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Double-differential cross sections have been measured for high-energy p, d, ¢, °He,
and ‘He particles emitted from uranium targets irradiated with *’Ne ions at energies of
250, 400, and 2100 MeV/nucleon and “He ions at 400 MeV/nucleon. By using the shape
and yield of the proton energy spectra, the shape and yield of the d, ¢ , 3He, and ‘He en-
ergy spectra can be deduced at all measured angles for all incident projectile energies
by assuming that they are formed by a coalescence of cascade nucleons, using a model
analogous to that of Butler and Pearson, and Schwarzschild and Zupancic.

Recently, we presented the energy spectra and
the angular distributions for *He and “He frag-
ments from uranium and silver targets bombard-
ed with relativistic heavy ions.! The cross sec-
tion for these high-energy products were two and
three orders of magnitude higher than those found
for proton-induced reactions at comparable inci-
dent velocities. The larger yield of high-energy
*He, as compared to that of *He, raised doubts
whether there was a common reaction mechanism
which could explain both production processes.

In high-energy proton-induced reactions, the ob-
servation of deuterons was explained by Butler
and Pearson?® as the coalescence of cascade nu-
cleons. This model, which was modified by
Schwarzschild and Zupancic,® assumes that among
the many knock-on cascade nucleons there will be
pairs that have small relative momenta. These
nucleons can form a deuteron by interacting with
each other and with the nuclear field to which the
excess momentum and energy are transferred.
The model thus relates the energy spectra of the
emitted complex particles to the proton and neu-
tron spectra. We propose a slightly modified ver-
sion of this model to explain our data on the high-
energy light fragments emitted in relativistic hea-

vy-ion reactions. Since the energy spectra and
angular distributions of the emitted composite
particles fall off more steeply than those of the
nucleons in a manner consistent with this model,
it is important that calculations of nuclear mat-
ter ejected in relativistic heavy-ion collisions
only be compared directly to data for the emis-
sion of nucleons, but not of the composite frag-
ments.

Experimentally, we have measured the energy
spectra from 30 to 120 MeV /nucleon at several
laboratory angles for protons, deuterons, tritons,
*He, and *He emitted from uranium bombarded
with 250-, 400-, and 2100-MeV /nucleon °Ne
beams and a 400-MeV /nucleon “He beam from
the Bevalac. The charge and mass of the hydro-
gen and helium isotopes were identified in a AE -
E telescope, consisting of a 2-mm-thick silicon
AE counter (300 mm?) and a 10-cm-long plastic
scintillator (Pilot B, coupled to a 2.5-cm-diam
phototube) as an E detector. The natural uranium
target had a thickness of 240 mg/cm? and its nor-
mal was 55° to the beam. The energy of each par-
ticle was determined from its energy loss in the
silicon AE counter after the particle charge and
mass were determined using a two-dimensional
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contour display of the analog particle identifica-
tion function verus the energy loss in the plastic
scintillator. The relative cross sections, which
are accurate to within 20%, were obtained by
normalizing to a monitor telescope fixed at 90°
with respect to the beam. The absolute cross
sections were obtained by normalizing to previ-
ously measured data.*

Double-differential cross sections for the vari-
ous emitted particles are presented in Figs. 1
and 2. Although many more angles have been
measured, only some of the spectra are shown.
Similar to the *He- and '*O-induced reactions,!
the energy spectra of all products are smooth
and show no peaks. The slopes of the energy
spectra become steeper with increasing angle and
also with increasing mass of the emitted particle.

