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In-plane and out-of-plane angular correlations have been measured between fragments of Z >3, Li
fragments, >*He, and “»*H. The changing patterns for “’Ar induced reactions of 74, 17 4, 27 4, and
344 MeV give an overview of the decreasing importance of mass-symmetric fissionlike reactions at the
expense of a broad range of more mass-asymmetric breakups. Evidence is given that these fragments
come from a central collision group of reactions that have similar violence and from which many com-
binations of fragments and particles are ejected. Very similar azimuthal angular correlations are ob-
served for particles with a Li fragment and for particles with a pair of heavier fragments (Z > 3). This
similarity suggests comparable strengths of association with the reaction plane for single Li fragments
and for fragment pairs of Z >3. Azimuthal angular correlations for Li-Li pairs exhibit distinct asym-
metries; their interpretation via trajectory-model calculations indicates mean delay times of

~5X107 s,

PACS number(s): 25.70.Pq

I. INTRODUCTION

For many years the angular correlations between
fission-fragment pairs have served as an experimental
probe of linear momentum transfer in nuclear reactions
[1]. In addition, the angular distributions of single fission
fragments, a particles, etc., have been extensively studied
in relation to angular momentum deposition into com-
posite nuclei and its effect on their decision-point shapes,
temperatures, decay modes, etc. (see, for example, Refs.
[2-5] and references therein). Recent correlation studies
have emphasized intermediate-energy [=~(10-100)A4
MeV] heavy-ion reactions (see Refs. [1-12] and refer-
ences therein) and have sought information on the reac-
tion dynamics as well as on the hot nuclei produced.

During the first years of availability of heavy-ion
beams of > 154 MeV, many such studies were made that
involved fragment-fragment coincidence measurements
with relatively small detectors. The results for the aver-
age linear momentum transfer (LMT) follow a rather
clear systematic pattern, but there is confusion about the
yields for the various reaction classes (i.e., high LMT
versus low LMT) [6-12]. Since these studies generally
involved experimental setups with limited out-of-plane
angle acceptance, it was not possible to get good azimu-
thal angular integrations of the coincidence cross sec-
tions. With the capabilities of a 47 multidetector
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[13-16] it is possible to work toward an overview of the
coincidence patterns for both in-plane and out-of-plane
angular correlations.

This paper is one of a series [17-19] in which charged
particles and fragments registered in the AMPHORA
multidetector [13] have been used to survey the evolution
of “%Ar reactions from low to intermediate energies, i.e.,
7A to 344 MeV. The objective here is to get a better
feeling for the declining role of fissionlike fragments and
the ascending role of intermediate-mass fragments. We
present a survey of two-body correlations, both
fragment-fragment and fragment-particle pairs. These
correlations give an interesting overview of the changing
character of heavy-ion reactions with increasing deposi-
tion energy.

II. EXPERIMENTAL TECHNIQUES

An experiment was performed with the AMPHORA
multidetector [13] (=85% of 4) at the Institut des Sci-
ences Nucléaires de Grenoble. The SARA accelerator
provided “°Ar beams of 7 4, 174, 27 4, and 344 MeV,
which were used to bombard targets of Al, Cu, Ag, and
Au. A typical Csl module in the multidetector was able
to separate individual isotopes of H and He; also groups
were identifiable for Z=3 (Li fragments) and for Z >3
(heavier fragments) [17]. Detector efficiencies (for 6 <78°)

