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Multifragment emission in reactions of Kr on Ag and Au at 17.7, 27, and 35 Mev/nucleon
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CR 39 solid state nuclear track detectors have been used to study the reaction products of 17.7,
27, and 35 MeV/nucleon ' Kr on Au and Ag. The visual detectors allow studying interactions pro-
ducing two or more correlated intermediate mass fragments in the final state. The characteristics of
these events are such that they probably arise from a fragmentation process of the quasitarget or
some intermediate zone. The cross sections of 3, 4, and (5+6) correlated fragments increase with

increasing ' Kr incident energy for both targets.

INTRODUCTION

For many years, solid state nuclear track detectors
(SSNTD) have been used in the study of heavy ion in-
teractions. ' There have been reported, the so-called
multipronged events where up to six correlated heavy
fragments have been observed, using this technique, in

U+ U, Pb, and Au reactions at 10 and 16.5
MeV/nucleon. Similar information has also been re-
ported more recently with other kinds of detection.
In general, experimental data concerning three-body pro-
duction mechanisms agree independent of the method of
observation. The fact that the deep inelastic (DI) mecha-
nism is progressively replaced by other mechanisms such
as evaporation, ' sequential fission, ' multifragmentation
process described in the statistical liquid drop model, '

and in percolation processes, ' at higher energies makes
it important to study the evolution of multifragment
event cross sections at higher energies. At less than 10
MeV/nucleon most of the events observed are binary or
ternary ones arising from fission after complete or incom-
plete fusion of the projectile with the target.

%e have measured the cross section for multipronged
events as a function of Kr projectile energy on Ag and
Au targets for bombarding energies of 17.7, 27, and 35
MeV/nucleon. In this work we show that the contribu-
tion of higher multiplicity events increases with increas-
ing bombarding energy. This could be a consequence of a
new type of mechanism.

EXPERIMENTAL

The incident Kr beams were delivered by the UNI-
LAC of the GSI in Darmstadt, Germany, at 17.7
MeV/nucleon and by GANIL in Caen, France, at 27 and
35 MeV/nucleon with beam fluxes on the order of 10 Kr
ions/cm . All Ag and Au targets were bombarded per-
pendicular to their surfaces. The targets consisted of lay-
ers of 1 —2 mg/cm of Ag or Au evaporated on one sur-
face of the SSNTD CR 39 (Ref. 18} detectors. This ar-

rangement produced a 2m detection geometry in the labo-
ratory system. The target thickness was determined with
an accuracy of about 5%.

Chemical development was carried out in 5N NaOH at
60'C. The chosen etching time of 4 h produced well
developed tracks that still remained distinct from tracks
of the incident beam. The number of beam particles was
determined by counting their tracks directly on the detec-
tor surface. Combined with the number of multipronged
events and the target thickness, this allowed calculation
of the cross sections.

RESULTS AND DISCUSSION

Under our etching conditions the threshold of detec-
tion in CR 39 was about 8 MeV cm /mg. It was not pos-
sible to detect tracks less than 3 pm long. Figure 1 illus-
trates the domain in which fragments can be detected.
All particles to the right of the boundary can be detected
while those to the left (cross-hatched region) escape
detection. In multipronged events there is also an angle
limitation of about 5' around the beam axis where it is
not possible to observe tracks. Around 90' to the beam
there is also a small angle limitation (from =87 to 90',
with our etching conditions). An overall charge resolu-
tion of +5 charge units was obtained up to Z=45.
Beyond this point, the Z determination is less precise. It
should be emphasized that our thresholds lie below those
obtained currently in other detection systems (see, for ex-
ample, Granier et al. ; these authors give efficiencies lim-
its in their work).

Among all events, we have selected those with two or
more visible fragments issued from the same reaction. As
can be seen in Fig. 2, we have classified as 3-pronged
events all reactions having three detected fragments as
well as those having two fragments with relative project-
ed angle on the detection plane less than 175' (indirect
events). Due to momentum conservation, these latter
events are associated with a third fragment which escapes
detection. Moreover, some 4- and 5-pronged events were
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FIG. 3. Charge versus emission angle of 490 fragments issued
from indirect three prongs in the Kr+Au reaction at 17.7
Me V/nucleon.

FIG. 1. CR-39 detection thresholds represented in an energy
per nucleon versus fragment charge plot. In the hatched region
detection efficiency is zero. The boundaries take into account
the etching conditions leading to a 8 MeVcm'/mg threshold
(solid curve) and the shortest track (3 pm) which can be detect-
ed unambiguously (dashed curve).

tive to the beam axis and the charge for indirect 3-
pronged events in Fig. 3 for the reaction "Kr+Au, and
for events having three visible prongs in Fig. 4. The graz-
ing angle for this reaction at 17.7 MeV/nucleon is 12.9.

found to be, respectively, 5- and 6-pronged events after
the same analysis. The charge and energy of the detected
fragments can be determined using our calibration based
on the measurement of the geometrical track parameters
(lengths, angles) and the etched tip radius. ' ' As an ex-
ample, we give the relationship between the angle 8 rela-
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FIG. 2. Representation of different types of events observed
under the microscope in the Kr+Ag, Au reactions.

