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The anomaly associated with mean free paths of projectile fragments observed in rel-
ativistic heavy-ion collisions is interpreted in terms of nuclear size, isotope, and struc-
ture effects. This interpretation relies upon the existence of quasibound quasimolecular
states, predicted by many nuclear-structure calculations.

PACS numbers:

Several analyses' of high-energy cosmic-ray
tracks in nuclear emulsions have indicated that
the mean free paths (mfp) A, of projectile frag-
ments (PF, i.e., secondary nuclei) near the points
of origin are shorter than the mfp A, of the corre-
sponding primary nuclei. Recent experimental re-
sults®® obtained with use of the Lawrence Berke-
ley Laboratory Bevalac with primary beams of
kinetic energies near 2 GeV/nucleon have con-
firmed that a statistically significant difference
does exist.

The presence of anomalous behavior (some-
times referred to as “anomalons”) has also been
ascertained by a careful reanalysis of cosmic-ray
data by Barber, Freier, and Waddington.* In
Fig. 1, we show their results for the mfp of pri-
mary and secondary nuclei (measured over the
first centimeter of track from the points of ori-
gin), together with two Z =3, °Li primary points
obtained from a recent Bevalac measurement.®®
Using the results for Z=2 and Z=> 6, Barber,
Freier, and Waddington found that a power-law
relation, introduced in Refs. 2 and 3, of the form
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FIG. 1. Mean free paths A, and A;. The dashed line
represents a power-law fit to the primary data of Ref.
4. Experimental points shown are those of Refs. 4—6.
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with A =25.1+£1.7 cm and 6 =0.34+ 0.03 can be fit-
ted to their primary data quite well.

The salient features contained in Fig. 1 are as
follows: (i) The A, point for the charge group
with Z =3-5 lies appreciably below the dashed
line. (ii) For the charge group with Z =6-9, the
values of A, and A are statistically consistent
with each other. (iii) The value of A starts to be
marginally smaller than that of A, for the charge
group with Z=10-14. On the other hand, A, is
significantly smaller than A, for the groups with
Z=15.

We now show that, for an interpretation of these
features, it is important to consider the nuclear
size, isotope, and structure effects.

(A) Size and isotope effects.—1It is well known
that very light nuclei do not follow the systematic
behavior based upon observed properties of heav-
ier nuclear systems. This can be clearly seen
from Table I, where we list some values of the
rms matter radius R,,’ the radius parameter 7,
=R,/A"®, and the binding energy per nucleon Z,,.
Here one sees that the nuclei with Z=3-5 are
weakly bound and have rather large radii which
cannot be adequately characterized by an A/? law.
For example, the values of R, for °Li, °Be, and
'°B are close to the values for **N, '°0, and '*C,
respectively. At relativistic energies, reaction
cross sections depend mainly on the geometrical
sizes of the nuclei involved®; therefore, one
would expect the A, values for Li and Be to be con-
siderably smaller than estimates based on sys-
tematics as expressed by Eq. (1), obtained from
data on *He and Z > 6 nuclei.

As an illustration of the importance of the size
effect, consider the nucleus °Li. Since the reac-
tion cross section is close to the geometrical lim-
it, one should be able to estimate the value of A,
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TABLE I. Root mean square matter radius R, ra-
dius parameter 7, and binding energy per nucleon E|
for various nuclei.

R 0 ’V() E 0
Nucleus (fm) (fm) (MeV/nucleon)

‘He 1.47 0.93 7.1
6L 2.42 1.33 5.3
Li 2.37 1.24 5.6
9Be 2.61 1.25 6.5
10 2.27 1.06 6.5
2c 2.31 1.01 7.7
N 2.42 1.01 7.5
o) 2.60 1.03 8.0
28gj 3.00 0.99 8.5
323 3.15 0.99 8.5
Yca 3.37 0.98 8.6
58N 3.72 0.96 8.7

for °Li by setting Z =7 (corresponding to *N) in
Eq. (1) while correcting, at the same time, for
the fact that the nucleus °Li is somewhat surface
transparent to the hydrogen component in the
emulsion.® The result is

A,(Li) =13.7+£1.2 cm, 2)

which compares quite well with the preliminary
results of recent measurements (i.e., 14.5+ 1.0
cm from Ref. 5 and 14.1£ 0.7 cm from Ref. 6;
see also Fig. 1), and is much smaller than the
value of 17.3 cm calculated by using Eq. (1) with
Z =3.

