"Au

11.41 cm/ns 0.66 cm/ns
11.40 cm/ns 0.64 cm/ns
11.53 cm/ns 0.63 cm/ns

—0.67
—0.48
—0.67

3.08
2.71
2.86

TABLE II. Statistical moments of the PLN velocity distribu-
tions for the three targets.
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while solid ones refer to efficiency-corrected data.

1000—

500—

spatial distribution of 4-He breakup fragments has been
analyzed in the PLN rest frame on an event-by-event
basis. The chosen system of reference IO'X'Y'Z'I is
shown in Fig. 11. The Z axis is oriented in the same
direction of the PLN velocity vector. The X' axis is
oriented along the impact parameter direction. The Y'

axis is perpendicular to the X'-Z' plane, and it is chosen
in the same direction of the angular momentum. The an-
gles g and y are defined by the He ion velocity direction
in the PLN rest frame with Y' and Z' axes, respectively.
The angle l(t is the azimuthal angle in the plane X'- Y'.

The q angular distributions for the three different tar-
gets are plotted in Fig. 12. In order to visualize possible
differences in shape of these distributions as a function of
the target, the data of Ni and ' Au have been normal-

+
Z'-=P pLN

X'

FIG. 11. Reference system [O'X'Y'Z'I in the PLN rest
frame. The Z' axis is oriented in the same direction of the PLN
velocity vector. The X' axis is oriented along the impact param-
eter direction. The Y' axis is perpendicular to the X'-Z' plane,
and it is chosen in the same direction of the angular momentum.
The angles g and y are defined by the He ion velocity direction
in the PLN rest frame with Y' and Z' axes, respectively. The
angle l( is the azimuthal angle in the plane X'- Y'.

Gl

0
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FIG. 12. Distributions of the angle g for the three different

targets. In order to visualize possible differences in shape of
these distributions as a function of the target, the data of ' Ni
and ' Au have been normalized to those of Al. The solid
curves are relative to an isotropic emission of the fragments in

the PLN reference frame.

ized to those of Al. The solid curves shown in Fig. 12
correspond to an isotropic emission of the fragments in
the PLN system of reference. As one can easily see, no
angular momentum effect is visible at this incident energy
for any of the targets, unlike Ref. [35] where a value of
I =5%' for the oxygen projectile reproduces the experi-
mental data more closely than I =Oui, in the reaction

Tb(' 0,4He) at 25 MeV/nucleon.
Figures 13—15 show the g angular distributions for the

various targets. The upper and lower parts of these
figures are for those He ions which have an X' com-
ponent of their velocity lower and larger than zero, re-
spectively. The term "in plane" means that only frag-
ments with —30 &/&30' have been considered. Simi-
larly, the solid curves plotted in Figs. 13—15 correspond
to an isotropic emission of the fragments in the two hemi-
spheres (see inset in Fig. 11) of the PLN rest frame. The
particles going into the left hemisphere are preferentially
scattered at angles larger than those expected by an iso-
tropic emission due to the repulsive action of the
Coulomb field of the target. The particles going into the
right hemisphere are subject to two effects: (i) at low and
high g angles, the number of detected He ions is higher
than that expected from an isotropic emission due to the
attractive action of the nuclear field of the target, and (ii)
around y=90', the number of emitted fragments is lower
than that relative to an isotropic emission; this could be
explained by a shadowing effect due to the presence of
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FIG. 13. Distribution of the angle y for the Al target. The

upper and lower parts of this figure are relative to those He ions
which have a X' component of their velocity lower and larger
than zero, respectively. The term "in plane" means that only
fragments with —30'( f( 30' have been considered. The solid
curves are relative to an isotropic emission of the fragments in
the PLN rest frame.

the target in this direction (see Fig. 11). These effects are
clearly visible in the case of the Al target. For the
heavier targets they should be more evident, but this is
not so apparent due to the low statistics.

FIG. 15. As in Fig. 13 for the ' Au target.