FIG. 4. Charge versus emission angle of 324 fragments issued
from three prongs in the ' Kr+ Au reaction at 17.7
Me V/nucleon.
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Figure 3 shows a group of fragments at 9=85', Z =75.
The range of each of the fragments in these events corre-
sponds to a very low energy ( =0. 1 MeV/nucleon). They
are identified as slow targetlike fragments. Most of these
events are associated with fast fragments lying around
0=14, Z =29 having an energy about 85% of the total
incident energy of 1.48 GeV. The missing energy corre-
sponds to particles that escape detection. These events
are assumed to have their origin in DI reactions. Around
0=45', Z = 15 we observe a group with a different behav-
ior. The two associated fragments have lower charges
and larger emission angles. The total energy of the two
fragments is about 200—600 MeV which implies that an
important amount of energy escapes detection.

In Fig. 4 we show the events with three registered
tracks. We also observe a small group (8=85', Z =75)
assumed to arise from DI reactions. The charge of the
two associated fragments lies around 30 and 8=14'.
Their total energy is slightly lower than the beam energy
of 1.48 GeV.

Most of the other events of Fig. 4 have Z values lying
around 20 and laboratory angles around 45'. The total
energy of the three fragments is a few hundred MeV.
Here again most of the incident energy escapes detection.
We tentatively identify these low energy ternary frag-
ments as resulting from targetlike or some intermediate
zone fragmentation with some forward driving velocity as
could be deduced from the angular distribution of Figs. 3
and 4. We attribute the same origin to the low energy in-

direct 3-pronged events of Fig. 3. In order to extract
yields of ternary events leading to fragmentation, we have
subtracted DI events in our measurements at 17.7, 27,
and 35 MeV/nucleon. The resulting cross section for 3
prongs associated with a fragmentation process is shown
in Fig. 5. Higher order 4-, 5-, and 6-pronged reactions
also have low total energies and intermediate Z. There-
fore, we identify these events as arising from the same
processes. Angular distributions of fragments (shown in
Figs. 3 and 4 for 3-pronged events not presented for 4, 5,
and 6 prongs) indicate that the yield decreases from 45'
to 90' and is very low around 90' in the lab. Thus a near-
ly 4m detection geometry can be assumed. The cross sec-
tions for these processes are shown in Fig. 5 for 3, 4, and
(5+6) prongs. Figure 6 illustrates the cross sections ob-
tained in the case of Kr+ Ag at 17.7 and 27
MeV/nucleon. No measurements were obtained for Ag
targets at the 35 MeV/nucleon bombarding energy.

As can be seen from Figs. 5 and 6, the cross sections
for multifragmentation processes leading to 3, 4, and
(5+ 6) intermediate mass and low energy fragments in the
final state increase with bombarding energy. The smaller
the multiplicity, the greater the cross section. Events
with 5 and 6 intermediate mass fragments appear to have
a threshold around 15 MeV/nucleon bombarding energy.
As an internal check of the experimental procedure, we
have measured the total reaction cross section of

Kr+Au at 17.7 MeV/nucleon, taking into account all
1-, 2-, 3-, 4-, 5- and 6-pronged events, to be (4.1+0.5) b.
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FICs. 5. Cross section of 3-, 4-, and (5+6)-pronged events
versus incident Kr energy in the ' Kr+ Au reaction.

FIG. 6. Cross section of 3-, 4-, and (5+6)-pronged events
versus incident Kr energy in the Kr+ Ag reaction.
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TABLE I. Cross sections for 3-, 4-, 5-, and 6-pronged events as a function of bombarding energy for
the ' Kr+Au and ' Kr+Ag reactions. The reaction cross sections are calculated from Ref. 21.

Energy
(MeV/nucleon)

17.7
27
35

17.7
27

Total multipronged
event cross section (mb)

'4Kr+ Au
575+105
874+130
966+240

' Kr+Ag
230+46
659+130

Ratio to reaction
cross section (%%uo)

13+3
17+3
18+5

6+2
15+3

The calculated cross section ' is 4.6 b.
Table I shows the multipronged event cross sections as

well as the percentages of the calculated reaction cross
section for Kr+ Au and Kr+ Ag. The total multiprong
cross sections for Kr+Ag rise faster than in the case of
'4Kr+ Au.

CONCLUSION

In this work we have measured cross sections for
higher order multiplicities involving several intermediate
mass fragments in the Kr+ Au and Kr+ Ag reactions.
Multiplicity as high as six could be measured. The
characteristics found for events with three or more corre-
lated fragments were a total charge of about 80 in the
case of Kr+Au and a total energy of about 20% of the
bombarding energy. This leads us to assume that these
events originate in a targetlike or in an intermediate zone
fragmentation process in which the projectilelike frag-
ment with the greatest part of the incident energy escapes
detection. This is reasonable in consideration of the

detector e%ciency curve of Fig. 1.
The cross section for five and six correlated fragments

as a function of bombarding energy clearly increases in
going from 17 to 35 MeV/nucleon. This may indicate
that we are in a region of mechanism transition which
could be interesting to study. To our knowledge, the
present results are the first cross sections for high multi-
plicity of intermediate mass low energy fragments ob-
tained in this region of energy.