In addition to nuclei within the valley of stability,
there may also appear in PF long-lived neutron-
rich isotopes such as °Li, '°C, and so on. Be-
cause of anticipated low abundances, the effect on
mfp arising from the presence of such isotopes is
not expected to be of major significance, especial-
ly when the Z value under consideration is not
too small.l® For example, in the Z =3 case, an
assumption of a 10% population for each of these
isotopes (°Li, °Li, and ''Li) will lead to only a
small decrease of around 0.3 cm for the mfp.

With size and isotope effects taken into account,
the estimated mfp in the Z =3 case is A~ 13.4
+1.2 em. Proceeding in the same way, we can
estimate the A values for Be and B. The result,
obtained by averaging over the observed distribu-
tion of Z=3-5 in Ref. 4, is

As(Z=3-5)=13.2+1.2 cm, (3)

a value which is not inconsistent with the meas-
ured value® of A;=10.1+ 1.5 cm.

Variation of A with distance D from the point
of origin (local-mfp effect) has also been report-
ed.>™ Within our considerations, this effect will
be rather weak for mixed-Z and mixed-A light
fragments. The difference in A values computed
for D less and greater than 2.5 cm is estimated
to be only a few tenths of a centimeter, in appar-
ent variance with the observations discussed in
Refs. 2 and 3. It should be pointed out, however,
that the existing sample sizes are fairly small,
and the data of Friedlander efal.? show, in partic-
ular, a somewhat weaker effect for the low-
charge group than for the higher-charge groups.
In addition, it is worth remarking that the latest
experimental results'! for Z =2 show no local-mfp
effect and the data of Barber, Freier, and Wad-
dington* for Z =6-9 show no significant difference
between A, and A;. Thus, in our view, an impor-
tant task would be to obtain accurate experimental
values of A, and A for the lighter nuclei so that
comparisons for individual-Z fragments may be
made.

(B) Structure effect.—For higher-Z fragments,
the anomaly seems to begin with the charge group
Z =10-14 and becomes more evident for larger
Z values. This Z dependence suggests that the
explanation for this anomaly lies in the structures
of the nuclei involved. We propose now that the
PF with anomalously short mfp or anomalons are,
in fact, shape isomers or quasibound quasimolec-
ular resonances (QMR) of rather low angular mo-
mentum. As has been found in many theoretical
studies,'? such long-lived (>10™'° sec proper time)
resonances are expected to exist in nuclear sys-
tems with Z= 12 and A = 24. In the following, we
shall specifically consider the nucleus %3S as an
example, since this particular nucleus has re-
ceived detailed attention from many research
groups.

Resonating-group'® or generator-coordinate'*
studies, constrained Hartree-Fock (HF) calcula-
tions,'®' and the microscopic @-cluster model'”
have all indicated that there should exist in %28
cluster states which are structurally very differ-
ent from the ground state. This is schematically
illustrated in Fig. 2 for a HF calculation con-
strained with respect to the c.m. separation dis-
tance. Here one notes that there are two minima
for the intrinsic energy, which support class-I
and class-II states of distinctly different struc-
ture. The ground 0" state, being a class-I state,
possesses little clustering correlations and is
only slightly prolate deformed. The class-II
states, related to the second minimum in the en-
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FIG. 2. Schematic diagram for the S intrinsic en-
ergy as a function of the c.m. distance.

