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The reactions Ar+ Al, Sc,"Ni, ~Zr are studied at 600 MeV bombarding energy. The experi-
ments employ several large-area detectors of different kinds to identify heavy fragments and mea-

sure their multiplicity. Two- and three-fragment channels are observed in all reactions and their
cross sections are determined. The existence of four-fragment channels is suggested by the experi-
ment; their contribution is, however, too weak for a detailed analysis. In addition to the multifrag-
mentation processes, the emission of light particles is also observed, the average charge of all emit-

ted particles being slightly smaller than expected from experiments at lower energies. The predom-
inant source of light particles is the evaporation from hot fragments. In the light systems the ex-

istence of three fragments is ascribed to a fast disintegration process, whereas in the heaviest system

a major part of such channels could also arise from a sequential fission process.

I, INTRODUCTION

Heavy-ion reactions become increasingly more complex
with increasing bombarding energy. New phenomena
occur at energies between 10 and 100 MeV/u. These are,
e.g., the incomplete momentum transfer (for a recent ex-

ample, see Ref. 1) or the production of several fragments,
may it be either by evaporation or fast multifragmenta-
tion. 9 The incomplete momentum transfer, which can
be observed in the experiments described herein, will be
discussed in a forthcoming paper. The present paper is
solely concerned with the possible mechanisms of frag-
ment production. The evaporation of complex particles
has been previously observed in hght-ion (M &14) in-
duced reactions. Although the results have been main-

ly interpreted in terms of a nuclear temperature of the
evaporating system, ' ' other mechanisms predict al-
most identical results' '6 and thus the true nature of the
"evaporation" process shouM be considered still unclear.
Multifragmentation has been observed in reactions with
heavier projectiles and targets. At energies around 10
MeV/u the fission of one or both fragments after a nor-
mal deep-inelastic reaction appears to be the dominant
mechanism. ' At higher energies, however, the separa-
tion into iwo or more successive processes becomes more
and more artificial. ' Indeed, theory predicts prompt
multifragmentation to occur at sufficiently high nuclear

temperatures.
' ' Furthermore, one may expect that nu-

clear systems before breakup pass through novel configu-
rations because of the high temperatures and angular mo-
menta involved. ' The experimental identification of
these phenomena and their clear separation are difficult
problems. One of the simpler means appears to rely on

the spectrum of produced elements. In the case in which
the production is of evaporative nature and is thus funda-
mentally not different from the evaporation process that
leads to the emission of light particles, the work of, e.g,
Sobotka et al. has demonstrated that the production
cross section rapidly decreases with increasing atomic
number. If expressed in terms of a power law
do/dZ=ooZ ', the production cross section may be
characterized by a representative value of ~=3. On the
other hand, recent statistical treatments of the multifrag-
mentation process in Refs. 17 and 18 resulted in element
distributions at threshold energies which are much less
steeply dependent upon fragment charge. These results
are more comparable to a power law expression with a
smaller exponent of r & 1. Of similar importance certain-
ly are the associated particle and fragment multiplicities,
about which, however, almost nothing is experimentally
known.

The experimental investigations described in this paper
are performed at an energy of 15 MeV/u. This energy is
still close to the upper limit where heavy-ion reactions
show the normal low-energy behavior, ' ' but high
enough that novel features become clearly observable.
Most striking is the sudden increase in the width of the
distribution of elements produced in deep-inelastic reac-
tions. ' In the case of Mo + Mo reaction this increase
was successfully described by a change from a single-
nucleon exchange mechanism to a collective mechanism
where the properties of the exit channel are determined by
the bulk properties (temperature, nuclear densities, etc.) of
the nuclear systems involved. In addition, and with con-
tributions of 10—30% to the binary deep-inelastic pro-
cess, the fragmentation into at least three heavy nuclei has
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been identified in this energy range. ' ' ' This process
has been observed in light-, medium-, and heavy-ion reac-
tions; its strength appears to depend strongly on the bom-
barding energy. In the case of heavy ions a detailed
analysis of the experimental results suggests that the
disintegration is complete before the fragments have left
their mutual interaction volume. This view is still contro-
versial for medium ion systems; in the case of very light
ions, however, the results are best understood by assuming
a fast disintegration process.

With the present investigations we have continued our
studies ' of medium heavy-ion reactions using Ar
projectiles and Al, Sc, ' Ni, and Zr targets. The ex-
perimental techniques used are very similar to those used
in the previous experiments. The reader is referred to
these publications in the cases where specific points are
not fully discussed in the present paper. In short, our
technique consists of measuring all kinematic quantities
of fragments with atomic number Z &4 and reconstruc-
tion of the properties of light (Z g 4) particle emission us-

ing the conservation laws. In this way it was learned ear-
lier, for example, that the total nuclear charge of all eva-
porated particles increases linearly with the c.m. energy
and thus is a good measure for the inelasticity of the reac-
tion. Usually the measured fragment multiplicities were
vlf——2; with much less probability, mf ——» events were
also observed. The reduction is not only due to the small-
er cross section for the latter events, but also depends crit-
ically on the detectors and their geometric configuration.
In Sec. II we give the details of the detectors employed
and of the geometric setup, and discuss to some extent the
problems of the kinematic analysis, particularly the
deduction of absolute cross sections. Section III contains
the experimental results, which are ordered according to
the measured fragment multiplicity. In the discussion,
Sec. IV, we compare our results to other relevant data and
elaborate on the experimental evidence for the formation
of an intermediate system that has oblate shape and high
angular momentum. The summary of the present investi-
gations is contained in Sec. V.