637



638 T. ETHVIGNOT et al. 46

were =~ 100% for essentially all detectors for H and He;
efficiencies for Li and Z >3 were more variable. Never-
theless, due to the great redundancy of azimuthal angle
(@) configurations, these variable efficiencies give no par-
ticular problem for the precision of observed Ag distribu-
tions. This point was tested for a number of azimuthal
distributions by comparing the raw and efficiency-
weighted distributions; differences were smaller than the
size of the points in the figures we show below [19].
However, we estimate that there are relative errors of up
to 25% for some of the points in the polar angle (8) dis-
tributions of heavy fragments, and for H and He in sin-
gles for 6>78°. In this work we have not made correc-
tions for these effects since they do not affect our con-
clusions as we show below. Most of the data reported
here involves detection of Li or heavier fragments in ring
4,5,6, or 7 of AMPHORA; Fig. 1 gives a schematic dia-
gram of the geometry. The granularity is coarse, but the
angular coverage is large, which permits this geometry to
give new insights compared to many earlier experiments.
In particular, the azimuthal angular correlations can be
examined in detail while the polar correlations are natu-
rally rather crude.

III. RESULTS AND DISCUSSION

Azimuthal angular correlations are shown in Fig. 2 for
two heavy fragments (Z > 3) detected anywhere in rings
4-7 (15°<6<78°). For *Ar energies of 74 MeV one

Ring 4 (8 =67 deg)
Ring 5 (0 =47 deg)
Ring 6 (0 =31 deg)
Ring 7 (0 =21deg)

Ad=24 deg

(b)

FIG. 1. Schematic diagram of the configuration of rings 4-7
of the AMPHORA multidetector (Ref. [13]). (a) View from the
target in the beam direction; (b) side view.
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FIG. 2. Azimuthal angular correlations (6 and Ag in the lab-
oratory frame) for fragment pairs (each Z > 3) for the cases in-
dicated. Rings 4-7 were all allowed. Statistical uncertainties
are shown if they extend beyond the size of the symbol.

sees the extreme preference for in-plane (Ag near 180°)
detection. This dramatizes the very familiar behavior of
two-body breakup or fissionlike reactions [1]. The rather
flat part of the correlation for 0° < Agp < 150° signals mul-
tibody breakup reactions that have been studied in some
detail for similar reactions. Boger et al. [20] have as-
signed a certain fraction of these to the ejection of an
intermediate-mass fragment (IMF) followed by fission
and another fraction to simultaneous ternary breakup
also involving an IMF.

The preference for 180° in the azimuthal correlations
(Fig. 2) persists for all incident energies. However, the
relative magnitude of this in-plane preference decreases
as the incident energy increases. There is also a clear in-
crease in the full width (in Ag) of this in-plane peak from
<24° at 7TA MeV to =48 at 34 4 MeV. Figure 3 shows
some of these distributions (those for both fragments
detected in the same ring) for 344 MeV “CAr. These
curves emphasize that although there is a preference for
in-plane (Ag near 180°) emission, there is a quite strong
intensity for out-of-plane fragment emission. For the
central collision group at this high incident energy of
1356 MeV “°Ar, there is evidence from other work
[6,7,11,12] for thermalization of 600-700 MeV of energy
and, therefore, the emission of many tens of particles.
These particle chains must contribute significantly to the
width of any “two-body” correlations, but we consider it
likely that three or more heavy fragments are involved in
these reactions where we observe a Ag value of =<108°.
This third body could be a rather slow-moving heavy
residue for which detection efficiency in Csl could be
quite poor.

We have decomposed these A@ correlations into two
components: one for Ag near 180° (often called ‘“‘in-
plane”) and a second for all other Ag (often called “out-
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FIG. 3. Same as Fig. 2 but for two fragments (Z > 3) regis-
tered in the same ring.

of-plane”). This decomposition was made from plots
similar to Fig. 3, but made separately for all folding-angle
combinations 6; and 6; corresponding to each ring i and
j. The method used was to average all intensity values
for Ap <108° and to define this as an appropriate ‘“‘back-
ground.” This background was subtracted from the in-
tensities for A near 180° (i.e., 132° < Ap <228°) to get an
integrated intensity for d%0 /d6,d6,. Likewise, an extra-
polation for this “background” was added to the intensi-
ties for the sum of all other Ag values to get a second in-
tegrated intensity for d%o /d 0,d#,.