Schwarzschild and Zupancic® predict that the
deuteron density in momentum space is propor-
tional to the proton density times the probability
of finding a neutron within a small sphere of ra-
dius p, around the proton momentum. A straight-
forward generalization to more complex particles
in the limit of low density in momentum space and
and high multiplicity leads to

a*n(N) 1 d®n d*n dn AUhE
z REVIPY ( 2 ry ‘}’Po> . (1)

p2dpdQy  N!'p2dpdQ\p?dpdQ 3
N is the mass number of the emitted fragments,
p is the momentum per nucleon, d?n/p%dp dQ is
the number of nucleons per event per unit ele-
ment of momentum space, d*n(N)/p3dp dQ is the
number of coalesced clusters with N nucleons per
event per unit element of momentum space, and
vy =[1+(p%/m?)]V2 where m is the nucleon mass.
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FIG. 1. Double-differential cross sections for frag-
ments from the irradiation of uranium by 400-MeV/nu-
cleon *°Ne ions.
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We apply this formalism to heavy-ion-induced
reactions assuming that the protons and neutrons
have the same momentum distribution and that
their relative yield is equal to the neutron-to-pro-
ton ratio in the projectile plus target. We get

d*o(x,y)
dE d§2
- (dzo(prot)> Xy K(x,y 2)
dE d§ {m[E (E +2m)|V3 71>
_ 4ﬂp03)x+3“'1 1 (N +N.\?
K(x,y)—< 30, x!y!\Z,+2,) ’ @)

where E is the laboratory kinetic energy per nu-
cleon, x is the number of protons and y is the
number of neutrons in the cluster, N, and Z, are,
respectively, the neutron and proton number of
the projectile, and N, and Z, are, respectively,
the neutron and proton number of the target. The
quantity o,, the nucleus-nucleus total reaction
cross section calculated by Karol,® is 4.1 b for
2°Ne + U and 2.6 b for *He + U.

In Fig. 3 we show the measured double-differ-
ential cross sections for d, t, *He, and *He as
compared to the calculations based on Eq. (2) and
the measured proton spectra shown in Fig. 2.

For each projectile, incident energy, and frag-
ment we extract one value for p,, the radius of
the momentum sphere for coalescence. These
values are listed in Table I. The values are
much smaller than those found in Ref. 3 and are
of reasonable magnitude since they are a fraction
of the Fermi momenta of the clusters. This sim-
ple phase-space calculation of coalescence in-
volves only one adjustable parameter for each
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FIG. 2. Double-differential cross sections for pro-
tons emitted from the irradiation of uranium by 2'Ne
ions at 250 and 400 MeV/nucleon.
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FIG. 3. Experimental points and calculated lines for
the double-differential cross sections of fragments
from the irradiation of uranium by **Ne ions at 250
and 400 MeV/nucleon.

fragment, the value of p,, for calculating the ab-
solute cross sections, energy spectra, and angu-
lar distributions. The p, values are remarkably
uniform, even though absorbed into this parame-
ter are the many factors, including correlations,
not explicitly accounted for in this very simple
model.

In conclusion, we have found strong evidence
for final-state interactions in the production of
high-energy fragments (30 to 120 MeV /nucleon)
in relativistic heavy-ion-induced reactions. This
result could suggest that future work concerning
the possible detection of density effects in these
collisions should concentrate on the nucleon and
meson spectra since the energy spectra of the
composite particles can be obtained from Eq. (2)
and are shifted in energy and angle relative to
those of the nucleons. On the other hand, we
have data showing that the particle multiplicity
increases with the size of the fragment. Thus the
observation of the larger composite particles
might be a way of selecting central collisions and
may be a sensitive probe of density effects. We
do not, however, have an understanding of the de-
tailed mechanism leading to coalescence. Equa-
tion (2) leads to a different fragment energy de-
pendence from that found in the original work of
Butler and Pearson.? Further theoretical work
is needed to understand the difference between