II. EXPERIMENTAL TECHNIQUES

A. Experimental setup

The Ar beam was supplied by the UNILAC accelera-
tor of the Gesellschaft fiir Schwerionenforschung (GSI),
Darmstadt. The beam energy was 600 MeV and the ac-
celerator operated at a frequency of 27 MHz with a
beam-pulse resolution of 300 ps at the target position.
Four different targets were used and their thicknesses are
given in parantheses as follows: Al 4,

'558 pg/cm ), Sc
(368 pg/cm ), Ni (586 pg/cm ), and Zr (51 pg/cm ).
All targets were isotopically enriched and self-supporting
foils, except for the Zr target, which was evaporated
onto a 5 pg/cm thick carbon foil. The target thicknesses
were determined by energy loss measurements of alpha
particles. The contamination of the targets with other ele-
ments was checked by methods that were previously
described. The targets were found uncontaminated, ex-
cept for the Zr target, which had, as expected, a consid-

beam)

FIG. 1. Schematic view of the Cartesian coordinates of event
P in the laboratory frame x,y, z. Also shown is the event plane
with coordinate frame x',y', z' which moves relative to the labo-
ratory frame with velocity U, . u, =0 is assumed.

erable contamination from carbon and oxygen isotopes.
Reaction products with atomic numbers Z&4 were

detected by three large ionization chambers, each of
which had a double detection capability. The peformance
of this detector type and its geometric proportions were
described in Ref. 8 in detail. We do not repeat this
description here, but use the identical nomenclature. A
schematic picture of the coordinate frames used most
often to describe the detector settings and the data is
presented in Fig. 1. The symmetry axis of the detector on
the right-hand side of the beam could be positioned at an-
gles Qii

——26.5',40', 70'. The symmetry axes of the two
detectors on the left-hand side of the beam could be posi-
tioned at 8&=47 8 62 8 77 8 and rr=&62', »& 2 462
In total, a maximum of nine different detector settings
were selected in the run with the Ni target. In other
runs the number of detector settings was smaller because
of the different kinematic situations.

In addition to the ionization chambers two parallel-
plate avalanche detectors were employed. " They were po-
sitioned at 8& ——29', $„=121'and 8+ ——28', (ts ——242', and
each covered a solid angle of d Q =323 msr. The
kinematic quantities measured by these detectors are the
time of fiight and the recoil direction of the nucleus being
detected. These three quantities are not sufficient to be
incorporated into the kinematic analysis described in the
next subsection. Therefore the data were used to confirm
the results from this analysis. For example, the recoil
direction of the deficit (cf. subsection 8) was compared to
the impact location in the parallel-plate detectors. Of par-
ticular importance is the fact that the detection efficiency
of these detectors rapidly decreases for Z values below
Z=6, where the detection efficiency is about 60%. This
allows one to select fragment-fragment coincidences be-
tween the ionization chambers and the parallel-plate
detectors.

The fragment energies measured by the ionization
chambers were corrected for energy losses in the target
and the entrance foil of the detector. Depending on the
gas pressure, this detector type has a lower and upper lim-
it of energies between which the fragment's nuclear
charge can be identified. If the energy is too small, the
fragments do not produce a suNciently long ionization
track in the chamber; in the other case they are not com-
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pletely stopped. The lower and upper energy limits under
the present conditions are E;„=3.47Z and
E,„=22.22Z, where energies are given in MeV and
charges in units of e. The lower limit allows one to mea-
sure reactions of maximum energy loss (cf. Sec. IIB; the
upper limit, however, is too small to register all reactions
with very small energy losses. The situation could be im-
proved by increasing the gas pressure with the result of
less efficiency for strongly damped collisions. We have
decided that the latter, for the intentions of the present in-
vestigations, should have a large detection efficiency.

B. Kinematic analysis

The principles of the kinematic analysis have been
described in previous papers. ' Using the kinematic
quantities Z;, p;, and E, of all mf fragments detected by
the ionization chambers, one solves the equations

Zo ——QZ;+b, Z (1&i &mf),

Mp ——gM;+ b,M,

po=+pi+~p ~

Eo —gE, + ~E —Q

to obtain the corresponding deficit quantities character-
ized by the front letter b, . The index 0 refers to the en-
trance channel. The equation with respect to the nuclear
masses is included for reasons of completeness. In the
analysis the mass for a given nuclear charge is taken to be
that with the largest abundance in the valley of nuclear
stability (cf. Ref. 23). The deficits combine the contribu-
tions from all particles not detected. For the normal eva-
poration these will be predominantly light particles with
charge Z & 2 and mass M &4. Obviously, the last equa-
tion in set (1) cannot be conclusively solved for both hE
and Q. It is thus impossible to obtain the kinetic energy
loss

~ Q ~

without correcting the measured energies to ac-
count for the evaporation. An approximate evaporation
correction may be performed with the assumption that the
charge evaporated from a nucleus is proportional to the
charge of that nucleus. This assumption is based on an
average energy sharing between the fragments that is pro-
portional to their charge. One then obtains

Z;""=(1+a)Z;,
p' "=(1+a)(p;+5p;),

where a=hZ/(Zp —hZ). The corrected masses Mf'
are assumed to be related to the corrected nuclear charges
in the same way that was stated above. The corrections
5p; only vanish when the velocity of the nucleus is not
changed by the evaporation. This, however, is true only
on the average. In the event-by-event correction, it is re-
quired that the momentum deficit after the corrections be-
comes zero. This can be accomplished by

5p; =[(1+a)bp apo]Mi /Mo ~—
The formula is derived with the assumption that for each

event the change of the velocity is the same for all frag-
ments produced. Using the corrected masses and momen-
ta the corrected energies and Q values are

Ecorr
( corr)2/2Mcorr ~corr ~Ecorr—PI l 0

Bemuse of the various assumptions that enter the correc-
tions, it is estimated that the mean values of Q are correct
within +10%. The uncertainty is larger (5Q =+50 MeV)
when Q is calculated on the event-by-event basis. We
thus do not think it useful to present the data as functions
of the Q value.

