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A comparison of the multiple breakup of 16O projectiles scattered by a Au target at three different
energies (32.5, 50 and 70 MeV/N) is presented. The excitation energy spectra of the primary
projectile-like nuclei decaying into specific output channels were reconstructed. The excitation energy
of the target is found to increase faster with beam energy than the one for the quasi-projectile.

It is now generally accepted that the transition between the reaction mechanisms induced by

low energy heavy ions and those observed at high energy is not sudden at a specific energy but is

continuous with increasing energy and depends on the system considered. This fact has stimulated

the study of heavy ion collisions in the whole intermediate energy domain and with a wide variety

of projectile-target systems. The problem of the maximum excitation energy that a nucleus can

sustain and the sharing of this energy among the partners in a collision are among the important

questions raised in the last ten years. In this letter, we present the measurements of the breakup of

the projectile into many fragments. We consider the evolution of the excitation energy of the

projectile in peripheral collisions and its sharing with the target at various bombarding energies.

The reaction 16O + 197Au has been studied at three different beam energies, 32.5,50 and 70

MeV per nucleon. The experiments at 50 and 70 A MeV were performed at GANIL, while the

lowest energy has been studied at LBL and some results at this energy are already published [1,2].

The experimental setup used at GANIL was based on an array of 44 phoswich detectors [3]. They

provide a large solid-angle multidetection system covering a rectangular cross-section of 24 x 32

degrees with a hole of ±4 degrees in the middle for the beam. All charged fragments with Z < 6

were detected, and the hydrogen isotopes were identified. Energy resolution of 10% was achieved

for all values of Z. The energy threshold due to the 2.3 mm fast plastic component of each detector

is 14 MeV per nucleon for Z=l and 2, and increases up to 26 MeV per nucleon for Z=6.

* Experiment performed in part at GANIL (E^am = 50 and 70 MeV/N) and at L.BJL (Ebeam = 32-5 MeV/N)



In the present analysis, we restrict ourselves to the events where the sum of the charges of all

identified particles is equal to the charge of the projectile. This severe condition selects events

resulting from the multiple breakup of the primary projectile-like nucleus (PLN) after a peripheral

collision with the target. We have verified that ,under this condition, as it was the case at 32.5

MeV per nucleon [ 1], the velocities of all detected fragments are characteristic of projectile breakup

and the reconstructed center of mass velocity of these fragments is close to the projectile velocity.

For heavy targets at high bombarding energy, contributions from the target nucleus remain small

[4]. Furthermore, low energy particles (with 222) that would be evaporated from the excited

target are rejected by the energy threshold due to the fast plastic used for particle identification [1].

The efficiency corrected yields as a function of the most positive Q-value for different

channels listed in Table 1 are shown in Fig. 1 for the three energies. As in previous analyses [1],

we have summed together channels involving either a Be or two He. The yields at different

energies have been normalised to each other at the most abundant channel, C+He. A correction

has been applied to take into account the different detection efficiencies between breakup channels.

The efficiency has been determined empirically from the angular distribution of the fragments and

also from a Monte Carlo simulation. This is described in ref [1]. This correction does not affect

the qualitative aspect of the data since it varies by a few tens of percent between different channels,

while the yields vary by orders of magnitude. The similar trend of the cross sections at the three

energies is striking, as manifested by the strong Q-value dependence already observed at 32.5 A

MeV and still present at 50 and 70 A MeV. The fluctuations around the strict exponential Q-value

dependence of the cross section (see for instance channels 6 and 7) present at the three energies can

be explained by the different number of isotopic combinations that can contribute to a channel.

One notices that the average slope of the Q dependence changes with energy. The yield for

channels involving very negative Q values is increased relatively to the other channels. This

suggests an evolution of the excitation energy distribution of the quasi-projectile with increasing

beam energies.

At the lowest bombarding energy considered here (around the Fermi energy), it is generally

accepted that the large majority of fragments produced at forward angles from the breakup of the

projectile are sequentially emitted [1,5,6]. At somewhat larger angles, other mechanisms are

needed to interpret the fragment yields. Even at these angles however, the projectile is still the

main source of the fragments (with Z>2) [5,7,8]. At higher energies, it has been shown that

sequential decay from the excited primary projectile-like nucleus is responsible for the majority of

the production of Z52 fragments at forward angles [9].



