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Peripheral reactions induced by a 2.1-GeV/nucleon ' C beam on a C target
using a simple combinatorial model
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(Received 28 July 1988)

Recently acquired data on peripheral reactions induced by a ' C beam at 2.1 GeV/nucleon on a
C target have been used to create a distribution of exclusive yields ("mass patterns") in which the
charge of detected fragments is ignored and the data supplemented by (presumed) missing nucleons.
A simple multinomial expression using probabilities obtained from inclusive mass yields gives a sa-
tisfactory account of the revised data.

I. INTRODUCTION

The study of the decay of highly excited nuclei has
in recent years received much attention due mainly
to the availability of intermediate energy (10—100
MeV/nucleon) heavy-ion beams which have been em-
ployed to provoke complete or incomplete fusion reac-
tions. ' Decay of heavy target residues has also been
studied using relativistic heavy-ion beams. (References
to the main theoretical models can be found in Ref. 3.)
In such reactions the decay of the excited parent(s) is best
studied with detection systems adapted to the large mul-
tiplicities involved. Such multidetectors are somewhat
diScult to operate due to the large dynamic range and
angular coverage necessary to detect complete events. In
this respect measurement of projectile fragments pro-
duced in peripheral reactions induced by high-energy
beams presents some important advantages, not the least
of which is the strong forward focusing provided by the
high beam momentum.

The HISS spectrometer project takes advantage of this
and, in a recent experiment, succeeded in measuring
yields for 404 coincidence channels produced by bom-
barding targets of C and CH2 with a 2. 1 GeV/nucleon
' C beam at the LBL Bevalac. While providing mul-
tidetector capability (at least for near beam rapidity reac-
tion products), the detection system is insensitive to neu-
trons and is somewhat inefficient for protons. For all
heavier isotopes the system is essentially 100% efficient.
The experiment is described in detail in Ref. 5 and the
"raw" data are currently available in an internal report.

The range of excitation energy for projectile-like frag-
ments extends from a few MeV up to a few hundred
MeV. ' Thus we may have to deal with several simul-
taneously contributing reaction mechanisms ranging
from evaporation of cold light fragments from a statisti-
cally equilibrated parent though the emission of excited
fragments (which in turn decay) from a parent in, or out
of, thermal equilibrium up to total explosion or shatter-
ing of the parent complex. The parent itself may be pro-
duced by inelastic scattering, charge exchange (via delta
production), nucleon knockout, or indeed a combination
of these three mechanisms. The excitation energy is un-
derstood to be produced by nucleon-nucleon collisions,

which in the projectile rest frame cause nucleons to drive
into the projectile (perpendicular to the beam axis) with
average energies of several tens of MeV, or by the delta
mediated charge-exchange reaction.

The experimental measurements' show that the in-
clusive observation of beam rapidity fragments from
3=2 to 12 corresponds to a cross section of 1174 mb in
the case of the C target and, by subtraction, to a cross
section of 530 mb for a hydrogen (CH2) target. The rela-
tive inclusive isotopic yields estimated from the coin-
cidence data are rather similar for the C and CH2 targets
and agree quite well with the inclusive yields measured
independently and reported by Olson et al. '

The limitation in detection efficiency for protons is par-
tially due to a limitation in momentum acceptance in the
Y' (vertical) direction, which is produced by the dimen-
sions of the drift chamber outside the HISS magnet. As
already mentioned, this limitation was not observed for
deuterons and heavier isotopes. Calculations suggest
that undetected protons originate mainly from the initial
(cascade) phase of the reaction.

We attempt in the present work to gain some under-
standing of the coincidence event patterns using an ex-
tremely simple probabilistic formalism (Sec. III). Before
such an analysis may be attempted, however, we "supple-
ment" the data to correct for missing nucleons (neutrons
and protons). This procedure is crucial to our under-
standing of the experiment and is discussed in Sec. II.
Despite the success obtained in predicting yields of mass
patterns (Sec. IV) we feel that the present analysis pro-
vides only a starting point for a more detailed investiga-
tion of the reaction mechanism(s).

Accordingly, in Sec. V, besides discussing possible
reasons for the success of our simple formalism, we dis-
cuss its limitations and investigate its relevance to the
sequential binary breakup mechanism. Finally in Sec. VI
we present a brief summary of our results, together with
suggestions for further study.