The conservation of linear momentum, the third equa-
tion of set (1), implies that for mf ——2 the three momenta

pi, pz, and hp' in the center-of-mass system define a
plane which is called the event plane. The orientation of
this plane with respect to the beam axis is obtained by di-
agonalizing the momentum tensor,

I

aP a iPPi

where a,P refer to the Cartesian coordinates x,y,z of the
momenta and the summation includes the momentum de-
ficit. With the three eigenvalues and eigenvectors Hk, e k,
ordered with respect to their magnitudes, 9'i & Hz & Hi,
the orientation may be represented by the quantity

cosa=expo/pp. In general, cosa has a distribution which
is symmetric around cosa=0. Thus one always has
(cosa)=0 regardless of the orientation of the event
plane. When the mean value of the event-plane orienta-
tion is required, the better quantity is the second moment
(cos a). One has (cos a) =0 when the normal of the
event plane is perpendicular to the beam momentum and
(cos a) =1 when it is parallel to the beam momentum.
In the case in which the number of fragments is mf & 2,
the event plane and its orientation can be still defined in
this way. However, the momenta are not necessarily in
this plane. The amount by which the momenta are out of
a truly plane configuration may be obtained by using the
eigenvalues 9''k and defining the planarity cos5= 9'q/H',
where 9'= ( 9',z+ H zz+ &'iz)'~ . In the case in which all
mornenta are in the event plane, one has cos5=0; other-
wise, 0 & cos5 & 0.577. For a random distribution,
(cos5) =0.247.

In Fig lwe display . the two coordinate frames used in
the analysis. The Cartesian coordinates x,y, z define the
laboratory system, with z having the direction of the beam
momentum, and 8,$ are the usual polar angles in the
frame. The c.m. system is given by the Cartesian coordi-
nates x',y', z', where z' is the normal vector onto the event
plane and x' is given by projecting the beam momentum
into the event plane.

In experiments like ours, where the detectors do not
have 4m. geometry, the experimental results depend on the
imposed phase-space restrictions. The influence of such
restrictions has to be studied by Monte Carlo simulations.
It is fairly easy to implement the detector geometries and
efficiencies into the simulations. More cumbersome is the
choice of the correct event generator, which should pro-
duce sample distributions similar to those produced by the
reaction. Here one has to find a compromise between the
complexity of the reaction and the time required for
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Monte Carlo simulations. With respect to the emission
process of particles and fragments, we have assumed that
both are simultaneously emitted. Although this is most
likely incorrect for the particle emission, the great number
of them ensures that this assumption has no severe effect
on the distributions of the fragments that are the only
ones detected. The directional and rnornentum distribu™
tions of particles and fragments in the c.m. system were
assumed to be random. The moments depend on the
available energy E. This parameter E was assumed to
vary between Vc ~E ~E0+.Qs, where Vc and E0 are the
Coulomb-barrier height and c.m. kinetic energy of the en-
trance channel, and Qs is the ground-state mass defect of
a specific exit channel. In general, 30 different exit chan-
nels were included in one simulation; they were selected to
reproduce the previously observed broad element distribu-
tions ' and the measured charge-deficit distribution.
Since the Qs value becomes increasingly more negative
with the number of emitted particles and the mass asym-
metry of the fragments, this procedure favors reactions
with large kinetic energy loss. This is in accordance with
the observation that a major part of the reaction cross sec-
tion is exhausted by deep-inelastic processes. The data
generated by the Monte Carlo simulations are used for
two purposes: On one hand, a comparison between the
experimental data and the Monte Carlo data indicates
strong deviations from the assumption on which the event
generator is based. Such deviations are observed, for ex-
ample, in the properties of the event plane. On the other
hand, the Monte Carlo simulations allow one to determine
the detection efficiencies. For reactions with a given
detector setting and with two fragments in the exit chan-
nels, both being detected, the efficiencies are of the order
of e=SX10 . The corresponding case with three frag-
ments emitted and three detected has an efficiency
e=5X10 . It must be realized that these values for the
total efficiencies depend on the specific properties of the
event generator. By comparing the results from the dif-
ferent detector positions, it is concluded that the e are un-
certain to at least +25%. Cross sections cannot be de-
duced from this experiment with higher accuracy; howev-
er, the relative strength of cross sections can be trusted to
have a smaller uncertainty.

III. EXPERIMENTAL RESULTS

The experimental results are presented according to the
measured fragment multiplicities mf ——1,2,3. Note that
the value of mf does not necessarily give the correct num-
ber of fragments produced by the reaction. The value of
mf is also determined by the reaction kinematic on one
hand and by the detector setup on the other. However,
for a given value of mf, the correct number of fragments
has to be equal or larger than mf. These two possibilities
can often be distinguished in the data because the amount
of measured quantities exceeds the minimum amount
necessary for an exclusive analysis. In the presentation of
the data we will switch between the different targets at
random, when the corresponding data show a similar
behavior. When they are different, results for each target
will be presented.
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A. The mf ——1 events

The data with fragment multiplicity mf =1 were treat-
ed as binary reactions since the detection of evaporation
residues is not possible at the chosen detector angles.
However, the assumption of a true binary reaction is in-
correct also since we shall prove in the next subsection
that light-particle evaporation, after the binary reaction, is
the most probable process. Nevertheless, with the binary
analysis it is possible to give a rough overview of the reac-
tions under the prevailing conditions and to compare the
results to those from other studies which are based on a
similar analysis.

In Fig. 2 we display the Q-value spectrum do/dQ of
the Ar+ Ni reaction and the two dimensional plots
do/dZ vs do/dQ and do/d8, vs do. /dQ. These dia-
grams include data from all detector positions. The dot-
ted curves represent the absolute detection boundaries of
the experimental arrangement due to the energy cutoffs at
small and large energies and due to the positions of the
detectors and their solid angles. Note that the grazing an-
gle for the Ar+ Ni reaction at 600 MeV bombarding
energy is estimated to be 14' in the c.m. system. The in-
tegrated cross section of this reaction is deduced to be
o.„,= 1927 mb. This value is the measured cross section
corrected for the detection efficiencies in a way that was
described earlier. The predicted value ' of the integrat-
ed cross section is a„,=2370 mb. The corresponding re-

8 12 16 20

ATOM]C NUMBER Z10b

FIG. 2. ( pntour plots of the Q value vs the c.m. angle of the
light fragment [above, the numbers give the cross section in

mb/(5'MeV)] and the atomic number of the light fragment
[below, the numbers give the cross section in mb/(e MeV)]. The
dashed curves represent the efficiency cuts due to the detector
properties; the inset compares the measured Q-value distribution
with the prediction of Refs. 25 and 26.
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TABLE I. Predicted and measured cross section for the reactions Ar + Ar, S, Ni, Zr. From the cross sections, upper
values of the angular momenta are deduced using the sharp cutoff model.

