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The energy spectra of particles lighter than the beam have been measured following the
bombardment of ' C, "Al, and Ti targets with 72 MeV ' 0 beams and 72 and 141 MeV
' 0 beams. All the spectra exhibit broad continuum peaks centered at approximately the

beam velocity. - The shapes of these continuum structures are rather well reproduced by a
fragmentation model which assumes that the unobserved fragment is transferred to the tar-

get and which contains no adjustable parameters. The "0 fragmentation spectra on the
three targets are very similar in shape. The total yield of fragmentation products is about

the same for the ' 0 and "0beams at 72 MeV, although the Z distribution of strength
differs. On the other hand, the fragmentation yield of ' 0 increases by a factor of 5 when

the beam energy is raised from 72 to 141 MeV, but the relative Z distribution of strength

remains constant.

NUCLEAR REACTIONS ' C Al, Ti(' O~ and (' Og), X = Li,
Be, B, C, N, E = 72 and 141 MeV; measured do/dQ(E, O).

I. INTR@DUCTION

For many projectiles, the spectra of particles
lighter than the beam is dominated by broad peaks
centered near energies corresponding to the beam
velocity. ' The systematics suggest that the ob-
served particles are fragments of the projectile with

only a spectator role in the reaction. The fragmen-
tation process is an important one to be studied be-
cause it accounts for a significant fraction of the to-
tal reaction cross section.

Various forms of a simple semiclassical projectile
fragmentation model provide a fairly reasonable
description' ' ' of the measured data. In this
model the observed spectra result from the momen-
tum distributions of the fragments in the projectile
after transformation from a coordinate system mov-

ing with the projectile into the laboratory system
and multiplication by a phase-space factor. More
detailed calculations have also been made using the
distorted-wave Born approximation. " ' There is
general agreement that the dominant process is one
in which the unobserved fragment is transferred to
the target. ' ' "' ' However, there is consider-
ably less agreement on the semantic question.

Names such as "projectile fragmentation, " "massive
transfer, " "stripping to the continuum, '* and "in-
complete fusion" appear to be used for the same
process.

We undertook this investigation of ' 0 and ' 0
fragmentation partly to examine the roles of projec-
tile, target, and incident energy in the reaction and
partly to obtain more examples of the process to
ascertain which features are systematic. Since sim-

ple fragmentation models predict that the spectral,
shapes are determined almost entirely by the prop-
erties of the projectile, it is important to examine
their target dependence. It is also instructive to in-

vestigate the energy dependence of the fragmentation
strength in the energy range in which the fusion
cross section forms a decreasing fraction of the total
reaction cross section.

II. EXPERIMENTAL PROCEDURE

Beams of 72 MeV ' 0 and ' 0 were provided by
the Florida State University Super FN tandem ac-
celerator. Self-supporting Al targets of about 100
pg/cm were used in an oil-free, cryo-pumped
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scattering chamber to minimize carbon buildup.
The reaction products were detected and identified
with a gas ionization hE detector' and a Si surface
barrier E detector.

The 141 MeV ' 0 beam was provided by the tan-

dem accelerator-superconducting linac system at
Argonne National Laboratory. In this case, Si sur-

face barrier detectors were used for both the hE
and E detectors of the telescope. ' C, Al, and

Ti targets of 50, 100, and 150 pg/cm, respective-

ly, were used.
The data were stored either in event mode on

tape or in a large two-dimensional array to permit
offline analysis. For both experiments, curved two-

parameter gates were drawn in the hE-E plane
around each Z group, and the data were projected
onto a total energy axis for each Z group.
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FIG. 2. The spectra of products of the ' 0+ Al
reaction at EL ——72 MeV and OL ——20' separated by ele-

ment and plotted as a function of laboratory energy. The
results of the fragmentation model discussed in the text
are displayed as smooth curves.
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III. RESULTS

Some typical spectra obtained in these experi-
ments for particles lighter than the beam are shown

in Figs. 1 —4. They have been compressed by vary-

ing amounts to improve the statistical accuracy.
The spectra are qualitatively similar to those seen
for ' N projectiles. Some discrete lines can be seen
in the spectra from the ' 0 beam even after
compression, but each spectrum is dominated by a
broad continuum peak centered approximately at an

energy corresponding to the beam velocity. Arrows
are drawn in Figs. 2 and 3 to indicate the energy a
particle of the labeled mass would have if traveling
at the beam velocity. This is the zeroth order frag-
mentation model.