ACKNOWLEDGMENTS

The authors wish to express their appreciation to the
staff of the GSI UNILAC and especially to J. Vetter for
performing the irradations. We are indebted to the
CIRIL staff of the Grand Accelerateur National d'Ions
Lourds (GANIL) for their help in the irradiations. We
also thank L. Oberle and U. Kimoundri for careful
measuring and A. Pape and G. Rudolf for useful discus-
sions.

P. A. Gottschalk, P. Vater, H. J. Becker, R. Brandt, and G.
Growert, Phys. Rev. Lett. 42, 359 (1979).

2H. A. Kahn, K. Rasghud, R. A. Akber, G. Hussaub, P. Vater,
P. A. Gottschalk, and R. Brandt, Nucl. Instrum. Methods
173, 155 (1980).

3M. Debeauvais, S. Jokic, and J. Tripier, in Proceedings of the
10th International Conference on Solid State Vuclear Trac.k
Detectors, Lyon, 1979, edited by H. Francois et al. (Per-
gamon, London, 1980), p. 927.

4B. Jakobsson, G. Jonsson, B. Lindkwist, and A. Oskarsson, Z.
Phys. A 307, 293 (1982).

5B. Jakobsson, G. Jonsson, L. Karlsson, B. Nore n, K.
Soderstrom, F. Schussler, and E. Monnand, Nucl. Phys.
A488, 251c (1988).

C. Brechtmann and W. Heinrich, Nucl. Instrum. Methods
Phys. Res. B 29, 675 (1988); A. Hoffmann, C. Brechtman, and
W. Heinrich, Phys. Lett. B 200, 583 (1988).

M. Debeauvais, J. Ralarosy, J. Tripier, and S. Jokic, Nucl.
Tracks Radiat ~ Mea. 8, 515 (1984).

~M. Petrovici, J. Albinski, R. Bock, R. Cusson, A. Gobbi, G.
Guarino, S. Grotto, K. D. Hildenbrand, W. F. J. Muller, A.
Olmi, H. Stelzer, and J. Toke, Nucl. Phys. A477, 277 {1988).

O. Gamier, C. Cerruti, S. Leray, P. L'Henoret, R. Lucas, C.
Mazur, J. Natowitz, C. Ngo, M. Ribrag, E. Tomasi, G. Imme,
G. Raciti, G. Spinella, L. Albinski, A. Gobbi, N. Hermann,
K. D. Hildenbrand, and A. Olmi, Nucl. Phys. A481, 109
(1988).

' Borderie, J. Phys. C 4, 251 (1986).
"R. Bougault, F. Delaunay, A. Genoux-Lubain, C. Le Brun, J.

F. Lecolley, F. Lefebvres, M. Louvel, J. C. Steckmeyer, J. C.
Adloff, B. Bilwes, R. Bilwes, M. Glaser, G. Rudolf, F. Schei-
bling, L. Stuttge, and J. L. Ferrero, Nucl. Phys. A488, 255c
(1988).

'-'G. Klotz-Eigmann, H. Oeschler, J. Stroth, E. Kankeleit, Y.
Cassagnou, M. Conjeaud, R. Dayras, S. Harar, R. Legrain, E.
C. Pollacco, and C. Volant, Nucl. Phys. A499, 392 (1989).

'-'DE. E. Fields, K. Kwiatkowski, D. Bonser, R. M. Viola, V. E.
Viola, W. G. Lynch, J. Pochodzalla, M. B. Tsang, C. K.
Gelbke, D. J. Fields, and S. M. Austin, Phys. Lett. B 220, 356
(1989)~

'4X. Campi, J. Desbois, and E. Lipparini, Nucl. Phys. A428,
327c (1984).

'5J. A. Lopez and J. Randrup, Nucl. Phys. A491, 477 (1989).
'~J. P. Bondorf, R. Donangelo, I. N. Mishustin, C. J. Pethick,



42 MULTIFRAGMENT EMISSION IN REACTIONS OF Kr ON. . . 335

H. Schutz, and K. Sneppe, Nucl. Phys. A443, 321 (1985).
'7S. Lerary, C. Ngo, M. E. Spina, B. Remaud, and F. Sibille,

Nucl. Phys. A495, 283c (1989).
'8Manufactured by Pershore Mouldings Limited, %'or-

cestershire WR 102DD, England.
' M. Debeauvais, M. Zamani, J. Ralarosy, S. Jokic, and F. Fer-

nandez, Gesellschaft fiir Schwerionenforschung, Darmstadt,
Germany (GSI) Annual report, 1988, p. 71.
B. Grabez, R. Beckmann, P. Vater, and R. Brandt, Phys. Rev.
C 34, 170 (1986).
R. Bass, Nuclear Reactions with Heavy Ions (Springer-Verlag,
Berlin, 1980), p. 9.