Atomic
mass og„, {mb)

Prediction
I„(A} o... (mb)' otot (mb)

Measurementl,„(A') o„,(2) (mb) a„,(3) (mb)

67

98
130

501
485
506
521

54
70
80
95

2024
2305
2375
2569

811+240
1176+360
1927%580
2572+800

88 +8
130+14
176+21
232+30

711+210
1032+310
1494+450
2404+720

100+ 30
144+ 50
433+130
168% 80

'a„,=0.9 (o.„„—crq„,); cf. Refs. 25 and 26.

suits and predictions for the other targets are listed in
Table I. The table also includes the predictions for the
fusion component of the reactions. In order to obtain a
feeling for the effect which the strong evaporation and the
limited detection efficiency have on the data, we include
in the experimental dtr/dQ spectrum (Fig. 2) also the
predicted form of this spectrum, which is obtained when
the parameterizations of Refs. 25 and 26 are used. The
reduction of the measured cross section at large Q values,
when compared to the prediction, is caused by the incom-
plete detection of fragments emitted at angles close to the
grazing angle. This reduction is enhanced by the evapora-
tion, which causes a shift of the "true" Q values into the
direction of smaller values and simultaneously broadens
the spectrum. Thus there is no one-to-one correspondence
between "true" and measured Q values. Despite these
shortcomings the binary analysis allows two conclusions
to be made.

B. The mj ——2 events

The m&
——2 events mainly have their origin in reactions

where the exit channel contains two fragments and a
number of light particles, but in 10—30% of these events
the correct number of fragments is larger than two and
most probably three. The additional fragments were not
detected by one of the ionization chambers; their presence,
however, can be clearly deduced from several independent
observations.

(i) A third fragment was detected by one of the
parallel-plate avalanche detectors. This happens in
1—15% of the my ——2 events, depending on detector posi-
tion. %'e will label these events as class-C events.

(ii) In the study of the Ar+ Ni reaction, the ioniza-
tion chambers were positioned at angles sufficiently back-
ward that a binary reaction, even when followed by light-
particle evaporation, becomes undetectable. Still m&

—2

(i) The experimental setup has its maximum in detec-
tion efficiency for events with large energy loss. We are
thus particularly sensitive to the strongly damped reac-
tions.

(ii) For these reactions and the chosen bombarding ener-

gy, the studied systems behave similar to what has been
observed elsewhere. ' The elemental distributions are very
broad and the deep-inelastic cross section does not vary
with angle by more than a factor 10.

Although these conclusions are based on the binary
analysis of the m/ ——1 data, they remain valid when the
data with larger fragment multiplicity are analyzed and
when the proper evaporation corrections are included.
These findings have established the guide lines for the
Monte Carlo simulations of the deep-inelastic process.
We have used the variety of exit channels that was experi-
mentally found and we have used isotropic angular distri-
butions. Obtaining a more precise input for the Monte
Carlo simulations appears to be an almost unmanageable
task since the properties of the primordial fragments be-
fore evaporation cannot be measured. Using the given in-
put the Monte Carlo simulations reproduce the measured
der/dQ, der/dz, and der/d8, cross sections sufficiently
well; in particular the shape of the do/dQ spectrum is ob-
tained as it was measured. Nevertheless, and as pointed
out already, the quoted values of the total cross section
must be considered correct only to the extent to which the
total efficiencies thus obtained do not depend too strongly
on this input.
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FIG. 3. The charge-deficit distributions for events with frag-
ment multiphcites my ——2 and my ——3 are shown on the left-
hand side. The charge-deficit distributions for m~ ——2 events
with a third fragment detected in the parallel-plate detectors are
shown on the right-hand side.



events were observed at these detector settings. The large
recoil momentum of a third fragment must have pushed
the other two fragments into the directions which were
covered by the detectors.

(iii) The charge deficit spectra of m& =2 events (Fig. 3)
extend to values too large to be ascribed to the evapora-
tion of light particles. A simple estimate of the maximum
hZ value allowed by evaporation is obtained if one as-
sumes that the average separation energy of one neutron is
7 MeV and that of one proton is 9 MeV, and that charged
and uncharged nucleons are evaporated with equal proba-
bility. One then gets, for the different targets, b,Z~,„=13
( Al), 17 ( Sc), 18 ( Ni), and 21 ( Zr). These values are
about half of the maximum values measured, but they
roughly coincide with the onset of the tails in the hZ
spectra which can be recognized in Fig. 3. We conclude
that these tails are entirely due to the three-fragment reac-
tions. It should be pointed out that three-fragment reac-
tions also contribute to events with charge deficits smaller
than hZ, „. This can be clearly concluded from the
charge-deficit spectra of class-C events also displayed in
Flg. 3.

(iv) Events with only two fragments, i.e., true binary
events, should be collinear, and thus the event plane is not
defined. Subsequent light-particle evaporation destroys
the collinearity. The additional momentum deficit b,p, al-
though smaB, facilitates the construction of the event
plane, which is, for a statistical process with angular
momentum I =0, randomly oriented with respect to the
entrance-channel momentum. On the other hand, the mo-
menta of three fragments have to be coplanar; the orienta-
tion of the event plane is determined by the reaction
dynamics and only slightly modified by subsequent eva-
poration. Indeed, for small b,Z values the measured
event-plane orientation is close to (cos a) =0.33, the
value expected for a random orientation. With increasing
b,Z value, (cos a) decreases, indicating that the event

plane becomes oriented almost perpendicular to the en-
trance channel momentum. This behavior is displayed in
Fig. 4, which shows data from the Ar+ Al and

Ar + Zr reactions. Notice that we also find a decrease
of (cos u) for very small b,Z values and an increase for
very large hZ values. This suggests the correlated emis-
sion of a few nucleons in the first case, perhaps caused by
I&0. It also may point to the possibility that channels
with four fragments contribute to events with very large
hZ values.