E. Charged particle multiplicity
associated with breakup events

The study of particle multiplicities can be a qualitative
tool to demonstrate the peripheral character of the pro-
jectile breakup reactions. In Fig. 16 the multiplicity dis-
tributions of charged particles in the Tonneau are shown
for the three different systems when a 4-He event, verify-
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FIG. 14. As in Fig. 13 for the Ni target.

FIG. 16. Normalized multiplicity distributions of charged
particles firing the Tonneau when a 4-He event is registered by
the Mur (points} and for the minimum bias (histogram).
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ing the previously mentioned detection angle and velocity
conditions, is registered by the Mur (points). The histo-
grams indicate the minimum bias multiplicity distribu-
tions. As one can see, in almost all breakup events no
charged particles are detected at angles larger than 30'.
In fact, the probability to have zero particles in the Ton-
neau, P(v=0), is —80%%uo with the Al and Ni targets and
more than 90%%uo with the Au target. Moreover, the slopes
of the 4-He multiplicity distributions are steeper than the
minimum bias multiplicity distributions for all targets.

In Fig. 17 are plotted the mean charged particle multi-
plicities observed in the Tonneau (corresponding to
breakup event detected by the Mur) as a function of the
available energy in the target, for all three reactions. For
the two lighter targets, these multiplicities show an in-
crease with increasing target excitation energy as expect-
ed for evaporation [35]. Unfortunately, in the Au case
the low statistics do not allow us to draw any con-
clusions.

F. Total cross section of the breakup process

In order to give a quantitative estimate of the cross sec-
tion of the breakup process, we calculated the ratio P be-
tween the number of breakup events, taking into account
the efficiency correction and the number of events where
at least two charged particles hit the overall detection
setup without charge identification requirement and,
therefore, velocity threshold requirement (a minimum
bias condition). This quantity is reported in Table III for
the three targets. Within a simple geometrical frame-
work, it is possible to calculate a breakup cross section of
about 10 mb for all targets.

TABLE III. First row contains the total number of recorded
events, for the three studied reactions, where at least two
charged particles hit the detector setup without charge
identification requirement and, therefore, velocity threshold.
The second row contains the number of breakup events selected
by means of the cuts in velocity and detection angle of He ions
discussed in the text. In the third row the number of breakup
events taking into account the detector efficiency correction is
reported. The last row contains the probability P of the break-
up process. The errors are statistical.

Events

N &p

+breakup
gI corr
cVbreakup

P

Al

534 091
2100
3958

7.4(1)X 10

196494
498
936

4.8(2) X 10-'

197A

149 591
264
487

3.3(1)X10-'

IV. GLGBAL VARIABLE ANALYSIS

The experimental data have been submitted to an
event-by-event analysis performed to extract some global
variable distributions that could describe the entire frag-
menting system [27,28] and investigate the process time
scale [31—35].

A. Sphericity and coplanarity

Z
—

U
(v)U (v)

4

4
(3)

From the velocity vectors of all emitted fragments in
the PLN rest frame, one can construct the kinetic Aow
tensor [27]

~ W
U

~ W
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0.'75
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27 ]

Nl and

3 A,2+ A, 3S=—
2 A)+A2+A3

Q3 Ap
—

A3

(4)

(5)

and calculate its eigenvectors and eigenvalues. The
eigenvectors e„e2, and e3 associated with the eigenvalues

X2 A,3+0 determine an ellipsoid in velocity space
whose shape can be expressed in terms of sphericity (S)
and coplanarity (C) variables defined as [27,28]
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FIG. 17. Mean charged particle multiplicities observed in the
Tonneau, corresponding to breakup event detected by the Mur,
as a function of the available energy (see text) for the various
studied reactions.

The specific values (S,C) =(0,0), ( —,', V3/4), and (1,0)
characterize, respectively, pure pencil-like, disklike, and
spherical events.