II. CORRECTING THE DATA
FOR UNDETECTED NUCLEONS

As mentioned in the Introduction, the experimental
setup detects some fraction of emitted protons and no
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FIG. 1. Cross sections for X, +k protons from the ' C+ ' C
reaction at 2.1 GeV/nucleon (Ref. 6). The solid lines are bino-
mial distributions representing the probability that out of K
protons chosen at random from a Gaussian momentum distribu-
tion (of width o. ), k protons fall inside a centered rectangular
aperture of width fo.. In all cases f lies between 0.5 and 0.8.

emitted neutrons. In Fig. 1 this effect is illustrated for
missing protons by plotting series of observed cross sec-
tions for X, X+p, X+2p, etc., where X represents one or
more isotopes with mass ~1. As can be seen in the
figure, the cross sections are well approximated by allow-
ing nucleons chosen at random from a Gaussian momen-
tum distribution to fall on a rectangular momentum aper-
ture whose width is some fraction f of the Gaussian
width.

The similarity of the observed and calculated curves in
Fig. 1 leads us to conjecture that all events of the form X,
X+@, X+2p, etc. , are, in fact, manifestations of the
same event in which missing protons fell outside the
momentum detection aperture. Extending this conjec-
ture to include undetected neutrons, we have supposed
that all detected events consisted, in fact, of a total mass
of 12 units corresponding to the incident projectile. A
modified data set has thus been produced by ignoring
charge and constructing exclusive events (mass patterns)
in which the unobserved mass (12-observed mass) is sup-
posed to consist of free nucleons.

Because of the presence of the charge-exchange reac-
tion, it is difficult to extend this method to determine the
proportion of protons in the missing mass.

The procedure clearly involves only minimal assump-
tions as to the nature of the reaction mechanism. Projec-
tile nucleons, or heavier constituents, initially moving
with beam velocity, may be knocked out of the projectile
in the primary reaction phase or may appear as secon-
dary products from excited precursors. It does, however,
suppose (in agreement with observation) that no precur-
sor of mass ) 12 is produced. It also supposes (again in
agreement with observation) that all fragments of mass) 1 are detected. with 100% efficiency.

The modified data set, which thus consists of a set of
experimental counts corresponding to each distinct mass
pattern, is presented in Table I for all exclusive events
with &0 counts.

III. COMBINATORIAL MODEL

l
I 12 l3

P2 P3P(i „i2, . . . , iM ) =N!
~3 ~

iM5'I
~M

(2)

with g mi =M, pi
Before comparing the predictions of Eqs. (2) with the

experimental data we should, perhaps, emphasize its limi-
tations:

(a) Dynamical effects are ignored.
(b) No distinction is made between primary and secon-

dary phases of production (as would be true, for example,
of a prompt fragmentation and secondary decay mecha-
nism).

(c) The probabilities p for producing cold fragments
are supposed to be constant or at least in some sense
well-defined average values, the average being taken over
the ensemble of initial systems.

None of these conditions would be expected to be well
satisfied in a practical case. At low excitation energies
separation energies for the emission of light particles
should induce considerable variation in the emission
probabilities along the decay chain. At higher excitation
energies, even if we adopt a prompt shattering mecha-
nism, " the decay probabilities would be expected to de-
pend on excitation energy, a quantity which in the situa-
tion under study is thought to vary over more than an or-
der of magnitude (see Ref. 5). Nonetheless, we expect
that Eq. (2) may provide us with a useful baseline esti-
mate so that effects cited above can be observed as the
origin of discrepancies between the predictions of Eq. (2)
and the experimental observations.

Consider a nucleus of mass M which breaks into frag-
ments such that the probability p for observing a frag-
ment of mass m is given by the inclusive mass yield o

p =o /go.
If the probability of emission of a fragment of given mass
is unaffected by what happens to the rest of the nucleus
(whether or not this emission is sequential) the probabili-
ty of observing a given mass pattern for an event with
multiplicity N is given by the multinomial distribution.
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TABLE I. Data for exclusive events (supplemented by missing nucleons) in the reaction ' C+C at 2.1 GeV/nucleon arranged in
order of decreasing counts.