Cases (i)—(iv) give unainbiguous proof of the existence
of channels with two and three fragments in all four reac-
tions studied. Their separation in the my ——2 data was
achieve by making use of the properties already men-
tioned in cases (iii) and (iv): Reactions with only two
fragmerits should be nearly collinear and the b,Z values of
these channels should not greatly exceed the values hZ, „
listed in (iii). These criteria were implemented as elliptical
cuts in the plane der/db, Z vs der/d +8, , where

+8,~ =8, (1)+8, (2), as shown in Fig. 5. We shall
label events with two fragments class-A events, whereas
all other m~ ——2 events are class-8 events. The relative
strengths of class-A and class-8 events were deduced from
the count rates in these classes and the corresponding effi-
ciency corrections obtained by means of the Monte Carlo
simulation. The results are for four different targets:
P=0.14+0.05 ( Al), 0.14+0.05 ( Sc), 0.29+0.04 ( Ni),
and 0.07+0.05 ( Zr), where

P=o„,(3 fragm)/cr„, (2 fragm) .

The errors quoted are mainly due to the uncertainties in
separating class-A from class-8 reactions. In case of Zr
an additional error is causmi by the carbon and oxygen
contaminations of the target. Together with the measured
cross section o„, in Table I, the ratios I' may be used to
calculate the two-fragment and three-fragment cross sec-
tions. The corresponding results are also listed in Table I.

It is evident that the class-A events are highly inelastic
(for the class-8 events, this shall be discussed in the next
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FIG. 4. The dependence of the event-plane orientation
(cos a) on the charge deficit measured in the reactions
Ar+ ~zr and Ar+ Al. Note the rupture in the scales for

the two reactions.

FIG. 5. Scatter plot of the extracted sum +8, of the c.m.
emission angles against the measured hz values for mf —2
events. The ellipse represents the cut used to separate class-A
from class-8 events (see text).
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TABLE II. Measured mean values of the charge deficit and total kinetic energy loss for two-fragment and three-fragment reac-
tions. The last three columns list the mean values of the breakup velocities in the rest system of the intermediate nucleus (i,j); see
text. The first column contains the predicted maximum value of the total kinetic energy loss; see Refs. 25 and 26.

Target
i Q [,„(MeV)

Two-fragment
& aZ) (

~ Q ~
) (Mcv)

Three-fragment
( i Q i ) (MeV) 5u(1, 2) 5U(1,3) 5u(2, 3)

Al
45Sc

90Zr

270
293
333 14.4+0'5

180+15
235+20
280+25
330+30

6.5+0.3
8.7+0.3

10.7+0.4
13.020.6

160+15
215+20
245+25
295+30

1.17
1.09
1.13
0.92

1.20
1.10
1 ~ 18
1.10

1 ~ 15
1.12
1.28
1.09

15-
(aj " Ar+2 Al

(dj ~OAr i~oZr

f4

~

{dj

icj

(b)

i i

'IOO 200 300
c.m. ENERGY E' (Mev)

FIG. 6. The dependence of the average charge deficit on the
c.m. energy for mf ——2 events (dots) and rnf ——3 events (circles).
The line displays the relation (EZ) =0.0426 (Eo—32) deduced
in experiments vrith smaller bombarding energies (Ref. 8).

section). Both the measured fragment energies and b,Z
values support this conclusion. The average hZ values
for the four different targets are listed in Table II. Note
that these values do not strongly depend on the detector
positions. In case of the Ar+ Ni reaction, where nine
different position settings were measured, the variation in
(b,Z) is not larger than +3%. One may compare these
values with the extrapolation from the low-energy data
obtained in previous experiments. This is done in Fig. 6.
The error bars plotted represent the uncertainty in
separating class-A from class-8 events. The straight line
corresponds to the relationship

(SZ) = (Z,' —32),1

23.5

which was found to represent all measured previous data
within an uncertainty of 5b,Z=0.5e. At the present
larger bombarding energy the average charge deficits are
consistently smaller, but still seem to follow the slope of
the extrapolated line. Also, the results for mf ——2 events
from the Ni+ Ni reaction published in Ref. 9 follow
this trend: the measured (bZ)=15.5 is 10% smaller
than the extrapolated value (hZ) =17.1. From all these
results it may be concluded that the average energy ncees-
sary to evaporate one charge is still 23.5 MeV, but that
the conversion of the entrance-channel kinetic energy into
excitation energy is less complete than that found at

smaller bombarding energies. Considering the measured
charge deficits, these values yield an estimate of the total
kinetic energy loss

~ Q ~
of the reaction. A similar esti-

mate is obtained from the measured fragment energies E;.
Both agree for all targets within +15 MeV. Note, howev-
er, that the values of

~ Q
~

deduced from bZ and from F.;
do not need to coincide, since the first is a measure of
only the excitation energy, whereas the second also in-
cludes the ground-state masses. The derivation of the to-
tal kinetic energy loss is believed to be not accurate
enough to justify the distinction between these two values.
In Table II we have listed the deduced values of

~ Q ~

and
an upper limit for this quantity, which was obtained from
the parametrizations of Refs. 25 and 26.

C. The mf ——3 events

For the targets Al, Sc, and sNi events with mea-
sured fragment multiplicity mf 3were dete——cted with a
rate that was (3—7) )&10 smaller than the rate of mf ——2
events. In case of the reaction with Zr, the yield of
mf ——3 events was even smaller by a factor 5. This, how-
ever, is partly due to a reduced detection efficiency.
Detection efficiencies were calculated by means of the
Monte Carlo simulations and used to deduce the total
three-fragment cross sections o„,(3 fragm). The values
obtained are in remarkable agreement with those listed in
Table I.