Event distributions in the coplanarity-sphericity (C-S)
plane for the three di6'erent targets are shown in Fig. 18.
Average values (S ) and ( C ) are reported in Table IV
for all targets. The errors are the statistical ones. For
the ' Au target the values are also compared with those
extracted at 32.5 MeV/nucleon [31]. The low values at
32.5 MeV/nucleon have been taken from Refs. [31,34] as
an indication of a sequential decay process. A compar-
ison of the C-S distributions with the theoretical calcula-
tions of some semiclassical dynainical models [28,57,58]
indeed con6rms this interpretation. The higher values of
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FIG. 18. Experimental distributions in the coplanarity-
sphericity plane of the 4-He breakup events for the three
difFerent targets at 94 MeV/nucleon.

(S ) and (C ) found at 94 MeV/nucleon could be attri-
buted to a more prompt decay process, but we have to be
aware that our analysis of data in terms of coplanarity
and sphericity is relative to events with only four parti-
cles, and this low multiplicity can introduce large fluctua-
tions in the coplanarity and sphericity mean values
[26,63]. Thus, in this context, it is very hard to conclude
that this is evidence for a prompt breakup process (mul-
tifragmentation).

To go beyond the information contained in the experi-
mental average values of C and S, we have compared the
data with theoretically generated distributions, following
the prescriptions reported in Ref. [64]. The sequential
emission of fragments (SEQ) has been simulated by a ran-
dom distribution of the relative angles and momenta of
the four He ions in phase space with only the constraint
of momentum conservation. This apparently over-
simplified approach is justified by the independence of
which statistical formalism is efFectively used in the simu-
lation, as has been shown in Ref. [35]. The time intervals
between the di6'erent binary fission steps are assumed to

be so long that no interaction among the emitted frag-
ments is taken into account, whereas for a given
sequential-fission event its multifragmentation (MF)
partner is generated by repositioning all the sequential-
fission fragments randomly within a small spherical
volume (the freeze-out volume) and then following their
trajectories as they disassemble under the influence of
their mutual Coulomb repulsion [28]. The four a parti-
cles are placed in a random nonoverlapping configuration
with their centers confined within a sphere whose volume
is twice that of the nuclear volume of the ' O. This
freeze-out configuration is then propagated dynamically
in time, under the action of the repulsive Coulomb field,
by a Runge-Kutta numerical integration of the equations
of motion, until the fragments have attained their asymp-
totic velocities. Both SEQ and MF calculations contain
the initial experimental excitation energy distribution of
the PLN as well as their velocity and angular distribu-
tions, and take into account the geometric limitations of
the experimental setup and the cuts on velocity and
detection angle imposed in the data analysis. Figure 19
shows the C-S results of SEQ and MF calculations for
500 ' Au(' 0,4He) breakup events at 32.5 MeV/nucleon
incident energy. The comparison with the experimental
data (see Fig. 3 of Ref. [3l] and Fig. 4 of Ref. [34])
confirms the sequential character of the disassembly pro-
cess at this bombarding energy. A good agreement is also
achieved with calculations based on di6'erent theoretical
models described in Refs. [28,57,58], validating our previ-
ous hypotheses. The C-S plots for SEQ and MF breakup
are compared with the experimental plot at 94
MeV/nucleon in Fig. 20. The data are for the Al tar-
get, and the number of simulated events is equal to the
number of experimental events (see Table III). The data
are reproduced by the sequential emission, and no com-
pelling evidence for a multifragmentation of the projectile

0.4

0.1

C3 0.0 .

0.4

TABLE IV. Mean values of the sphericity and coplanarity
for the three difFerent targets. The data relative to the

Au(' 0,4He) events are compared with those extracted at
32.5 MeV/nucleon [31]. The errors are statistical.