Channel Counts Mass pattern Channel Counts Mass pattern

1

2
3

5
6
7
8
9

10
11
12
13

'

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

12466
6388
5352
5063
4609
4210
4195
4052
4038
3950
3948
3910
3022
2689
1703
1643
1466
1456
1394
1281
1278
1136
1109
1046
899
852
791
678

1 11
1111
1111
1 1 10
1111
1111
1111
1111
1111
12
1111
1111
1111
1111
1 119
1 146
1111
1124
147
1112
1111
1111
1111
1112
1113
1111
1 344
444

1111
1111
116
1112
1111

4
1111
3
1 3

1 124
134
1 7
1 11 122

1133
4

3 4
233
2 6
1223
7
6
224

4 4
1111112

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

640
574
492
453
266
251
141
135
100
84
73
73
72
61
57
57
51
47
31
22
22
21
20
14
14

3
2

1 137
111111222
11118
11334
2 10
129
111333
1112223
1 1223 3
1 128
12234
1227
1 12224
1 1226
1236
246
3 9

1 1 12222
138
6 6
2244
23 34
12333
237
4 8
22224
336
2226
228
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FIG. 2. Cross sections for distinct mass patterns obtained as described in the text. The sold line represents the data in order of de-
creasing counts as given in Table I. The dotted lines were calculated using Eq. (2). Part (a) depicts the calculation using probabilities
obtained from the inclusive mass yields. Part (b) shows the result of searching the probabilities. In each case the calculated multipli-
city distribution is shown with the observed distribution (solid line) as an inset.
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IV. COMPARISON WITH EXPERIMENT

Predictions were carried out for multiplicities between
1 and 12 using, as input, the inclusive mass distribution
observed in the experiment. The result is shown in Fig.
2(a) for the ' C target. In making the predictions the
overall normalization (counts/probability) was left as a
parameter. It will be clear that the overall trends of the
data are well reproduced by the calculation. Indeed,
despite the occurrence of outlying data (notably the
three-alpha channel) 90%%uo of the predictions agree to
within better than a factor of 2 with the data over a range
of cross section of 4 orders of magnitude. A similar re-
sult for a hydrogen (CHz) target has already been report-
ed 12

Ciiven the uncertainties inherent in our approach we
have also tried to fit the data by varying the input proba-
bilities. Figure 2(b) shows that a slight improvement in
the description of the data can be obtained mainly due to
an increase in the probabilities for high masses. Natural-
ly we have also calculated the multiplicity distribution by
direct summation of the subset of probabilities for each
multiplicity. The results are shown as insets in Fig. 2.
The nucleon probability seems to control the slope of the
multiplicity distribution although the reason for this
efTect is not immediately obvious. The probability distri-
butions themselves are shown in Fig. 3. The searched

probabilities are quite close to those obtained using the
inclusive data from Eq. (l).

V. DISCUSSION AND COMPARISON WITH
A SEQUENTIAL BINARY DECAY CALCULATION

The analysis of the experimental measurements has re-
vealed the surprising result that a first-order treatment, in
which all dynamical correlations and ensemble averaging
are ignored, reproduces the data on average to within
better than a factor of. 2 over four orders of magnitude.

It seems certain that the cold fragment production
probabilities taken from the observed inclusive mass
yields represent in some sense average values over an en-
semble of systems in which the most important parame-
ter is probably the excitation energy. Thus it ~ is not
surprising that variation of the inclusive probabilities
somewhat improves the description of the data. It is
indeed remarkable that the fitted probabilities are quite
close to the observed relative inclusive yields.

Qf course, the method employed here can, in principle,
be applied in a straightforward way to data including
charge in the event description. In the present case how-
ever, a serious obstacle arises from consideration of the
charge-exchange contributions which render uncertain
the data correction procedure (the proportion of the
missing mass that is added as protons or neutrons).

It is, of course, interesting to try to categorize various
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FIG. 3. Probabilities for observing a given mass as a function
of mass number (used in the calculations of Fig. 2) ~ The solid
line was obtained from the inclusive mass yields using Eq. (l).
The dotted line shows the result of searching the probability dis-
tribution.
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CHANNEL

FIG. 4. Same as Fig. 2 except that the solid line represents
the calculation [Eq. (2)] generated using inclusive mass yields
from the sequential binary decay code {Table II). The dotted
line is the binary breakup prediction of exclusive yields (mass
patterns). For channel 36, the mass 8—mass 4 decay channel is
absent in the decay calculation due to the instability of 'Be.



39 PERIPHERAL REACTIONS INDUCED BY A 2.1-. . .

TABLE II. Identification of channels {in order to decreasing counts) predicted using Eq. (2) using in-
clusive probabilities obtained from a binary sequential decay calculation as explained in the text.