In line with the discussions presented in the preceding
subsection, it has to be checked whether or not mf 3
events also contain channels with four or more fragments.
The dependence of the event-plane orientation on the
charge deficit suggested that this might be the case. In
addition, one of the parallel-plate avalanche detectors is
triggered for mf ——3 events with approximately the same
relative rate that was found for mf ——2 events. On the
other hand, the hZ spectra depicted in Fig. 3 do not show
an obvious extension to large h7 values. These argu-
ments suggest that channels with four fragments do exist,
but their relative strength is even sma11er in comparison to
the three-fragment reactions than was deduced in relating
the three-fragment reactions to the two-fragment reac-
tions. %'e estimate that less than 15% of the three-
fragment cross section actually belongs to reactions with
four fragments in the exit channel. This intensity is too
small to allow these channels to be separated. %e thus
treat all measured mf ——3 events as belonging to three-
fragment reactions.

The mean value of the charge deficits of mf ——3 events
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are always smaller than the corresponding values for
mf =2 events, as can be seen in Fig. 6 and Table II. On
the average, the difference is (bZ)i —(AZ)i ——1.6. The
relative independence of this difference on the center-of-
mass energy suggests that for these events also the average
energy required to emit one charge unit is 23.5 MeV. The
mechanism responsible for the emission of light particles
is also, in this case, most likely evaporation. However, be-
cause the (b,Z) values are smaller, the total kinetic ener-

gy loss
~ Q ~

in the mf ——3 events is smaller also. Com-
bining the information from the measured (hZ) values
and from the measured fragment kinetic energies, we have
deduced estimates for the mean values of

~ Q ~
. These are

listed in Table II. The differences between the kinetic en-

ergy losses for two-fragment and three-fragment reactions
should be considered as the extra energies required to emit
the third fragment. This energy slightly increases with
the nuclear charge of the system.

The amount of mf ——3 events that have been accumu-
lated in the present investigation makes it possible to per-
form a more detailed analysis of these events than could
be done in the previous study. Of particular interest are
the properties of the event plane defined by the three frag-
ment momenta and the momentum deflcit, and the ele-
mental and directional distributions of the three frag-
ments when the data have been corrected for the light-
particle evaporation.

O
COS G

FIG. 7. Scatter plot showing the correlation between the
planarity cos5 of the event plane and its orientation cosa for
mf ——3 events in the Ar+ Ni reaction.

As pointed out in Sec. II the properties of the event
plane are described by two parameters: the planarity cos6
and the orientation cosa. As an example, the scatter plot
Fig. 7 depicts the distributions of these two parameters
for the reaction Ar + Ni. Apparently, in part of these
data the parameters cos6 and cosa are correlated. The
correlation requires that in the case where the event plane
is well defined (cos5=0) the orientation of this plane is
perpendicular to the entrance-channel momentum
(cosa=0). This implies that all momenta involved (frag-
ment momentum, momentum deficit, beam momentum)
are confmed close to the event plane. The rest of the

mf ——3 events are identified from the Monte Carlo simu-
lations as being randomly distributed in the parameters
cos5 and cosa. A conclusion as to why correlated and un-
correlated behavior is observed in the present investiga-
tions could not be reached. Both classes of mf ——3 events
show almost identical results for all other parameters that
were tested. Therefore, a further discrimination between
them was considered not justified.

The results presented in the remaining part of this sub-
section have been corrected for light-particle evaporation
as outlined in Sec. II. These results should thus describe
the properties of the three fragments at an early step of
the reaction, i.e., before light-particle evaporation sets in.
Evaporation has a noticeable influence on the data, partic-
ularly for the very light systems. For example, in order to
observe fragments with Z~ 6 after evaporation, the pri-
mary fragments, in general„have atomic numbers Z p 12.
Therefore the Dalitz plots of the elemental distributions
shown in Fig. 8 for the reactions Ar + 2 Al and

Ar+ Ni, are depleted of events below a lower limit of
Z. Above this limit the elemental distributions appear to
be fairly isotropic with, perhaps, a small preference for
the emission of one heavy and two light fragments. It
should be noted that element distributions of similar iso-
tropy were obtained from class-C events when these data
are corrie:ted by using ( b,Z(mf =3) ) instead of
bZ(mf ——3) in the correction factor a. We take this iso-
tropy as clear evidence that complex-particle evaporation
is not the reason for the occurrence of a third fragment.
According to the do/dZ=ooZ ' law, the evaporation
process should give an enhancement of events with one
light fragment. In order to illustrate this point the right-
hand side of Fig. 8 digslays the results from a Monte Car-
lo simulation of the Ar+ Ni reaction, where it is as-

Z3/ Zp

40A 27Al Ar+ Ni Ar+ N

FIG. 8. Dalitz plots of the element distributions of mf ——3 events. The experimental data have been corrected for light-particle
evaporation as discussed in the text (left). Monte Carlo simulation of mf ——3 events based on sequential evaporation with
do /dz ~ Z (right).
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sumed that a third fragment with Z & 5 is evaporated ac-
cording to da/dZ cc Z . Further implications from this
power-law dependence are discussed in Sec. IV. Note that
in preparing the Dalitz plots we have taken a random or-
dering of Zi, Z2, Z& to account for the symmetry proper-
ties of the plots. In the usual convention the fragments
are ordered with respect to their atomic number, i.e.,
Z $

