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Inclusive spectra of different isotopes of He, Li, Be, B, C, and N nuclei emerging from the col-
lisions of ' C ions of energy 344.5 MeV with carbon, aluminum, and nickel target nuclei have been
measured in the angular range of 4' —36' (laboratory). Experimental yields of reaction products are
almost the same for the different targets. The continuous parts of momentum spectra have been
decomposed into three components, corresponding to direct and damped fragmentation and to oth-
er processes, such as deep-inelastic and/or compound-nucleus reactions. At small angles (smaller
than 20' in the laboratory system) the fragmentation processes dominate whereas at larger angles
they become negligible in comparison to the other components. The direct fragmentation contribu-
tion is very small with respect to the damped one. The obtained reduced momentum widths of the
direct fragmentation bumps are significantly smaller than those predicted by the Goldhaber model
but agree with results obtained from other experiments at similar energies.

I. INTRODUCTION

Heavy-ion reactions at low energies ( ( 10
MeV/nucleon) were studied intensively for the past two
decades. A large body of the analyzed experimental data
shows that these reactions are dominated by quasielastic
and deep-inelastic processes as well as compound nucleus
formation. At higher energies it was found that fragmen-
tation plays an important role. '

At the intermediate-energy region, the mean-field
description is on the decline and the nucleonic degrees of
freedom start to be important. Thus, various reaction
mechanisms may be expected here, from quasielastic pro-
cesses and mass-transfer processes, through complete
and incomplete fusion' ' to fragmentation. '

It is the aim of this work to study the mechanism of
the reactions induced by ' C projectiles on different tar-
gets at the incident energy close to the Fermi energy.
The inclusive spectra of various ejectiles emerging from
the collisions of ' C ions with carbon, aluminum, and
nickel target nuclei have been measured in a broad angu-
lar range (4' —36' laboratory) at the incident energy 28.7
MeV/nucleon. The experimental procedure and results
are discussed in Sec. II of this paper.

In order to find the contribution from fragmentation
processes, we used a simple model proposed recently by
Seres et al. ' In Sec. III, a decomposition of the momen-
turn spectra into contributions from projectile fragmenta-
tion (direct and damped) and other processes (e.g., deep-
inelastic or fully damped) has been performed for all the

spectra according to Ref. 19. An analysis of angular
dependences of parameters of the model, obtained for all
ejectiles under consideration, is presented and gross prop-
erties of different components of the momentum spectra
are discussed in detail. The conclusions are given in Sec.
IV.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The ' C ions produced in the ISIS ion source were ac-
celerated to the energy 344.5 MeV in the JULIC cyclotron
of the Forschungszentrum Julich. The beam was focused
onto self-supporting targets of ' C, Al, and Ni with
thicknesses of 1.1, 1.3, and 0.5 mg/cm, respectively.
The reaction products were detected in telescopes con-
sisting of 50-pm-, 400-pm-, 2-mm-, and 6-mm-thick Si
surface-barrier detectors. The solid angle covered by the
detectors was 0.04 msr. The detectors were cooled to the
temperature —20 C. The telescopes allowed us to obtain
very good ( A, Z) resolution in the whole measured ener-

gy range and to achieve low-energy thresholds for the
detected particles (20—30 MeV for alpha particles and
50—60 MeV for '2C ejectiles). The energy resolution was
600—700 keV. The absolute calibration of the energy
scale was performed in two steps. In the first one the rel-
ative adjustment of the electronic tracts of all detectors
was done using the pulses from the 400-pm detector cor-
responding to the elastic-scattering line from the gold tar-
get. Finally, the calibration was estimated from known
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energies of discrete peaks from different reactions. The
obtained accuracy was around 2 MeV.

For identification of different ejectiles, the
identification parameter was formed according to Ref. 21,
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from the pulses AE and E from the transmission and
stopping detectors, respectively. In this formula,
b =B—C5E/D, B =1.7943, C=4.2162X 10
pm/MeV, and D denotes the thickness of the transmis-
sion counter in pm. A typical identification spectrum is
presented in Fig. 1.