Since beam velocity particles may signal the oc-
currence of projectile fragmentation, we have com-
pared the observed spectra with a simple breakup
model. ' ' The wave function of the fragments in

the projectile is assumed to have a Yukawa shape
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FIG. 1. The spectra of products of the ' 0+ Al
reaction at EL, ——72 MeV and OL

——20' separated by ele-
ment (Z) and plotted as a function of laboratory energy.
The smooth curves are the results of a fragmentation
model as discussed in the text.
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FIG. 3. The spectra of products of the ' 0+ Al
reaction at EL, ——141 MeV and OL ——0' separated by ele-

ent and plotted as a function of laboratory energy. The
solid and dashed curves are model calculations discussed

in the text.

whose size is determined by the binding energy.
The fragment's resulting momentum distribution is
added to its share of the beam's momentum to
determine the energy spectrum. That spectrum is
then multiplied by a phase space factor which ap-
proaches zero at the limits imposed by energy con-
servation. The local momenta at the point of in-

teraction are corrected for the beam deceleration
and fragment acceleration due to the Coulomb
fields. The spectra for all the stable or long-lived

isotopes of a given element calculated with this
model are surnrned together and then arbitrarily
normalized for comparison with the experimental
elemental spectrum.

The dashed curve labeled "a" in the N spectrum
of Fig. 3 represents a prediction of the fragrnenta-
tion model assuming that both beam fragments
remain free. The solid curve in that spectrum

FIG. 4. A comparison of the elemental spectra for the
reactions ' 0+ ' C, ' 0+ Al, and "0+ Ti at
EL ——141 MeV and OL ——15'. For each elemental prod-
uct, the three curves have been normalized to equal areas.

results from the same model under the assumption
that the unobserved fragment fuses with the target.
The major difference between these curves results
from the difference in Q values for the two
processes. Clearly, the data are better described by
the hypothesis that the unobserved fragment is
transferred to the target, although some small ad-
rnixture of the other process is possible. A similar
conclusion has been reached in a number of other
fragmentation studies. ' ' "' ' In particular,
several coincidence measurements' ' ' have shown
that the dominant fragmentation process leaves only
two bodies in the final state. Hence, . all the other
curves are calculated assuming only two bodies in
the final state.

The dashed curve labeled "b" in Fig. 3 shows the
predictions of the fragmentation model exactly as it
was formulated in Ref. 3. The solid curve in that
spectrum and all the other smooth curves in Figs.
1 —3 include an additional refinement, a fusion bar-
rier between the unobserved fragment and the target
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been normalized so that there are equal areas under
the curves for )he three targets. The spectra gen-

erally look remarkably independent of target, anoth-
er indication that the spectral shapes are determined

largely by the velocity of and momentum distribu-
tions within the projectile. The target dependences
of the high energy sides of the N and C spectra
probably represent kinematic recoil effects. The low

energy tails from the ' C target arise from evapora-
tion residues following ' 0 + ' C fusion.

IV. DISCUSSION

0,4
0

I . I . I . I I . I . I ~ I

IO 20 30 40 0 I 0 20 30 40
e lob eiob

FIG. 5. Angular distributions of the products of the
' 0+ Al reaction at 72 and 141 MeV separated by ele-

ment. The results of the model discussed in the text are

displayed as smooth curves.

The fragmentation model can also be compared
with the measured angular distributions as shown in

Fig. 5. The theoretical curves have been summed
over the stable isotopes and then normalized for
each Z group. It can be seen that the agreement in

shape is quite good at 141 MeV. At 72 MeV the
experimental angular distributions are somewhat

with

of ——ms (1 —Vs/E),

Vs ——(ZIZ2e )l(rs + 2.8 fm),

nucleus. Although the efFect of the fusion correc-
tion is not large, it has been included, since
fragmentation-fusion appears to be the dominant
process.

The fusion correction is based on the classical
barrier formula,
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The constants were selected to reproduce the fusion
systematics for light systems.