—Z2 —Z3 ~

The directional distribution of these fragments in the
event plane is shown in Fig. 9. To obtain this figure data
from all detector positions were used and normalized with
respect to equal number of Ar projectiles. Furthermore,
the data were symmetrized with respect to the projectile
momentum in order to further reduce the influence of the
detector geometries. Still this influence can be recognized,
particularly in case of the Ar+ 5sNi reaction, at certain
angles in Fig. 9 where the yield is selectively large.
Nevertheless, on the basis of the measured directional dis-
tributions, the measured elemental distributions and the
fact that mf ——3 reactions occur at almost mass-
symmetric systems, the well-known breakup of the projec-
tile coupled with incomplete momentum transfer can be
ruled out as one possible fragmentation mechanism. This
type of process is expected to occur at the present bom-
barding energy and, indeed, it is observed. However, it
only occurs in mf =2 reactions with relatively small b,Z
values. In mf ——3 reactions the measurements suggest
that all three fragments are emitted with comparable mo-

menta in random direction. As discussed in detail in Ref.
27, this implies that the breakup configuration is of the
"closed" form. The question of whether this breakup is a
prompt or a sequential process with a heavy nucleus of fi-
nite lifetime as an intermediate complex is still open. In
the latter case the breakup process should have specific
features in the rest frame of the intermediate nucleus:
The directional angular distribution of the two breakup
fragments should be isotropic, and their velocities should
be close to the velocities given by their mutual Coulomb
interaction at the breakup point. Furthermore, these
features should be independent of the recoil direction of
the intermediate nucleus. Because of the problems with
the detector geometries only the two last requirements
were tested in detail.

The Coulomb velocities Uc(ij ) were calculated using a
Coulomb radius

Rc(i~j)=1 4(M +MJ' ) fm,

where (i,j ) is one of the three combinations of the indices
1,2,3 and M; J =M~+MJ is the atomic mass of the inter-
mediate nucleus. This radius is believed to be a lower lim-
it and gives an upper limit for uc(ij ). In Fig. 1Q the ra-
tios of the measured to calculated velocities,

5U(i j)=U i(i j)IUc(ij)
for the reactions Ar+ sNi and Ar+ Zr are shown;
Table II presents the mean values of this parameter for all

Ar+ Sc i=i, 3= 2 l =1, J=3

Ar+ Ni

1=2, J=3
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X
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x
P 2000-
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!=1, J=2

Al + Zl'

(=2, J=3

I l l l
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FIG. 9. Directional distributions of three fragments in the
event plane. The data have been corrected for light-particle eva-
poration as discussed in the text.
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0 1

hlai L

2 3

FIG. 10. Relative velocities 6u(i, j) of fragments i,j in the
rest system of the intermediate nucleus ~ith charge Z;+ZJ.
The relative velocities are presented as ratios 5u(i, j) with the ex-
pected Coulomb velocities u~(i, j); see text.
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reactions studied. In general, the distributions of the rela-
tive velocities are rather broad and the mean values are
systematically larger than calculated, except for one case
in the Ar + Zr reaction. Particularly instructive is the

Ar + Ni reaction, where 5U(i,j ) increases with decreas-
ing mass of the intermediate nucleus or increasing mass of
the spectator nucleus. This is expected when the lifetime
of the intermediate nucleus is short enough that the nu-
clear charge of the spectator causes an observable distor-
tion of the velocities of the breakup fragments. Only in
case of Ar+ Zr reaction is the mean value of u„i(1,2)
smaller than calculated. Furtherinore, 74% of the mf =3
data from this reaction can be selected that have a narrow
distribution of U„i(1,2). This selected data sample is
displayed in Fig. 10. It is concluded that at least part of
the data from the Ar+ Zr reaction is in agreement
with the preposition that a light spectator and a heavy in-
termediate nucleus are formed in the first step of the reac-
tion. Subsequently, the latter fissions into two heavy frag-
ments.
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IV. DISCUSSION

At the present bombarding energy of 15 MeV/u, we
have found in all reactions studied (i.e., Ar+ Al, Sc,

Ni, Zr) sizable contributions from reactions with three
heavy fragments in the exit channel. These contributions
are strongest (P=0.29) in the reaction with the Ni target
and weakest (P=0.07) in the reaction with the almost
twice as heavy Zr target. Compared to similar studies
with Cl projectiles at 11 MeV/u bombarding energy,
the P factors have increased by more than a factor 2.
Similar studies were also reported for the Ni+ Ni sys-
tem at 15.3 MeV/u bombarding energy (P=0.02) (Ref. 9)
and the ' Xe+ ' Sn system at 12.5 MeV/u bombarding
energy (P=0.12) (Ref. 7). These factors apply for reac-
tions with large energy losses and therefore correspond to
the situation encountered in the present study. All these
data suggest that the probability for three-fragment reac-
tions is largest in asymmetric systems with a total mass of
M =100. It is probably also true that the mechanism re-
sponsible for the occurrence of three fragments is not
unique in all systems studied. In the heavier systems of
Refs. 6 and 7 it was suggested that sequential fission is
the dominant process. In the present investigation at least
part of the data from the Ar + Zr reaction also fit into
such an interpretation. On the other hand, it is not be-
lieved that this mechanism could also be responsible for
the three-fragment channels found in the Ar+ Al re-
action. A simple estimate based on the liquid-drop fission
barrier shows that the fission probability should be less
than I'I ——10 for such light systems and angular mo-
menta I &20 whereas I'I ——0.07 could occur for an inter-
mediate nucleus of mass 3=90 and 1=40 under the
present conditions.

An alternative mechanism, but still of statistical origin,
could be the complex-particle evaporation from one of the
primary heavy fragments. Theoretical predictions based
on such a model have been reported in Refs. 4, 10, and 13
and compared to experimental data. It is believed that
evaporation should lead to an element distribution of the

~ x 0 51

I I I i I t i I I I I I I III(IIIIIllnl l III(kljll

10 20 30 50
ATOMIC NUM HER Z

FIG. 11. Deduced elemental cross sections for the four reac-
tions studied. This figure also gives the total associated frag-
ment and particle multiplicity (m ).

form doldz=croZ ", where r is a function of the nuclear
temperature. With the present temperatures of T=4.5
MeV, one expects v=3. It is the characteristic feature of
the present experimental technique that the light particles
due to evaporation were not individually identified, but
were combined to yield the total light-particle charge, etc.
In order to compare our measured element distributions
with the predictions, we have to assume that the power
law holds for the light-mass component of the evapora-
tion process. The element distributions deduced with this
assumption are depicted in Fig. 11. Also shown are the
mean values (m ) of the total multiplicity deduced from
such an interpretation. Obviously, the particle yield fol-
lows the expected power law only up to the nuclear charge
Z =4, with perhaps a small extension to larger charges in
the case of the Ar+ Zr reaction. This is not surpris-
ing since it was assumed to be correct for such light parti-
cles. For the heavier particles, however, the measured
strong yield certainly does not follow the evaporation pre-
diction. Of course, this conclusion only corroborates the
findings already presented in Sec. III C.

