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GENERATION AND DIVISION OF EXCITATION ENERGY IN HEAVY-ION COLLISIONS
STUDIED BY MEASURING CHARGED-PARTICLE SURVIVAL FRACTIONS
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Kernfysisch Versneller Instituut, University of Groningen, Zernikelaan 25, NL-9747 A4 Groningen, The Netherlands

Received 28 November 1988

Charged-particle survival fractions of primary projectile-like fragments from the ‘*Ar+'°’Au reaction at 450 MeV were mea-
sured by using a large array of 32 phoswich detectors operating in coincidence with a detector of projectile-like fragments. Differ-
ential survival fractions of the primary pickup and stripping reaction products indicate a dependence of the average excitation
energy generated in the primary fragments on the direction of the mass transfer.

The question of the partition of excitation energy
in heavy-ion reactions has attracted much interest
because of its connection with the mechanism of en-
ergy dissipation. For example, the transport model of
Randrup [1] based on the wall-plus-window dissi-
pation mechanism [2] predicts for collisions of com-
plex nuclei an approximately equal division of exci-
tation energy in peripheral {quasi-elastic) collisions.
with increasing total kinetic energy loss the division
is predicted to change gradually, approaching the
fully-relaxed (equal-temperature ) limit for deep-ine-
lastic reactions. Since the observation by Awes et al.
[3] and Vandenbosch et al. [4] of sharing of the ex-
citation energy different from the equal-temperature
assumption, the description by Randrup [1] has met
with increasing experimental confirmation.

For very asymmetric systems involving relatively
light projectiles of 4=10-20, the energy losses cor-
responding to quasi-elastic collisions can be well re-
produced by the model of Siemens et al. [5], assum-
ing the minimum nucleon transfer necessary to
produce the observed reaction products. This dem-
onstrates that for most events the net (i.e., observed)
transfer of nucleons is not accompanied by an addi-
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tional bi-directional exchange of nucleons between
target and projectile, contrary to the suggestion of
transport models for heavier systems.

Siwek-Wilczynska et al. [6] proposed that the par-
ticipant-spectator scheme [7] underlying the model
of Siemens et al. [ 5] implies an allocation of the ex-
citation energy in the receptor nucleus. Thus one can
expect to observe a dependence of the division of ex-
citation energy on the direction of the transfer of
mass, at least for quasi-elastic reactions induced by
light projectiles and dominated by the net transfer of
nucleons. Evidence of such a dependence has been
reported in refs. [6,8] and there are indications that
also in heavy systems the partition of excitation en-
ergy depends on the direction of nucleon flow (see
ref.[9] and references therein ).

In the present letter we report on a study of the
4OAr+ '°7Au reaction aimed at a comparison of the
charged-particle survival fractions of pickup and
stripping reaction products as a function of the total
amount of excitation energy generated in the collid-
ing system. In such a way, quantitative information
on the correlation between the direction of the mass
flow and the allocation of the excitation energy could
be obtained. The study has been done for a system
that is intermediate in mass between heavy systems,
which are well described by bi-directional nucleon
exchange, and very asymmetric systems, for which
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quasi-elastic processes are dominated by the net
transfer of nucleons.

In the experiment, a *°Ar‘'2*) beam of 450 MeV
from the KVI isosynchronous cyclotron bombarded
a '"7Au target of 2.3 mg/cm? thickness. Projectile-like
fragments (PLF) were detected with a solid-state-de-
tector telescope at an angle of 28°, i.e., slightly for-
ward of the classical grazing angle for the studied re-
action. Simultaneously, nearly all of the accom-
panying light charged particles (p, d, t, a) were de-
tected with a “plastic wall” constructed from 32 fast/
slow phoswich detectors [ 10] having a 1 m thick fast
scintillator as AF detector. The wall covered an an-
gular range of about 70° in the vertical (out of plane)
direction and about 100° in the horizontal direction
(60° on the side of the PLF detector and 40° on the
opposite side of the beam). A solid angle of about 50
msr around the beam axis was not covered by the
plastic wall.