0.1

Target (c) 0.0
0.0 0.4 0.6 0.8

Al

197A

197A

94 OA MeV
94.0A MeV
94.0A MeV
32.5A MeV

0.366+0.004
0.365+0.008
0.378+0.011
0.191+0.004

0.159+0.002
0.154+0.004
0.160+0.006
0.101+0.002

FICx. 19. Simulated sphericity-coplanarity distributions for
SEQ and MF calculations described in the text relative to the
reaction ' 0+ ' 'Au~4He at 32.5 MeV/nucleon.
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(Ai=kz=A3= —,') events, respectively. As one can see,
also in this case the experimental distribution is closer to
a sequential-emission picture than to a multifragmenta-
tion one.

B. Relative angle distributions
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FIG. 20. Comparison between the experimental and the
simulated SEQ and MF sphericity-coplanarity distributions for
the reaction ' 0+ A1~4He at 94 MeV/nucleon.

is observable.
Similar results can be obtained directly from the

analysis of the eigenvalues of the kinetic tensor instead of
that of coplanarity and sphericity. Working with the re-
duced eigenvalues A. &, A,z, and A,3, normalized to
k 1 +kp +X3 1, it is possible to perform an alternative
representation of the event shape in momentum space by
a kind of Dalitz triangle as in Fig. 21. In this figure A.&,

A,z, and A, ', represent the distances of each point from the
left, right, and bottom side of the triangle. The special
points P, D, and S are relative to pencil-like (1,', =I,
Az=A3=0), disklike (A, ', =A&= —,', A3=0), and spherical

With the aim of identifying observables that may help
to elucidate the reaction dynamics, recently Lopez and
Randrup [28] examined the kinematical differences be-
tween sequential binary fission and multifragmentation
and considered a number of observables which could be
useful as discriminators between these different disassem-
bly mechanisms. Among these observables, the relative
angle between all the breakup fragments in their rest
frame has attracted some attention in the last years
[31,34,35]. In sequential emission via binary fission, the
time steps between emissions are supposed so long that
the fragments do not suffer any mutual interaction and
the relative angle distribution is governed only by the
momentum conservation principle. In the multifragmen-
tation framework, however, the repulsive Coulomb in-
teractions between the fragments modify the relative an-
gle distribution, which tends to suppress the small values
and enhance the intermediate ones and produces a subse-
quent narrowing of the distribution.

At low bombarding energies [31,34,35], the relative an-
gle distribution study has been used to conclude that a
sequential projectile breakup process occurs. Figure 22
shows the comparison of the experimental relative angle
distribution for the system ' 0+ ' Au at 32.5
MeV/nucleon [54] with those generated by our SEQ and
MF Monte Carlo simulations. In Fig. 23 the experimen-
tal, SEQ, and MF relative angle distributions for the sys-
tem ' 0+ Al at 94 MeV/nucleon are reported. The
data are well reproduced, even at this incident energy, by
sequential emission, in agreement with what has been
seen in the previous subsection.

p
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DATA

400

300—
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SEQ
[1
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FIG. 21. Dalitz plots for the reduced eigenvalues of the ki-
netic tensor relative to the experimental and SEQ/MF simulat-
ed data for the reaction ' 0+ A1~4He at 94 MeV/nucleon.

FIG. 22. Relative angle distribution for the reaction
Au(' 0,4He) at 32.5 MeV/nucleon. The experimental data

come from Ref. [31]. The solid and dashed curves indicate the
results of SEQ and MF simulations described in the text, respec-
tively.



BADALA et al.

2000

1500—N
~ ~

Al ( 0.4He)

K=94 MeV/nucleon where

4N

v=1
(6)

1000

4N

'=4N &
v=1

(v)
I (7)

Gl

500

0
0 30 90

e„„(deg)
120 150 180

FIG. 23. Relative angle distribution for the reaction
Al(' 0,4He) at 94 MeV/nucleon. The solid and dashed curves

indicate the results of SEQ and MF simulations described in the
text, respectively.