With this procedure we have obtained the folding-
angle distributions shown in Figs. 4 and 5. One should
not be distracted by the somewhat jagged appearance; re-
call that the granularity is poor and the fragment
efficiencies are somewhat variable. The important points
of these figures lie in the trends. We start with the coin-
cidence cross sections d’o /d6,d0, at 74 MeV and ig-
nore, for the moment, the average multiplicities of H-He.
For both Ag (Fig. 4) and Au (Fig. 5) we see a peak in the
probability for in-plane folding angles near to that ex-
pected for the fusion-fission peak. Also we see that the
relative abundance of ‘“‘out-of-plane” fragment produc-
tion is essentially negligible. In other words, the vast ma-
jority of all fragment pairs are emitted very near to a
plane containing the beam axis.

Turning to the frame for 17 4 MeV “°Ar we see marked
changes in Figs. 4 and 5. As expected the fusion-fission
peak in the folding angle for Ap near 180° has moved to
smaller folding angles, corresponding to larger velocities
of the fissioning nuclei. But now there is also a distinct
tail in the correlation for small folding angles, i.e.,
6,+06,<80° for the Au target. Also there is substantial
out-of-plane production of fragments (all other Ag) from
both Ag and Au for 6,+60, <90°. These trends continue
as one moves to 274 MeV where the in-plane folding-
angle peak for fusion fission becomes indistinct. Finally
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for 344 MeV the in-plane and out-of-plane fragment
selections yield similar folding-angle distributions with no
clear fusion-fission peak at all.

The disappearance of the fusion-fission peak has been
reported before in studies of the in-plane correlations
[21]. The interesting point here is the association with an
increasing abundance of out-of-plane fragment-fragment
pairs and the similarity in folding-angle distributions for
out-of-plane and in plane pairs. In each frame of Figs. 4
and 5 we have also shown the average H-He multiplicity
(Mz_, ,) for each set of fragments. Although there are
some small differences in the folding-angle dependence of
these quantities, the main point is their similarity with
folding angle and fragment class (for each target and OAr
energy). Apparently these fragments are all produced in
reactions with high deposition energies [18]. As the ener-
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FIG. 4. Folding-angle correlations d?c /d 6,d 8, for fragment
pairs (each Z >3) from Ag reactions as observed in
AMPHORA rings 4-7. Horizontal bars for 174 MeV give the
full angular acceptance for a particle pair detected in rings i and
J (AB;+A6;) (see Fig. 1). Fragments with “Ag near 180" in-
clude 120° < Ap <260° (after “background” subtraction). Data
for fragments with “All other A@” values are also shown. Aver-
age H-He multiplicity { My y.) as triggered by each fragment
pair is shown in the upper panels. The arrows indicate the pre-
dicted folding-angle values for symmetric fission with linear
momentum transfer of 100, 85, 80, and 70% for 74, 174,27 A,
and 344 MeV, respectively. Systematic uncertainties in the
cross sections are estimated to be +25% (see text).
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gy deposited in a composite nucleus increases, it is known
that the production of IMF’s increases. In other words,
the width of the heavy-fragment (or fission-fragment)
mass-distribution curve increases. If the valley in the
mass-yield curve (for 6 < 4 <35) is filled in, then there is
no obvious division between fission and intermediate-
mass fragment production [20], and even heavy evapora-
tion residues (ER’s) are not distinguishable from heavy
residues after IMF emission [12]. The folding-angle dis-
tribution looses its peak because the folding angle is a
smoothly decreasing function of the exit channel mass
asymmetry [22], and all mass asymmetries are populated
with comparable abundance.

More detail concerning reactions of each fragment
class is given by the H-He multiplicity distributions
shown in Figs. 6 and 7. Let us begin with Fig. 6(a) for 7 4
MeV “°Ar+Ag. Earlier work has shown that charged
particles are most often associated with ER’s and that
their multiplicites are much smaller in coincidence with
fissionlike fragments of IMF’s [23]. This is confirmed in
Fig. 6(a) which shows only small H-He multiplicities in
coincidence with either fragment group. In measure-
ments to be presented later [24] we show that ER’s are
indeed associated with the larger H-He multiplicites.