Channel Identification Channel Identification

1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

11114
12
111
1111111
111 1134
1111112
1 1 10
1 1244
1 344
111234
1 146
147
1111171111111
444
1 1334
1111111
1111116
1111113
11112241111111
1137
1111111
11136
11127
1119
111126
11112331111111

1 4

113

2 3

1112
11111

122

30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

2 10
1111
1111
1113
1223
246
4 8
129
1236
2244
3 9
1111
138
1 122
23 34
1 128
1 122
237
1227
6 6
1 122
336
1112
1233
1111
3333
228
2226

1223
8
3 3
4

1 1222
2 4

3 3

223
3
2222

theoretical models of nuclear disintegration in terms of
statistical independence for the emission of a given frag-
ment. The so-called quantum statistical models' and
their classical equivalents' ' would be good candidates
to conform to Eq. (2). In particular, the work of Fai and
Randrup' ' is interesting because exclusive data are
constructed from inclusive yields. However, the exact
connection is difBcult to discern because in Ref. 16 the
factorization of the exclusive probability leads to succes-
sive terms which are, in principle, conditioned by preced-
ing factors [i.e., not independent as in Eq. (2)].

Another problem arises from consideration of the fact
that statistical disassembly may produce fragments with
excitation energies above particle emission threshold and,
therefore, must be supplemented by evaporation cascades
in order to produce the Anal cold products. As explained
in Sec. III, sequential evaporation is not, a priori, a good
candidate for statistical independence of decay probabili-
ties. In order to investigate this point we have performed
calculations of the "sequential binary" type' ' for the
decay of ' C excited with an exponential spectrum—E„/75P(E„)—e " (in accord with that observed in the ex-
periment). ' The inclusive mass yield from the calcu-
lation was used to create exclusive yields [using Eq. (2)],
and the results compared with exclusive yields obtained
directly from the (Monte Carlo) binary decay code. Fig-
ure 4 shows the rather surprising result that to within an

average factor of (3 the multinomial formula again
reproduces the decay code results. (The channel
definitions for this figure are given in Table II.) The
agreement is somewhat less good than that obtained us-
ing the HISS data [Fig. 2(a)], but the two figures are cer-
tainly comparable. One exclusive channel (mass 4—mass
8) is absent from the decay calculation due to the instabil-
ity of Be. All other channels predicted by Eq. (2) are
present (to within the statistical accuracy) in the binary
decay calculation. (It should perhaps be emphasized that
the decay calculation was used here simply to investigate
a model situation. An attempt to reproduce the data
directly from the decay code would involve including
parent nuclei produced by charge exchange as well as the
' C itself. Preliminary results of a detailed investigation
along these lines can be found in Ref. 19.)

We are thus led to the conclusion that the presence of
sequential decay does not, necessarily, perturb the simple
picture implied by Eq. (2). This is, of course, something
of a disadvantage since it implies that it will be necessary
to look beyond the static aspects of the experimental ob-
servations (inclusive and exclusive yields) in order to gain
a detailed understanding of the reaction mechanism.

Other models for the disassembly of hot nuclei
have, of course, been proposed. However, none of them
would be expected, a priori, to yield exclusive cross sec-
tions based only on inclusive yields.
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VI. SUMMARY AND CONCLUSIONS

In this work we have investigated mass pattern yields
for near beam rapidity fragments produced by a 2. 1

GeV/nucleon ' C beam impinging on a C target. By
completing the data with (presumed) undetected nucleons
the multiplicity distribution as well as the yields of ex-
clusive events were obtained.

The ana1ysis of the data has revealed the unexpected
fact that a first-order treatment, which assumes the in-
dependence of decay probabilities, and which thus pro-
vides a multinomial probability distribution for exclusive
yields, is quite successful in reproducing the exclusive
measurements.

Since the relation between input (inclusive) and calcu-
lated (exclusive) probabilities is, in general, nonlinear, it
is quite gratifying that searching on the inclusive proba-
bilities produces results which are quite close to the ob-
served inclusive yields.

An extension of the present work is planned in order to
include charge as well as mass in the event descriptor. A
detailed survey of the various theoretical models current-

ly available would clearly be useful and might lead us to
understand the (dynamical) circumstances under which
the multinomial prediction might be expected to be
relevant.

Finally, of course, we need to employ a well-defined
model of the disintegration process (or a set of models)
which allows us to predict dynamical properties of the
final cold products for a wide range of initial excitation
energy. Work along these lines is in progress. ' The
findings of the present investigation strongly suggest that
the decay mechanism will be dificult to elucidate unless
dynamical (energy, momentum) correlations are studied
in detail.
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