The energy spectra of all stable ejectiles starting from
He up to ' N have been measured at laboratory angles

from 4' to 11.5' in 0.5' steps for the ' C, Al, and Ni
targets while the angular range was extended to 36' in 1'
steps for the ' C and Al targets. The absolute cross sec-
tions were evaluated from the measured counting rates,
target thicknesses, solid angle of the detecting system,
and integrated beam charge. The uncertainty in absolute
normalization of cross section was estimated to be +7%.

Typical examples of ejectile momentum spectra are
shown in Figs. 2—4. In Fig. 2, spectra of Be fragments
produced in the ' C+ Al interaction are presented for
the three different angles: 5.5', 15', and 36' (laboratory).
The target dependence of momentum spectra is illustrat-
ed in Fig. 3 where the Be-fragment spectra measured at
5. 5 are shown for all the targets. Spectra of various frag-
ments measured at 5.5' for the Al target are depicted in
Fig. 4. All the spectra at forward angles show a pro-
nounced asymmetric bump at the momentum corre-
sponding approximately to the beam velocity. This bump
disappears at large angles where the spectra exhibit an
exponential dependence on the ejectile momentum (Fig.
2). The momentum spectra of boron, carbon, and nitro-
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FIGP 1. The sample of the identification spectrum for lower
and higher mass fragments.

FIG. 2. Spectra of Be measured for the ' C+ Al reaction at
various angles. The dashed line represents the fragmentation
contribution, the dotted curve the background from other pro-
cesses, and the solid curve the sum of both contributions. The
arrows indicate the momenta corresponding to the beam veloci-
ty.
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gen ejectiles also contain a few narrow, discrete peaks due
to quasielastic reactions as illustrated in Fig. 5. Except
for these peaks, the spectra have very similar behavior for
all targets investigated.

In Fig. 6 the total cross sections obtained by the in-
tegration of measured momentum spectra over the inves-
tigated energy and angular range are shown for all ejec-
tiles for the ' C and Al targets. Peaks corresponding to
transitions to discrete states were excluded from the ener-

gy integration. The very similar yields of various ejectiles
for both targets indicate that the mechanism of the reac-
tion is almost independent of the target. This may be in-
terpreted as an indication that the mechanism of the re-
action is dominated by projectile fragmentation. Furth-
ermore, one can find a strong correlation of the yields of
reaction products with the Q value of the binary decay of
the ' C projectile (assuming fragments in their ground
states), as shown in Fig. 7 for ' C (circles) and Al
(squares) targets. The yields decrease nearly exponential-
ly as the Q value increases. Similar behavior has been re-
cently observed by the Berkeley group.
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FIG. 4. Spectra of diferent fragments at 5. 5' for the Al tar-
get. The dashed line represents the fragmentation contribution,
the dotted line the background component, and the solid line
the sum of both contributions. The arrows indicate the momen-
ta corresponding to the beam velocity.
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FIG. 3. Spectra of Be fragments at 5. 5 for difT'erent targets.
The dashed line represents the fragmentation contribution, the
dotted curve the background component, and the solid curve
the sum of both contributions. The arrows indicate the momen-
ta corresponding to the beam velocity.
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FIG. 5. Spectrum of "8 ejectile from ' C+' C interaction
emitted at angle 5'. Apart from a continuous fragmentation
part the peaks corresponding to quasielastic processes are visi-
ble.
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FIG. 6. Energy- and angle-integrated yields for all measured

isotopes for ' C (circles) and Al (squares) targets. Peaks corre-
sponding to transitions to discrete states were excluded. The
solid (' C) and dashed ( Al) lines are drawn to guide the eye.

FIG. 7. The cross section obtained by the integration over
the measured energy and angular ranges for all measured ejec-
tiles for the ' C (circles) and Al (squares) target as a function
of the projectile binary decay Q value.

III. ANALYSIS OF THE MOMENTUM SPECTRA
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The shape of the experimental momentum spectra, i.e.,
the presence of the asymmetric bump at the momentum
corresponding to the beam velocity, and its approximate
independence of the target suggests the mechanism of
projectile fragmentation accompanied by dissipation pro-
cesses.

The simple parametrization of the momentum spectra
taking into account fragmentation of the projectile and
the energy dissipation processes, has been recently pro-
posed by Seres et al. ' The parametrization has been de-
rived under the following assumptions.

(i) Fragmentation leads to a Gaussian momentum dis-
tribution of fragments with centroid at momentum po
and with standard deviation o..