Moving to Fig. 6(b) for 174 MeV “Ar+Ag, we see
several interesting points. As discussed in Ref. [18] it is
clear that only high-multiplicity events are selected by
the trigger requirement for two H or He particles at
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FIG. 5. Same as Fig. 4 but for Au reactions.

0> 56°. The fragment pairs, both for Agp near 180° and
for Ap~0"-150° (out-of-plane) have somewhat smaller
average multiplicities. And finally the three-fragment
events have even smaller H-He multiplicities. Results for
the Au target, shown in Fig. 7(b), are very similar. Often
a decrease in average multiplicity is identified with a de-
crease in the violence or average deposition energy. Our
interpretation takes another view; it is that these triggers
may well select from a central collision group with a very
similar distribution in deposition energies [18]. Those
nuclei that fission give products with relatively higher
H-He binding energies compared to those for neutrons;
thus their H-He emission is abbreviated by fission com-
petition [23]. Finally, those reactions which emit three
heavier fragments have simply evacuated more of their
energy in this way and have less to spend for H-He emis-
sion.

The pattern in Figs. 6(c), 6(d), 7(c), and 7(d) shows
great similarity for 27 4 and 34 4 MeV compared to 174
MeV. However, there are some contrasts. The two-
fragment triggers seem to select a relatively narrow dis-
tribution of H-He mutiplicities that is more biased to-
ward high violence than the trigger on two H or He par-
ticles; the latter seem to pick up a tail extending to lower
multiplicities. In all cases, however, the triggers on three
heavier fragments give somewhat smaller multiplicities
than either of the others. Again we interpret this to indi-
cate that these different decay channels mainly arise from
a single central reaction group with essentially the same
available energy content. We do not feel that it is reason-
able for these latter reactions (three or more fragments)
to originate from collisions of less violence than those
giving two H or He or two fragments. Therefore, we feel
that the H-He multiplicities do not stand alone as a gauge
of relative collision violence for reactions involving mul-
tifragment production.

In the examination of the data on multiplicities in Figs.
4-7, we have been trying to expose special characteristics
of those collisions that lead to certain kinds of fragments.
The angular distributions of protons or a particles also
provide a way to look for such special characteristics
[17]. In Figs. 8 and 9 we show angular distributions of a
particles triggered with some of the same fragment com-
binations. The first observation is that the intensity bal-
ance between forward peak and near isotropic plateau is
essentially independent of the H-He or fragment trigger
condition. Hence we conclude that these particular frag-
ment triggers do not seem to select a set of impact pro-
cesses that lead to fast nuclear explosions as might be an-
ticipated for multifragmentation.

For the reactions with Ag, we see in Fig. 8 that back-
angle peaking (generally associated with a spin-driven an-
isotropy) of the a particles is reduced by the fragment
triggers. From the perspective of statistical evaporation,
this could mean that the fissionlike reactions occur more
rapidly (or earlier in the evaporative decay sequence) for
the high-spin nuclei, thus leaving a preponderance of
fragment-associated a particles to the emitters with lower
spins. Alternatively, there could be a signficant contribu-
tion from near-scission a-particle emission, which occurs
preferentially near to 90° from the fragments, and, there-
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taken from measurements or systematics of the fractional linear
momentum transfer (100, 85, 80, and 70% for for 74, 174,

274, and 344 MeV, respectively). The trigger conditions are
indicated.

fore, with less abundance near to the 180° laboratory an-
gle [20]. The main result, however, is the generally simi-
lar form of these angular distributions.