Only “fast” (non-compound) light charged parti-
cles were recorded with the phoswich detectors. Thus,
for example, the energy threshold for a-particles was
about 29 MeV. At a beam energy of 11 MeV/nu-
cleon, this energy threshold did not significantly limit
the detection efficiency for light charged particles
originating from the decay of unbound states of the
primary PLF’s. For these particles the measured co-
incidence yields fell practically to zero for the most
peripheral elements of the plastic wall, thus showing
almost 100% detection efficiency of the plastic wall
(due to the kinematical focussing ), except for the gap
in the beam direction.

Fig. 1 shows the multiplicity distribution of light
charged particles (Z=1, 2) accompanying the pro-
jectile-like fragments. The M =0 events represent the
charge-binary reactions in which the observed PLF
does not decay by emission of charged particles, such
asp, d, tor a. One can see from fig. 1 that the charge-
binary reactions dominate over charge-ternary reac-
tions (M=1) and some more complicated processes
with a larger number of charged particles in the final
state (M > 1). However, the contribution of non-bi-
nary reactions is not negligible even at such a rela-
tively low beam energy. Some events of multiple frag-
mentation (up to M=6) evidently are present.

From the measured coincidence (M>1) and an-
ticoincidence (M=0) events the kinetic-energy
spectra of the primary fragments have been recon-

498

PHYSICS LETTERS B

13 April 1989

104

1034

COUNTS

10
10'

10%

6 1 23 4 5 6 7
MULTIPLICITY

Fig. 1. Multiplicity distribution of light charged particles
(Z=1, 2) accompanying the projectile-like fragments detected
at an angle of 28°. The dashed line for M =0 corresponds to the
number of PLF’s with elastic-scattering events subtracted.

structed. The reconstructions have been performed
under two simplifying assumptions: (i) All the ob-
served light charged particles originate from sequen-
tial decay of the primary PLF’s; (ii) The kinetic en-
ergy of the primary PLF scales as the kinetic energy
of the observed (residual ) PLF with a factor propor-
tional to the combined mass of all the observed decay
products, 1.e. the average velocity is not affected by
the sequential decay.

The energy spectra of some of the reconstructed
primary fragments are shown in fig. 2. There is a dis-
tinct separation of the quasi-elastic and deep-inelas-
tic components. However, for the lightest ejectiles
(Z<13, not shown) the quasi-elastic component
vanishes, and consequently only the deep-inelastic
maximum is present. It can be seen from fig. 2 that
the quasi-elastic peaks are located at kinetic energies
significantly lower than predicted by the optimum Q-
value model of Siemens et al. [5]. The shift in energy
ranges from 15 MeV to more than 50 MeV, depend-
ing on the transferred charge and mass. It seems
therefore that for “CAr as a projectile, the most prob-
able processes at the quasi-elastic peaks no longer are
limited to the net transfer of nucleons (as is the case
for very asymmetric systems ), and an additional ex-
change of nucleons takes place. One can estimate on
the grounds of the optimum Q-value model [5] that
the exchange of 1-5 additional pairs of nucleons can



Volume 220, number 4

PHYSICS LETTERS B

13 April 1989

1.0
08
08

NULE NARE {’
0.4

TTTTTTd

Sc (AZ=+3)

600
400
200

o
dasa®® |

TTTT T

.
.
*%eoepetocesend i

| T I B |

1t 1]

| R L
W

P(AZ=-3)

*®
)
.

TT T 1

|

.
1 sassbe®” | 1 i 1 L %

10
08
06
0.4

L

o f

Ca (AZ=+2)

.
- .*
o R4 .‘. &%

600
400

200 . -,

g RO, S, s i

A 1%

tats 4!

3

3 33

TT T

%
.
s
I I

1.0
0.8
0.6
0.4

K (AZ=+1)

o

600
400
200

TT T 177 T T 1117

K . Lo0°
», o
. 0e®yo® o

smogw’ [ I

|

L 1 3a !

p Ll )

T L !