It is therefore possible, under the only assumption that particles originate from the projectile,

to determine on an event by event basis the excitation energy of the primary projectile-like nuclei.

The position and energy of all detected fragments are used to calculate the total relative energy of

the fragments in the center of mass system of the primary projectile-like nucleus. This is given by

Krei = 1/2 SMi(Vi-Vproj)2, where Vi is the laboratory velocity of a fragment and Vproj is the

reconstructed center of mass velocity of the fragments. M; is the mass of the most abundant

isotope with this Z. The excitation energy of the primary projectile-like nucleus for a given channel

is then E*proj=Krei+Qo where Q0 is the appropriate Q value for that breakup channel (see Table 1).

The assumption that particles come from the projectile is not entirely valid for protons. It has

been shown [9] that other mechanisms such as direct or pre-equilibrium emission could be

responsible for a large proportion of the proton production. Therefore, in the following analysis

we have retained channels involving charges equal to or greater than two. The five remaining

channels are listed in Table 2. The excitation energy spectra of the primary projectile for the three

bombarding energies is shown in Figure 2 for the decay into four He nuclei. The three

distributions have been normalized to present the same total number of counts at all energies. A

statistical error bar is shown at each incident energy, roughly at an order of magnitude lower than

the peak of the distribution. Each excitation energy distribution can be easily described by a mean

value (not to be interpreted as the most probable value) and a parameter (p) extracted from a fit

(exp(-E*/p)) on the exponentially decreasing high energy part of the spectrum. Both the mean

value and p increase with bombarding energy (Table 2).

The same increases are also observed for all the other channels considered. The mean values

and the parameters p are listed in Table 2. The increase of the mean values between two energies

(either 32.5 and 50 A MeV, or 50 and 70 A MeV) is roughly 23 %, for all channels. This average

increase is relatively modest compared to the increase of the available energy in the center of mass

of the system (50% and 36% for each bombarding energy step, respectively). The detection

efficiency varies necessarly with excitation energies and the beam velocities. This will affect the

spectra shown in Fig.2. We have therefore performed simulations to check that the trends

observed at Fig.2 are real and not due to efficiency cuts. For the Monte Carlo simulations, the

events were generated by Lilita [10] using as input the experimental excitation energy spectra.

Then, the simulation takes into account the experimental angular distribution of the primary

fragment, its velocity distribution Vproj and the complete geometry of the detection systems at

different energies. Altough the efficiency is different for different beam energies, the global effect

is to increase the value of the parameter p. Table 2 presents these corrected values pcor- The mean



excitation energy is not affected significantly. The trend in the experimental results with beam

energy is maintained.

The sharing of the total excitation energy between the projectile and the target is of great

importance in understanding the reaction mechanism. Divergent results are obtained from

theoretical calculations [4] and inputs from experimental data are therefore needed to discriminate

between the different premises. The two extremes of this energy sharing are on one side, a fully

thermally equilibrated system, and on the other side, a fast reaction; the first extreme requires the

same temperature for all parts of the system, thus dividing the available excitation energy according

to their mass ratio. The other extreme would be the result of pure nucleon-nucleon exchanges,

where the excitation energy is shared equally between projectile and target The large asymmetry

of our system is therefore a help in our efforts to discriminate between the different possibilities.

We have deduced the excitation energy of the target, on an event by event basis, from the

expression E*tgt=EbeanrKproj-Ktgt-E*proj. where Kproj is the kinetic energy of the primary

projectile-like nucleus obtained from Vpr0j, and Ktgt the kinetic energy of the target evaluated from

two-body kinematics. The most probable values (peak position) for the excitation energy of the

target is plotted in Fig. 3 versus the values for the projectile. The arrows connect the results of a

specific channel for the three different bombarding energies. Also shown on the figure by the solid

lines are the two limits for energy sharing, equal energy sharing (EES, R = E*tgt/E*proj = 1) or

equal temperature limit (ETL, R=12). Dotted lines are drawn for R=3 and R=6.