(ii) The "direct" fragmentation occurs in a fraction
"m" of all fragmentation events while, in the remaining
(1—w ) fraction, the fragments interact, thereby decreas-
ing their momentum. The probability distribution of the
loss of momentum in the damping process is described by
an exponential function with parameter q.

(iii) Momentum spectra of projectiles emitted in more
complicated processes (later called background), e.g. ,
deep-inelastic scattering and fully damped collisions, are
parametrized by an exponential function with parameters
h and P.

The resulting formula is as follows:

where erf(x ) denotes the error function. The first term in
the sum corresponds to the direct fragmentation process
(i), the second term describes the contribution from frag-
mentation with energy dissipation (ii), and the last term
(iii) is a background connected with other processes.

It should be noted that, while formula (1) for the frag-
mentation spectrum has been derived under the assump-
tion of momentum damping after fragmentation, a simi-
lar formula can be obtained assuming that the damping
occurs before fragmentation. Numerical calculations
show that both formulas give almost the identical cross
section. Therefore, in an inclusive experiment, we cannot
distinguish whether damping occurs before or after frag-
mentation. In order to make our results comparable to
those of Seres et al. ,

' further analysis was made using
formula (1).

Parametrization (1) has been used to describe the con-
tinuous part of inclusive momentum spectra of Li, Li,
Be, Be, ' Be, B, ' B, "B, ' C, and "C particles pro-

duced in collisions of ' C projectiles with ' C, Al, and
Ni nuclei at E&,b =344.5 MeV. The parameters go, pz,

o. , w, q, p, and h were obtained from fitting the model
momentum distribution (1) to the experimental spectra
for each ejectile at different angles in the range from 4' to
36' (laboratory). The narrow peaks corresponding to the
quasielastic transitions to discrete states were not taken
into account in the fitting procedure.

The parameters po and o. were determined uniquely by
the right Aank of the momentum spectrum. It was found
that the w parameter has, in all cases, a very small value
and does not inhuence the estimation of the go and q pa-
rameters. The background parameters P and h in small-
angle spectra do not affect the fragmentation part.

It has been found that, by employing parametrization
(1), it is possible to reproduce the continuous part of the
experimental spectra for all targets, fragments and an-
gles. The quality of the fits is illustrated in Figs. 2—4.
The contributions corresponding to the fragmentation
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FIG. 8. Angular distributions of the fragmentation cross sec-
tion for selected fragments. The circles denote angular distribu-
tions for the ' C target, the squares for the ' Al target, and the
triangles for the Ni target.

[(i)+(ii)] and those corresponding to other processes [(iii)]
are shown separately. The dashed line represents the
fragmentation, the dotted curve the background com-
ponent, while the solid line corresponds to the sum of
both contributions. The momenta corresponding to the
beam velocity are marked by the arrows.

A good reproduction of the experimental momentum
spectra when using parameters varying smoothly with
the scattering angle confirms that the fragmentation of
the projectile is the dominant mechanism of the reaction.
Typical behavior of the angular dependence of the pa-
rameters is shown in Figs. 7—10.

The momentum-integrated cross section for fragmenta-
tion is mainly determined by the value of the go parame-
ter. The angular distributions of fragmentation, obtained
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FIG. 10. Parameter po as a function of laboratory angle for
selected fragments and all the targets. The circles denote ejec-
tile angular distributions for the ' C target, the squares for "Al,
and the triangles for the ' Ni target. The arrows correspond to
the beam velocity. Additionally, the cos6 dependence normal-
ized to the experimental data at forward angles is plotted with
the solid curves.

by a numerical integration of the two fragmentation con-
tributions [(i)+(ii)] in formula (l), are presented in Fig. 8
for representative fragments. The circles denote angular
distributions for the ' C target, the squares for Al tar-
get, and the triangles for the Ni target. All angular dis-
tributions are smooth, approximately exponential func-
tions of angle and very similar for the different targets.