ergy curve, consist of two types of resonances,
both with strong clustering features. The barrier-
top resonances'® (BTR) (sometimes also known
as orbiting or surface-wave resonances) have
short lifetimes and are responsible for the gross
structures in the excitation functions and back-
angle oscillations in the angular distributions.
The quasimolecular resonances'® (QMR) lie deep
in the energy pocket and constitute well-formed
rotational bands with large moments of inertia.
At present, the best quantitative study seems
to be that of Schultheis and Schultheis,'” utilizing
the microscopic a-cluster model. These authors
have performed an elaborate calculation with
variation after projection. The results they ob-
tained show a QMR band with the bandhead at an
excitation energy of 7.5 MeV and a rotational con-
stant of 77.7 keV. By studying the experimental
energy spectrum of 323, they have tentatively
identified the QMR 0", 2", and 4" states as the
states determined experimentally® with excita-
tion energies of 8.507, 9.065, and 10.276 MeV,
respectively. In addition, it was found that the in-
trinsic state has a strong degree of %0 + %0 clus-
tering, with the density distribution showing a
necked-in configuration. The intrinsic quadrupole
moment was calculated to have a very large value
of 208 fm?, corresponding to that of a classical
uniformly charged spheriod of axis ratio 2.3. The
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overlap between the intrinsic states for the QMR
band and the ground-state band turned out to be
very small, being only equal to 4x107°,

It is our belief that the QMR 0" state is likely
to be found in the 7-10-MeV excitation-energy
region. This implies that the QMR states are
stable against fission but are unstable against y
decay and light-ion emission. The lifetimes
should, however, be very long, since the light-
ion processes have to proceed below the Coulomb
and centrifugal barriers and all the transitions
(except transitions among class-II states which
are not of interest here) are additionally inhibited
because of the very small overlap between class-
I and class-II intrinsic states.

The necked-in density distribution and large in-
trinsic quadrupole moment indicate that the radi-
us of the *8 anomalon could be nearly equal to
twice the radius of an '°0O nucleus in its ground
state. In other words, this anomalon could be-
have as if it were as large as a rare-earth nucle-
us. Using again the geometrical argument for
the reaction cross section, one can then make a
crude estimate as to the fraction of anomalons
needed in order to explain the experimental find-
ings of Barber, Freier, and Waddington® for the
charge groups with Z> 15.* The result turns out
to be about 25%, which is not a small fraction,
but is by no means unreasonable.

Finally, we briefly discuss a possible mecha-
nism for populating the low-angular-momentum
QMR states in relativistic collisions. With the
knockout of a few nucleon clusters, a projectile
fragment, say *2S, remains. Let us now view the
peripheral interaction between this nucleus and
an emulsion target in the Lorentz frame of the
%28 nucleus. As the target nucleus moves by with
relativistic speed, the nucleons in the near side
of **S will experience, on the average, a substan-
tial transverse impulse. The result will be that
these nucleons acquire an appreciable transverse
linear momentum, but the amount of angular mo-
mentum transferred to **S perpendicular to the
reaction plane will be quite small. On the other
hand, because of the short range of nuclear
forces, the nucleons in the far side of %28 will be
much less affected. As a consequence, one ex-
pects that there should be an appreciable probabil-
ity for the excitation of highly deformed, low-
angular-momentum cluster states, such as the
QMR states.

Other attempts®72° to explain the anomalous
mfp have involved quark phenomena, or the exis-
tence of an exotic nuclear species with an almost
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toroidal spatial configuration. However, we sug-
gest here that, for Z <12, the observed behavior
of the mfp can be understood in terms of known
properties of the nuclei involved. For higher
values of Z, we believe that the anomalons pro-
vide the first experimental evidence for the exis-
tence of highly deformed quasibound states in
light nuclei, states whose existence has been pre-
dicted on strong theoretical grounds. Further
support of our explanation will require a quantita-
tive study of the production probability. Also,

it would be especially interesting to find other ex-
perimental evidence for the existence of these
states, such as the detection of delayed y transi-
tions between them and the class-I states.*”
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