TABLE I. Radiusp, (MeV/c) of the momentum
sphere for coalescence,

d ¢ He ‘He
ONe +U
250 MeV/nucleon 126 140 135 147
400 MeV/nucleon 129 129 129 142
2.1 GeV/nucleon 106 116 106 118
‘He +U
400 MeV/nucleon 126 127 127 132

the two models. Earlier experimental results of
Crawford et al.® on high-energy boron to oxygen
fragments are also consistent with this model.
The high-energy tails in the energy spectra of
helium to beryllium fragments from uranium ir-
radiated by 5-GeV protons’ can now be under-
stood by this mechanism with a reasonable value
of p, of about 140 MeV/c. This eliminates the
previously postulated apparent temperatures of
20 MeV needed to explain these tails. This mod-
el could also aid in the understanding of the scal-
ing effect seen in the production of d, ¢, 3He, and
“He by high-energy pions and protons.®
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New Resonances in the Low-Energy 2C-'2C Spectrum*
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Angular distributions of transitions to low-lying states in 2'Ne have been measured for
the reaction 2C(2C, o) in 62.5-keV steps for 6.5<E__, <11 MeV. Two new nonstatisti-
cal structures are identified at E.__ =7.71 and 9.84 MeV, with J"=4* and 8*, respec-
tively. These observations support the quasimolecular interpretations of the low-energy

structure in the 2C-'2C interaction.

The resonances in the low-energy '2C-'2C in-
teraction, first observed some fifteen years ago
and postulated to result from the formation of nu-
clear molecules,’ have been a subject of continu-
ing interest and speculation. The sustained inter-
est results from the general agreement that the
sub-Coulomb structures reflect a new type of nu-
clear interaction; this interest has been height-
ened recently through the discovery of additional
possible quasimolecular structures at much high-
er excitation in the nuclear continuum? and by a
growing realization that this type of interaction
may be a more general feature of heavy-ion in-
teractions than had earlier been suspected. The
importance of the *2C + *C system in nuclear as-
trophysics and the crucial role of the possible
resonant structures in determining the extrapola-
tion of the interaction from the measured ener-
gies to thermonuclear ones provide additional mo-
tivation for study of this particular system.

Theoretical efforts to reproduce the sub-Cou-
lomb structure in the *2C +2C system have pro-
ceeded along several distinct lines. The earliest
works™** discussed the sub-Coulomb structures
in terms of single-particle resonances in an ef-
fective '2C +2C potential. Imanishi® found that
the energies and widths of the then known reso-
nances could also be reproduced by a model in
which carbon-carbon quasimolecules were formed
as a result of the coupling between the elastic
channel and inelastic excitations. The failure of
these early models to account for the subsequent
observation®~® of additional lower energy struc-
tures implied that a mechanism with additional
degrees of freedom was required. A suggestion
by Michaud and Vogt® that the resonances result-
ed from the formation of intermediate o clusters
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satisfied this requirement; and it also offered an
appealing explanation of some observed exit-chan-
nel branching ratios. Besides encompassing
qualitatively the presence of additional resonanc-
es, the o clustering in the Michaud-Vogt model
leads to an optical potential which supports “ab-
sorption under the barrier,” thus profoundly af-
fecting the estimates of stellar carbon burning
rates.

Several recent calculations'®~'? have revived
interest in the nuclear molecule models by show-
ing that they can indeed accommodate a large
number of resonances. A noteworthy aspect of
these new calculations with Imanishi-type models
is that the increase in barrier penetrability at en-
ergies of astrophysical significance results from
the presence of isolated resonances, rather than
from absorption under the barrier. Furthemore,
at higher energies, new resonances are predict-
ed, the presence or absence of which would test
the validity of the model calculations.

The purpose of the present work is to deter-
mine, in particular, whether there exists a group
of resonances with J"=4*,6*, and 8%, as predict-
ed by Kondo, Matsuse, and Abe'! betweenE
=T and 8 MeV. Previous measurements in this
energy region include elastic scattering®~!® and
also a study'® of o particle and proton yields at
two angles. The latter work reported a reso-
nance of unknown spin at E ;, =7.55 MeV.

We have measured angular distributions as a
function of beam energy for the reaction 2C(*2C,
a) populating the low-lying levels of *°Ne. Data
were obtained at 5° intervals in 125-keV steps
over the range 10°< 6, < 80° and 13< E, < 22
MeV (above 18 MeV, measurements were also
made at 6,,,=5°). The targets were 30 ug/cm?