_"______"__—"__'.'.;.TJ""_

. ol
t ﬁﬁmt”“o”o"“"

(I I |

Cl{aZ=-1) K

* .
U .
.
S .’
. Ses,® o

LA LN LA I LA LA R

L]
a1t

o o’
L ocembat®® | i PR M 1

o
o

100 200 300

1
400

o

100 200 300 400

KINETIC ENERGY (MeV)

Fig. 2. Energy spectra of primary projectile-like fragments (N, ) and the energy dependence of the charged-particle survival fraction (N,/
N, ) for selected primary products of pickup (left) and stripping reactions (right). The arrows indicate the kinetic energies corresponding
to the optimum Q-values [5] calculated for the assumed primary fragments: **Sc, “*Ca, 'K, *Cl, *S and P,

produce the observed displacements of the peaks.
Thus the observed reactions in the “°Ar+'*’Au sys-
tem may be viewed as a link between the net-transfer
reactions for very asymmetric systems and multiple
bi-directional exchange processes believed to domi-
nate in collisions of two heavy nuclei.

In the present work we were able to determine dif-
ferential distributions of the charged-particle sur-

vival fraction (CPSF) for all the primary PLF’s as a
function of the kinetic energy of the primary frag-
ment. The CPSF was defined as the ratio of the num-
ber of primary PLF’s that had survived the charged-
particle decay, Ny, (no light charged particles accom-
panying the PLF) to the total number of primary
fragments, N,. The value of CPSF for a given excita-
tion energy of the primary PLF can be calculated with
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standard statistical-decay codes, so this quantity pro-
vides important information about the primary
excitations.

The energy dependence of the CPSF for some of
the reconstructed primary fragments is shown in fig.2.
The survival fractions are displayed together with the
energy spectra of the primary fragments. For all ejec-
tiles, the survival fraction systematically decreases
with decreasing kinetic energy. (This means that the
average excitation energy of the primary fragment in-
creases at the same time.) For the highest kinetic
energies, corresponding to low excitation energies
generated in the reaction, the survival fractions ap-
proach the bound-state limit, CPSF=1.

For lower kinetic energies the survival fractions
have smaller values, stabilizing at about 0.7 in the re-
gion of the deep-inelastic maxima. Statistical calcu-
lations with the program CASCADE [11] show that
such a nearly constant value of the CPSF for the deep-
inelastic maxima is consistent with the equal-tem-
perature division of the excitation energy (i.e., pro-
portionally to mass numbers) and with almost com-
plete equilibration of the N / Z ratio of the fragments.
For example, the CPSF of about 0.7 would corre-
spond to the equal-temperature division of the com-
posite system by emission of primary PLF’s such as
49.308¢, 46Ca, ..., 2>?’Mg, 2?Ne, etc. In considering the
CPSF it must be remembered that for excited neu-
tron-rich primary PLF’s the particle decay is domi-
nated by neutron emission.

For the non-relaxed parts of the energy spectra, the
measured charged-particle survival fractions indi-
cate a dependence of the average excitation energy
generated in the primary fragments on the direction
of the mass transfer. This effect had already been sug-
gested by Siwek-Wilczynska et al. [6], and later in
refs. [7,8], on the grounds of the participant—spec-
tator approximation underlying the optimum Q-value
model of Siemens et al. [5]. The basic ingredient of
this mechanism is that only the transferred fragment
and the nucleus that absorbs the transferred mass are
participants in the reaction, whereas the rest of the
donor nucleus is only a spectator and thus remains
“cold” in the reaction.