It is clear from Figs. 1 —3 that the fragmentation
model reproduces the general behavior of the ob-
served continuum peaks. There are no parameters

. in the model fitted to the data. The agreement is
better for the heavier fragments, while the widths of
the lighter fragment peaks are somewhat overes-

tirpated. Perhaps the binding energy prescription
overestimates the fragment momentum distributions

when the binding energy is large. The
predicted spectra are closer in width to the mea-
sured ones for ' N projectiles which are less tightly
bound.

To investigate the target dependence, the ' 0 frag-
mentation spectra at 141 MeV are compared on tar-

gets of ' C, Al, and Ti in Fig. 4. The data have
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FIG. 6. (a) A comparison of the relative distributins
of the angle-integrated fragmentation cross sections as a
function of atoxnic number Z for ' 0 and "0 projectiles
at 72 MeV. {b) A similar comparison for ' 0 projectiles
at 72 and 141 MeV.
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steeper than the calculated ones. A comparison of
Figs. 2 and 3 shows that the fragmentation model
agrees somewhat better with the spectral shapes at
the higher beam energy as well.

A comparison of the angle-integrated total frag-
mentation cross sections is also instructive. In the
lower half of Fig. 6 the relative elemental yields for
' 0 fragmentation are compared for beam energies
of 72 and 141 MeV. The two distributions are rela-

tively similar, with, perhaps, a slightly larger frac-
tion of lighter fragments at the higher energy. The
relative elemental yields for ' 0 and ' 0 fragmenta-
tion at 72 MeV are compared in the upper half of
Fig. 6. The yield of C isotopes is greater for ' 0
projectiles at the expense of all the other elements.
This is presumably due to the significantly lower
' C + a breakup energy compared to the other
channels.

Certain fragments have not been counted in this

experiment. The yield of ' 0 fragments is expected
to be strong from the ' 0 beam, but they were not
adequately separated by the MZ identification. The
general trend in Fig. 6 is an even-odd effect modu-

lating a declining yield with decreasing Z. The
even-odd effect is presumably due to the more
favorable Q values for even Z-even N fragments. If
Be had been detected, the Be yield would almost

certainly have been larger than its neighbors. Final-

ly, the light ions have not been included because of
the problems of kinematically separating fragmenta-
tion and evaporation products and of possible dou-

ble counting.
With these qualifications the total fragmentation

cross sections for 3 & Z & Zz —1 are compared in

Fig. 7. A previous result for ' N projectiles is in-

cluded. The less tightly bound ' N nucleus frag-
ments more readily than ' 0 or ' 0 with 10 MeV
more energy. Most spectacular is the five-fold in-

crease in cross section for ' 0 fragmentation when

the beam energy is doubled. Even though they are
lower limits for the total fragmentation yield, the
values in Fig. 7 represent significant fractions of the
total reaction cross section, especially at 141 MeV.

The rapid rise in the ' 0 fragmentation yield oc-
curs over an energy range in which the fusion cross
section for comparable systems has leveled off.
Hence, the fragmentation process becomes an in-

creasingly important competitor with the fusion pro-
cess at beam energies above 100 MeV.
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FIG. 7. A comparison of the total observed fragmen-

tation cross sections for fragments with 3 & Z & Zb„.
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CONCLUSIONS

This work gives further evidence of the
widespread occurrence of projectile fragmentation
and of its importance in the overall picture of
heavy-ion reactions. A simple parameter-free frag-
mentation model provides a reasonably good
description of the spectral shapes and angular distri-
butions of the particles lighter than the ' 0 and ' 0
beams. The agreement is better at the higher in-

cident energy. The shapes of the ' 0 fragmentation
spectra are almost completely independent of target,
confirming that they are determined largely by the
projectile vertex in the reaction.

The ' 0 fragmentation yield rises spectacularly
with increasing beam energy. It increases five-fold

to over 350 mb when the incident energy doubles.
Hence, the fragmentation yield grows rapidly as an

important part of the total reaction cross section
while the fusion yields remains stagnant or falls.
There is increasing evidence that fragmentation and
fusion are the principal competitors in the heavy-ion
reaction process.
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