Let us now consolidate the information on fragment
production taken from Figs. 4-9. First we see in Figs. 4
and 5 a decreasing importance of the classical fusion-
fission peak as the *°Ar energy is increased from 74 to
34 4 MeV. Apparently the fissionlike reactions have been
so broadened in their mass and kinetic-energy distribu-
tions that the familiar peak in folding angle has become a
smear [22]. We also see an increasing importance for
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FIG 9. Same as Fig. 8 but for Au reactions.

out-of-plane fragment production (i.e., with Ag of
0°-150°) that must be associated with multibody break-
ups [20]. These out-of-plane fragments are not, however,
associated with either unusually large H-He multiplicities
(Figs. 5 and 6) or explosive forward ejection of a particles
(Figs. 8 and 9). The more explicit multifragment triggers
(three or more heavier fragments) also do not select espe-
cially large H-He multiplicities. In fact, these triggers
generate somewhat smaller averge H-He multiplicities,
probably pointing toward a fairly large central collision
group of similar available energy [18].

Now we want to search for signals of a correlation be-
tween the true reaction plane (or the entrance channel
spin axis normal to it) and the angles of fragment emis-
sion. A simple indicator is the strength of the azimuthal
angular correlations [4,5,23,25-27]. Figure 10 shows
such Ag correlations for >3H, >*He, and Li (detected in
a ring at 6,) with respect to a fragment pair detected
nearly in plane in the same ring (both fragments at 6,).
(This condition corresponds to 144° <A@ <216° or to one
fragment registered in detector 1 in Fig. 1 and a second
fragment in detector 8 or in detector 9.) Indeed there is a
clear preference for particle emission in the same plane as
the fragments. These preferences generally increase with
the mass of the detected particle (except for *He which is
more anisotropic than “He, possibly due to its higher en-
ergy threshold), and they are almost independent of Ag
or Au targets.

In Fig. 10 the anisotropies for Li fragments are quite
large, indeed. One might ask whether the Li fragment it-
self might not be as strongly correlated with the true re-
action plane as are the two heavier fragments which were
the triggers. In Figs. 11 and 12 we compare Ag distribu-
tions with respect to a heavy-fragment pair and with
respect to a single Li fragment. The patterns are very
similar for all the anisotropies with usually a hint of
slightly more strength for the trigger on fragment pairs
(Fig. 11).

Another important aspect of Fig. 12 is the distinct
0°-180° asymmetry observed for Li-Li pairs, especially
for the larger 6 values. This point is explored in more de-
tail in Fig. 13. Here the Li-Li azimuthal angular correla-
tions are compared for Cu, Ag, and Au targets bombard-
ed with 274 MeV “°Ar. The behavior is very similar to
Fig. 12 for 344 MeV “Ar+Ag; a preference for 180°
over 0° is always observed, along with a general disfavor-
ing for Ag=90"° (i.e., out of plane). The precision of these
Ag distributions is very good, so one can pick out even
rather small differences between the targets. The anisot-
ropy or yield ratio for (Ap=168°)/(Ap=96°) seems to
increase very slightly from Au to Ag to Cu. Similarly the
asymmetry ratio (A@p=168")/(Ap=0°) also increases
from Au to Ag to Cu for both 6, and 6,=31°. However,
the dependence on target is reversed for 6;,=21° and
6,=21°or 31°.

For evaporationlike emission right-left emission asym-
metries may be due to emitter recoil and final-state in-
teractions [17,19,28,29]. In Fig. 14 we compare one of
these data sets to several reaction simulation calculations.
These calculations were made with the code COULGAN
[28], which is based on nuclear evaporation theory and
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includes effects of angular momentum along with three-
body trajectory calculations for the two Li ejectiles and
the recoil nucleus. Detector granularity and thresholds
were included in the calculations. The ratio of intensities
for Ap of 96° and 168° was used to assign an effective

upper limit of 1207 for the triangular spin distribution.
The shape near to A¢p=0" was used to explore the mean
emitter lifetime; exponential decay was assumed with a
single decay period. The best fit is provided by a meanlife
of 5X 1072 s for the emitter. This result is of the same
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FIG. 11. Same as Fig. 10 but for 34 4 MeV “°Ar reactions and different angles as indicated.
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34A MeV “Ar +"*“Ag > Li(6) + Y (6,)
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FIG. 12. Azimuthal angular correlations (6 and Ag in the laboratory frame) between Li fragments and other particles as indicat

ed, 344 MeV “Ar + "™Ag.

order as that found for evaporationlike light-particle
pairs emitted in the reaction 680 MeV “Ar + Ag
[28,30]. These mean times are each very short; indeed
they suggest that it may be very difficult to distinguish
evaporationlike emission from multifragmentation.