Fig. 2 presents a comparison of the survival frac-
tions for pickup and stripping of comparable groups
of nucleons, AZ=+3, +2, +1 and -3, —2, — 1, re-
spectively. For the pickup reactions (on the left-hand
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side of fig. 2) one can see that the survival fractions
deviate from the CPSF=1 limit faster than for the
stripping reactions. The effect is unquestionable,
though due to the important role of neutron decay
the differences in the CPSF values are limited to the
range from 0.8 to 1.0. We will concentrate the discus-
sion on the regions of the energy spectra correspond-
ing to the optimum Q-values calculated according to
the model of Siemens et al. [5] and indicated in fig.
2 by arrows. As discussed before, for these kinetic
energies one can assume only the net transfer of nu-
cleons (i.e., without an additional exchange), so that
it is easier to check to what extent the partition of
excitation energy is governed by the participant-
spectator mechanism. One can see from fig. 2 that at
the optimum Q-valuesonlythe AZ=+3and AZ=+2
primary PLF’s are excited sufficiently to result in
CPSF values significantly lower than 1. For Sc pri-
mary fragments (AZ=+3) CPSF=(.7-0.8 and for
Ca (AZ=+2) CPSF=0.94. For the ejectiles corre-
sponding to pickup of one charge unit (AZ=+1) and
all stripping reactions (AZ=—3, —2, —1) the CPSF
at the optimum Q-value is 1.00. These results are
consistent with the hypothesis that the receptor nu-
clei take the main part of the excitation energy. Spe-
cifically, assigning the mass numbers of the primary
fragments as listed in the caption of fig. 2, and assum-
ing that the entire excitation energy corresponding to
the calculated optimum Q-value is allocated in the
receptor nucleus, we have obtained with the code
CASCADE [11] the following values of the CPSF:
1.00 for 33P, %S, 3°Cl and *'K, 0.88 for **Ca and 0.68
for #>Sc. The listed PLF’s are the most probable (i.e.
Z/N near the projectile, cf. ref. {12]). However, the
consistency is independent of the precise mass num-
bers: The calculated optimum Q-values for pickup
(AZ>0) correspond to lower energies than indi-
cated in fig. 2, 6 MeV for each extra neutron picked
up. The excitation energy of the PLF will be corre-
spondingly larger. Due to higher N /Z ratio the pre-
dicted CPSF decreases only slightly, following the ex-
perimental data. For AZ <0 the only effect is that the
calculated optimum Q-value corresponds to higher
kinetic energies if less neutrons are stripped.

As was mentioned before, we suppose that at ki-
netic energies lower than predicted by the optimum
O-value model [5] the reactions involve an exchange
of nucleons in addition to the observed net transfer.
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The picture of the predominant excitation of the re-
ceptor nuclei points towards an approximately equal
division of the excess of the excitation energy above
the amount generated by the net transfer. One can
therefore expect that the CPSF of the primary PLF’s
will decrease systematically with increasing total ex-
citation energy, not only for pickup reactions but also
for stripping channels. This effect is clearly seen in
fig. 2.

In summary, we were able to reconstruct the pri-
mary reaction products from the “°Ar+'%’Au reac-
tion at 450 MeV. The dominant part of the observed
projectile-like fragments originated from charge-bi-
nary reactions. Charged-particle survival fractions
have been determined as a function of the kinetic en-
ergy of the primary PLF’s. The CPSF values for the
deep-inelastic components in the energy spectra are
consistent with the equal-temperature division of the
excitation energy and with almost complete equili-
bration of the N / Z ratio of the fragments. The quasi-
elastic parts of the spectra show significant displace-
ments in the most probable energy loss as compared
with predictions of the optimum Q-value model of
Siemens et al. This effect is interpreted as a conse-
quence of bi-directional exchange of nucleons taking
place in addition to the observed net transfer. The
CPSF’s measured for the quasi-elastic parts of the en-
ergy spectra show a dependence of the average exci-
tation energy generated in the primary fragments on
the direction of the mass transfer. Statistical-model
calculations indicate that the partition of the excita-
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tion energy in these quasi-elastic reactions follows the
picture of nucleon transfer and exchange as the main
dissipative mechanism, with the excitation energy
generated mostly in the nucleus that absorbs the
transferred mass.

This work was performed as part of the research
program of the Stichting voor Fundamenteel Onder-
zoek der Materie (FOM) with financial support of
the Nederlandse Organisatiec voor Zuiver-Weten-
schappelijk Onderzoek (ZWO).
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