There are, indeed, several indications that the mecha-
nism responsible for the emission of three fragments is
not of pure statistical origin. From our analysis of their
linear momenta it was concluded that they are emitted
from a specific breakup configuration which was called
"closed" in accordance with the discussion of Ref. 27.
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The term "closed" describes an oblate configuration. "
The complementary prolate configuration does not seem
to have been formed with observable yield in the present
reactions, although it has a much larger detection proba-
bility with our experimental technique. Furthermore,
both the analysis of the mI ——2 and 3 events indicate that
a large fraction of the three fragments are emitted into a
plane whose normal vector is perpendicular to the
entrance-channel momentum. Since this is the only way
in which the normal direction may coincide with the
direction of the entrance-channel angular momentum, it is
concluded that angular momentum effects are of major
importance in the breakup mechanism. In Table I we
have listed the range of entrance-channel angular momen-
ta as deduced from the measured cross sections by using
the sharp cutoff prescription. From the parametrizations
of Refs. 25 and 26, it is expected that all four reactions
have sizable fusion cross sections. It is assumed that the
angular momentum values responsible for the breakup
process are within /„& I ~l,„and probably are close toI,„since the breakup process has a lower energy thresh-
old at approximately 10 MeV/u.

The behavior of nuclear systems of oblate shape and
with large angular momenta was studied in detail by
Wong. ' ' For sufficiently large angular momenta, the
system can develop into a toroidal shape because this
causes the rotational and Coulomb energies to decrease,
whereas the surface energy increases. In our systems the
minimum energies are reached for aspect radii
R/1 =2—2.5, where R is the major radius of the torus
and d is the minor radius of the torus. ' Such a system,
however, is generally unstable and can decay into any
number A, of fragments with A, & 2. Of particular interest
for our studies are the decay probabilities for A, =2,3,
which become larger than zero when the stiffness con-
stants Ki become negative. Wong' has calculated the
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FIG. 12. The dependence of the stiffness constant Kq on the
angular momentum I of a nuclear torus in rigid rotation. The
total mass and charge of the torus is obtained by adding M =40,
Z = 18 to the mass and charge of the target elements used in this
figure to characterize different systems.

constants Ki for our systems assuming a rigid-body rota-
tion. The results are plotted in Fig. 12. According to the
decay criterium the tori are unstable against breakup into
two fragments in all systems. The breakup into three
fragments should not occur for the Ar+ Al system.
The observation of three fragments in this system also
remains unexplained by these calculations. This is not
considered a proof that excludes the possibility for
toroidal shapes in nuclear systems with large rotational
energy. The experimental search for such systems has just
started and the model may be too simplified for such de-
tailed predictions. Otherwise, it encompasses several of
the observations made in this study: the formation of sys-
tems with high angular momentum, the dominance of ob-
late breakup configurations, and two- and three-fragment
emission into the event plane that seems to be uncorrelat-
ed with the beam momentum.

V. SUMMARY AND CONCLUSIONS

In the present investigations we have studied Ar in-
duced reactions on four different targets ( Al, Sc, Ni,

Zr) at 15 MeV/u bombarding energy. The main interest
was in the identification of reactions with at least three
heavy fragments in the exit channel. In all four reactions
such channels were observed at large kinetic energy losses.
Compared to the binary, strongly damped collisions, their
relative strengths are on the order of 7—14% for the light
( Ar + Al, Sc) and heavy ( Ar + Zr) systems, but
amounts to 23% for the Ar + Ni system. A more de-
tailed dependence of the fragmentation process on energy
loss could not be deduced since fragmentation is accom-
panied by strong light-particle evaporation, which severely
effects the kinematic properties of the fragments in the
studied systems.

The total charge of the light evaporation products in
two- and three-fragment channel increases linearily with
the c.m. bombarding energy. The rate of increase suggests
that an energy of 23.5 MeV is needed to evaporate one
charge unit. This should be considered as twice the ener-

gy to evaporate one mass unit. The amount of charge lost
by evaporation is smaller in the three-fragment channels
than in the two-fragment channels; still it accounts, under
the present conditions, for at least 20% of the total nu-
clear charge of the systems. The proposition that one of
the fragments in the three-fragment channels is due to
evaporation also is not supported by the reconstructed ele-
ment distributions. These distributions do not show the
expected increase of yield with decreasing charge of one
fragment, but are rather isotropic in their charges of all
three fragments. Also, a fission process is most likely not
the source for the respective subset of fragments, except in
case of the Ar + Zr reaction, where part of the data is
in agreement with such an interpretation. At the moment
the model of a hot and fast rotating reaction composite
which disintegrates into three fragments appears to give
the most concise description of our results. The question
of whether or not part of the binary reactions also actual-
ly comes from such a process is open and difficult to
answer since these channels have a much stronger overlap
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with the entrance channel.
The experiments also suggest that channels with even

larger numbers of fragments exists. Their contribution is
still weak, but can be expected to increase with bombard-
ing energy, judging from the behavior of the three-
fragment channels. This and the increasing strength of
evaporation introduce severe experimental problems. The
solution to these problems can probably only come from a
detector with better 4m coverage and larger granularity,

capable of measuring all kinematic variables of the detect-
ed reaction products.
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