C. Total coplanarity

The information contained in the global variable
analysis conducted so far is only qualitative. Moreover,
since the eigenvalues of the velocity tensor and the rela-
tive angles among the emitted fragments are evaluated in
the reference frame of the disintegrating projectile, all
distributions are practically independent of the presence
of the target and it is possible to exploit only the effects of
the Coulomb interaction on the trajectories of relative
motion of the reaction products. More quantitative esti-
mates of the time scale involved in the projectile breakup
process can be extracted from the study of the target
proximity effect on the decay which allows us to investi-
gate distortions in the distributions of the breakup prod-
ucts that can be attributed to the target Coulomb field.
This approach has been already used in the investigations
on fissionlike reactions [65], where 'the deviations of the
separation velocity between the fission fragments have
been interpreted as due to the proximity of a third frag-
ment during the fission decay and, very recently, on pro-
jectile breakup via the 4-He channel [35,55]. Prompt de-
cays might be expected to occur in the immediate vicinity
of the target, and the emission angles of the He ions
could be also affected by the long-range Coulomb field of
the target. Within this context it is rather natural to use
the slow radial dependence of the electrical forces to
probe the characteristic distances at which the decay ac-
tually occurs. In Refs. [66,67] it was shown how one can
exploit this feature to identify, via event simulation, ap-
propriate variables that can be used to reveal the nearby
presence of the target in order to learn about the time de-
lay involved in the projectile breakup. The analysis
method consists of the study of the velocity distribution
distortions of the charged particles in the reaction
center-of-mass system of reference. In order to charac-
terize quantitatively the distortions in the velocity distri-
butions, we used the total coplanarity CT calculated from
the eigenvalues of the normalized velocity tensor

and X is the total number of experimental events. The
total coplanarity previously defined qualifies the total ve-
locity distribution of all detected alpha particles and thus
differs from values extracted event by event. The reac-
tion plane is not identified in our experiment, and conse-
quently, the velocity tensor has the beam direction as a
symmetry axis. Under these particular circumstances the
coplanarity of the total distribution can also be written in
terms of the variances of the velocity in the beam direc-
tion o

~~

and in a transverse direction o.
~ as follows:

I —2(cr ~~/cri)

4 l+(all/~l)
(8)

The total coplanarity displays a smooth, monotonic
behavior, as a function of the time delay ~ involved in the
projectile breakup process [66,67], which lends itself to a
calibration of the time scale. It is worthwhile emphasiz-
ing that the precision of the value of the total coplanarity
is much higher than that of the coplanarity calculated
event by event since we have here one event with 4X par-
ticles instead of N events with only four particles (see
Ref. [63]).

A series of velocity distributions as a function of the
lifetime ~ was thus constructed by means of a computer
simulation of the reaction, and for each of them, the cor-
responding value of CT was derived. In order to do that,
we used a semiclassical heavy-ion reaction code [68]
which numerically solves the equations of motion to gen-
erate the initial conditions of a highly excited projectile
whose sequential disintegration follows. The procedure
yields relative positions and momenta of the ions at the
instant in which the first splitting is set to occur. The ori-
gin to measure times, t=0, is set at the distance of closest
approach. Although several decay chains can be contem-
plated, we considered only the chain

' 0—+' C+a~ Be+a+a —+4m,

which is the most likely to occur from simple Q-value
considerations. At each step of the decay chain, the two
fragments are released with random orientations and the
excitation energy is recalculated taking into account the
Q value for the specified mass partition, the Coulomb in-
teraction energy, and the released kinetic energy. Posi-
tions and velocities of all particles are generated in such a
way as to conserve linear momentum and to preserve the
position of the total center of mass. In agreement with
the previous analysis, the decay has been supposed
sequential and no effect due to the intrinsic angular
momentum of the source has been taken into account.