The analysis performed indicates that the damped frag-
mentation dominates. The direct fragmentation probabil-
ity w is small ( (0.3), being on the average larger for
heavier targets. In the cases of "Band "C ejectiles, w is
practically zero, while for the other ejectiles, w is a rapid-
ly decreasing function of angle.
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FIG. 12. The dependence of o. on fragment mass for all tar-
gets (o. averaged over the angular interval 4' —8 ). The various
symbols denote the following ejectiles: diamonds, Li; triangles,
Be; squares, B; circles, C. The solid line corresponds to the pre-
diction of the Goldhaber model (Ref. 17) with the reduced
width o.0=42.4, 47.0, and 41.1 MeV/c, fitted to the experimen-
tal data for ' C, Al, and Ni targets, respectively.

The parameter q describing the damping of the
momentum in the fragmentation process is an increasing
function of the angle (Fig. 9), which is typical for dissipa-
tion processes. However, it surprisingly depends strongly
on both target and ejectile. It changes continuously from
target to target, being the largest for light fragments pro-
duced in reactions with the ' C target.

The parameter po, the centroid of the direct fragmen-
tation bump, practically does not depend on the target
(see Fig. 10). For forward angles it is very close to the
momentum corresponding to the beam velocity marked
by arrows in Fig. 10. The slope of the angular depen-
dence of po is only slightly steeper than one may expect
from a simple cos8 dependence, shown by the solid
curves, which may be obtained at higher energy. A simi-
lar effect has been found in Ref. 23.

The parameter o. which determines the width of the
direct fragmentation bump is practically constant in the
interval 4' —8' and rises at larger angles (see Fig. 11). This
effect depends both on the fragment and on the target.
The rise is stronger for lighter fragments. For a spheri-
cally symmetric, three-dimensional Gaussian momentum
distribution of clusters in the projectile, neglecting in-
teraction with the target and the residual part of projec-
tile, o. should be angle independent. The observed effect
may be interpreted as asymmetry of momentum distribu-
tion of clusters in the projectile due to the interaction
with the target and/or a residual part of the projec-
tile. ' '

Figure 12 shows the dependence of o., averaged over
the angular interval 4 —8, on the fragment mass for all
targets. Fitting o. to the experimental values according
to the scaling law of Goldhaber, we get the reduced
width o 0=42.4, 47.0, and 41.1 MeV/g for C, Al, and

Ni targets, respectively. These values are significantly
smaller than those found from the high-energy limit
(about 100 MeV/c). ' It cannot be explained by the
inAuence of the Coulomb interaction according to the
peripheral model of Friedman or by the model proposed
by Bonasera et al. '" However, it should be pointed out
that the obtained o.

o values are consistent with experi-
mental systematics (see, e.g. , Refs. 25 and 26).

The simple parametrization of the background com-
ponent does not prejudge the underlying reaction mecha-
nism. A few mechanisms may contribute, like evapora-
tion after complete and incomplete fusion, deep-inelastic
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processes, and target fragmentation. These processes
should be strongly target dependent. Indeed, we observe
large difterences of the background for difterent targets
(see Fig. 3). For instance, in the case of the ' C+' C sys-
tem, the background may be caused by a contribution
from compound nucleus mechanism. It is very likely
that, for such a light system, evaporation residue can
contribute significantly to the low-momentum part of the
spectra. This e6'ect should not be observed for heavier
systems in the measured energy range because energy
corresponding to the velocity of the compound system is
below the experimental energy threshold.

IV. CONCLUSIONS

The following conclusions may be drawn from the
present analysis of the experimental momentum spectra
of difFerent ejectiles produced in reactions induced by ' C
projectiles at energy 28.7 MeV/nucleon.

The high-energy parts of the spectra at forward angles
are dominated by fragmentation processes. The follow-
ing arguments support that conclusion: (a) the presence

of the pronounced bump in all spectra at the momenta
corresponding to beam velocity, (b) the very weak depen-
dence of yields of various ejectiles on the target nucleus,
(c) strong correlation of the measured fragment yields
with the Q values of binary decays of the ' C projectile
into the observed fragments, and (d) the fact that the ex-
perimental momentum spectra are well reproduced by
the simple parametrization based on the assumption of
projectile fragmentation. Values of the parameters of this
phenomenological parametrization vary smoothly with
the reaction angle.

The analysis leads to the conclusion that damped frag-
mentation dominates. This damping increases rapidly
with the reaction angle.

The reduced widths o.
o of the momentum distribution

extracted from the analysis are significantly smaller than
those obtained at higher energies () 100 MeV/nucleon).
However, they agree with results obtained by other au-
thors at similar energies.
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