IV. SUMMARY AND CONCLUSIONS

This paper presents an overview of a number of prop-
erties of fragment emission in reactions of “°’Ar from 7 4
to 34 4 MeV. Fragments of Z=3 and Z > 3 were record-
ed in four rings of CsI detectors centered at 21°, 31°, 47°,

27A MeV “Ar +X - Li @) + Li (6,)
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FIG. 13. Azimuthal angular correlations for Li-Li pairs for
the angles indicated. Reactions of 274 MeV *°Ar with "*Cu,
ntAg and '’Au as shown.

and 67°, each with 15 members to cover all azimuthal an-
gles. For 74 MeV “Ar+Ag and Au we confirm a large
relative yield of fusion-fission fragments compared to a
very small yield of intermediate-mass fragments and mul-
tifragment reactions. For 174 MeV we also confirm the
increasing importance of IMF and multifragment pro-

274 MeV “*Ar+™*“ag - Li(6,,,=31°)+Li(0,,,=47°)
10l | L B S |

Relative Intensity

10° P T
0 45 90 135 180
Relative Azimuthal Angle, Ap (deg)

FIG. 14. Comparison of reaction simulations (based on Ref.
[28]) for one data set for Li-Li pairs. For each simulation calcu-
ation the emitter spins were taken to have a triangular spin dis-
tribution from O to 120%. Emitter nuclei were assumed to decay
exponentially with the mean lifetime indicated. Three-body tra-
jectories were followed to account for the final-state interac-
tions.
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duction, but one still finds the continued dominance of
classical fusion-fission. For 34 4 MeV the folding-angle
distributions become very similar for in-plane and out-
of-plane fragment pairs, and no clear peak remains for
classical fusion fission. One must conclude that the frag-
ment mass distribution has become so wide that no clear
border lines remain between reactions that give fission
fragments, intermediate-mass fragments, or evaporation
residues. A variety of fragment triggers are associated
with large average multiplicities (My y.) and similar
H-He multiplicity distributions. However, the trigger re-
quirement of three fragments (Z >3) generates some-
what smaller H-He multiplicities than the two-fragment
(Z >3) trigger. This suggests that H-He multiplicity
does not monotonically increase with collision centrality.
Instead it implies that there is a large central collision
group of reactions of similar violence and similar energy
dissipation. All of these reactions seem to lead to great
energy thermalization as evidenced by a strong com-
ponent of nearly isotropic a-particle emission. Azimu-
thal angular correlations are reported for particles with
respect to either two fission fragments (Z >3) or with
respect to single Li fragments. For both of these triggers

the anisotropic disfavoring for Ap=90° is approximately
equivalent, indicating nearly equal strength of correlation
with the reaction plane. The Li-Li correlations exhibit a
distinct asymmetric preference for opposite side
(A@p=~180°) emission. The anisotropies and asymmetries
of these two-body correlations give useful observables for
testing reaction models for the dynamics of these com-
plex heavy-ion reactions. For one case we show that
these large-angle correlations can be accounted for by an
emitter with spins of (0—120)7% and mean delay time of
5% 10722 s between two Li ejectiles.
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Ring 4 ( 0 =67 deg )
Ring 5 (B =47 deg)
Ring 6 (0 =31 deg)
Ring 7 (B =21deg)
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FIG. 1. Schematic diagram of the configuration of rings 4-7
of the AMPHORA multidetector (Ref. [13]). (a) View from the
target in the beam direction; (b) side view.