The results of the calculations are shown for the sake
of completeness in Fig. 24, which was already published
[56]. All the points of the simulation fall in the shaded
area. In contrast to Refs. [66,67], we have here a region



48 BREAKUP OF THE PRO JECTILE IN ' 0-INDUCED

0.15

0 + Au (E = 94 MeV/nucleon)

0.10

0.05

0.00
40

v (fm/c)
IO 120

FIG. 24. Total coplanarity CT vs time delay ~ involved in the
projectile breakup ' 0~4He in the reaction ' 0+ ' Au at 94
MeV/nucleon. The shaded area corresponds to the simulated
events, while the dashed lines mark the experimental value.

in the (CT, r) plane and not a line because we have also
taken into account the experimental angular distribution
of the projectilelike nucleus. The dashed lines in the
figure represent the value of CT =0.035+0.005 extracted
from the experiment. The error bar takes into account
the statistical error due to the finite number of events and
the indetermination in the velocity values due to the ex-
perimental uncertainties. The results of the analysis are
consistent with a time delay of the disassembly process on
the order of ~=40—80 fm/c. This value has been ob-
tained by imposing the previously mentioned conditions
on the detection angle ( 0 ~ 20') and particle velocity
(v & 8 cm/ns). Varying these conditions in the same way
as in Sec. III A, the corresponding variation of the mean
time delay is contained within a factor 1 .5. These values
are, in any case, several times smaller than those found in
Ref. [35] for the reaction ' Tb( ' 0,4He) at 25
MeV/nucleon and those extracted in Ref. [69] for the sys-
tem ' O+""Ag at 84 MeV/nucleon by means of the in-
tensity interferometry technique applied to pairs of iden-
tical charged particles.

A so short time scale for the breakup process could
provide an explanation of the apparent conflict between
the saturation of the PLN excitation energy and the ob-
servation of a sequential decay mechanism for the projec-
tile disassembly (i.e., the absence of the opening of a mul-
tifragmentation channel). Probably, the projectile breaks
sequentially so rapidly that it has no time to gain a larger
excitation energy. The validation of this hypothesis
needs, however, the analysis of data taken at lower in-
cident energies.

V. SUMMARY AND CONCLUSIONS

In this paper we studied the 4-He channel of the pro-
jectile breakup in ' 0-induced reactions on Al, Ni,
and ' Au targets at 94 MeV/nucleon. Charged particles
have been detected by means of two large-area mul-
tidetectors covering the angular range between 3' and
150', with a total solid angle of about 2~ sr. Particular
attention has been devoted to the analysis of the space-
time evolution of the reaction and to the investigation on
the existence of a limit for the excitation energy that a
nucleus can sustain before its breaking.

The comparison of the extracted mean values of the
projectilelike excitation energy (EPLN ) with those taken
at different lower bombarding energies confirms the pre-
viously supposed saturation of the primary projectilelike
nucleus excitation energy around 3 MeV/nucleon. This
value is found to be independent of the target over a wide
range of nuclear masses, indicating that the observed sat-
uration has to be related mainly to the internal structure
of the projectile.

The energy sharing between projectile and target has
been studied. The value of R =E,*„,/EPLN found for the
system ' 0+ ' Au is in agreement with those extracted
at lower incident energies and leads to the conclusion
that energy sharing is very fast and very far from a
thermally equilibrated system picture.

In order to get some information about projectile angu-
lar momentum and target proximity effects, the spatial
distribution of the breakup fragments has been analyzed
in the PLN rest frame No angular momentum effect is
visible at 94 MeV/nucleon for any of the targets used in
this experiment. On the contrary, effects due to the pres-
ence of the target and to the repulsive action of its
Coulomb field are clearly observable.

The data have been also submitted to an event-by-event
analysis performed in order to extract some global vari-
able distributions describing the fragmenting system and
to evaluate the process time scale. The experimental
coplanarity-sphericity plots and relative angle distribu-
tions have been compared with those calculated through
Monte Carlo simulations based on sequential and mul-
tifragmentation mechanisms. The data are well repro-
duced at this incident energy within a sequential-emission
picture where no interaction is present among the
different fragments.

Finally, a new method consisting of the characteriza-
tion of the velocity distribution distortions of the emitted
fragments by means of the total coplanarity has been
used in order to give a quantitative estimate of the time
scale of the projectile breakup. The results of the analysis
are consistent with a time delay for the disassembly pro-
cess on the order of (2—3) X 10 s.
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