One can observe from the arrows that the change in the excitation energy of the target or the

projectile between two bombarding energies is roughly the same for all channels. The ratios R of

the excitation energy of the target divided by the one for the projectile increase with bombarding

energies (see Table 2). However, the values (from R = 3 to 7) for that ratio are still far from a

thermally equilibrated target-projectile system (R=12).

From Fig. 2 and 3 and ref [1], one can see that at 32.5 MeV per nucleon, the excitation

energy of the projectile can become quite high (3-6 MeV per nucleon). Although the excitation

energy of the projectile still increases with higher bombarding energies, most of the new available

energy is taken by the target-like nucleus. This seems to indicate that the excitation energy of the

projectile-like is near saturation and can no longer increase significantly. This is in agreement with

suggestions made for this system [11] and other systems [11,12] that a plateau temperature is

reached above excitation energies of about 4 MeV per nucleon. Therefore, any attempt to increase

the available energy of the system by increasing the beam energy will result mainly in more



excitation energy in the target. This will artificially increase the ratio R since the excitation energy

of the projectile near the saturation does not change much.

In summary, we observed a relative increase of the yields for the more negative Q value

channels with increasing bombarding energies. This is confirmed by the reconstruction of the

excitation energy spectrum of the projectile-like nucleus at the three beam energies. Although the

excitation energy of the projectile increases with bombarding energy, the increase is accompanied

by a much larger one for the excitation energy of the target

It is our intention to pursue the analysis of the breakup of the 16O into channels where the

sum of the detected charge is not necessarily the one of the projectile. This will allow us to study

the effect of transfer, pickup or charge exchange on the excitation energy distribution.
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FIGURE CAPTIONS

Fig. 1 Relative yields (corrected for efficiency) of different breakup channels (see Table 1)
obtained for 16O on a gold target at 32.5,50 and 70 MeV per nucleon. The yield is plotted versus
the most positive Q value of each channel. The events are selected by requiring that £Zfrag =
Zproj-

Fig. 2 Experimental excitation energy spectra of the primary projectile-like nucleus breaking
up into four helium nuclei. Comparison between three bombarding energies is shown. The data
have been normalized so that each spectrum has the same total number of counts. The change due
to the increase of the beam energy is easily observed (see also Table 2).

Fig. 3 Average excitation energy of the projectile-like nucleus as a function of the average
target excitation energy. The fully equilibrated reaction (equal temperature limit: ETL, I<=12) and
the fast reaction resulting in an equal energy sharing (EES, R=l) are indicated by the solid lines.
Two dotted lines give intermediate values for R (R-3 and 6). The arrows connect the results for a
specific channel listed in Table 2 at different energies.



Table 1
16O Breakup Channels of Fig. 1 with its
most positive Q0 value.

# Channel Q0(MeV)

1
2
3
4
5
6
7
8
9
10
11

CHe
He He He He
C H H
BHeH
BLi
Li He He H
HeHeHeHH
Li Li He
B H H H
LiLiHH
Li He H H H

-7.16
-14.44
-22.34
-23.13
-30.89
-31.80
-34.25
-35.35
-42.93
-49.15
-51.60

Table 2
Comparison of extracted experimental values (p: e-<£*b\ R=E*tgt/E*prpj)) from
excitation energy spectra of selected channels at three beam energies. Values
of p corrected for detection efficiency are also given (pcor).

# Channel Ebeam E*prcj p pcor R
(MeV) (MeV) (MeV) (MeV)

1 CHe 32.5 17 5.0 6.0 4.2
50.0 21 8.0 10.0 6.1
70.0 25 13.0 15.4 7.7

2 He He He He 32.5 30 8.0 10.9 2.6
50.0 40 12.0 17.3 3.3
70.0 53 18.0 22.7 3.7

3 Be He He 32.5 27 7.0 9.1
50.0 38 13.0 19.3 3.9
70.0 47 17.0 21.3 5.2

4 BLi 32.5 44 1.3
50.0 52 19.0 35.8 2.6
70.0 67 30.0 47.3 3.5

5 Li Li He 32.5 59 - - 1.2
50.0 65 11.0 15.2 2.3
70.0 75 16.0 19.6 3.1
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