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to the superspace. Such localized configurations
could then help our understanding of quark con-
finement" and hadromc matter (bags). These
solutions could also shed light on the bubble for-
mation in early universe.
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Note added. —After completion of this manu-

script I learned that S. Cardy (University of Wash-

ington, Seattle) has also found finite-energy soli-
tons and arrived at similar conclusions.
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Fusion excitation functions for the systems Ar+" "6 '22Sn and 4 Ar+' ' '~4Sm

have been determined, covering cross sections ranging from several hundred millibarns
down to the microbarn level. The data are interpreted with a fusion model that includes
fluctuations of the barrier with an amplitude that is shown to be correlated with the col-
lective surface properties of the nuclei. There is no need to assume an additiona1. en-
hanced tunneling process.

PACS numbers: 25.70.Bc, 21.60.Ev, 25.70.Fg

Mechanisms influencing the fusion of massive
nuclei at energies in the threshold region are
still insufficiently understood. Vaz, Alexander,
and Satchler' have pointed out that for energies

below the experimentally determined s-wave
barrier, the observed cross sections were sys-
tematically larger than expected from conven-
tional one-dimensional barrier penetration mod-
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els. A scaling of this observation with the mean
reduced curvature radii of the dinuclear system
at "contact, " i.e., with the size of the opposing
nuclear surfaces, was suggested by Jahnke et al. '
A global effect, such as the formation of a "neck"
between the nuclei, was proposed, "that could
introduce a new degree of freedom allowing by-
passing of the restrictions of frozen-shape nu-
cleus-nucleus potentials. On the other hand more
sPecific correlations of the fusion probability
near threshold with nuclear deformability and
static deformation, ' ' as well as with the presence
of valence neutrons, ' have been reported.

In this Letter we present a comparative study of
"Ar-induced fusion reactions using various Sn
and Sm isotopes as targets. The measured fusion
cross sections, which cover a range from sever-
al hundred millibarns down to the microbarn
level, can be described by assuming the exis-
tence of a barrier fluctuation with an amplitude
that is correlated with well-known collective sur-
face properties of the nuclei.

Beams of 4'Ar varying from 3.2 to 4.5 MeV/u
were provided by the UNILAC accelerator at the
Gesellschaft fur Schwerionenforschung, Darm-
stadt. Isotopically enriched targets of '"' '"' "'Sn
and "'"""Sm, 100 p, g/cm' thick and on carbon
backings of 40 pg/cm', were used. Except for
"'Sn (1.3/0 '"Sn) and '"Sm (97.7%), all targets
had isotopic impurities of about 0.1/p.

Two methods were applied to measure the evapo-
ration residue cross sections. In method A,
evaporation residues emitted in a forward cone
of +I.5 were separated from the projectile beam
and other reaction products by the velocity filter
SHIP' and were mass analyzed with use of time-
of-flight signals and energy signals from the im-
plantation of the evaporation residues into a solid-
state detector array. In method B the evapora-
tion residues were stopped in thin Al catcher
foils and the y as well as the characteristic K
x rays were counted in multiscaling mode over
a period of several days. " Catcher foils and x-
ray activation were also used to determine the
transmission through SHIP. By a comparison of
the results from methods A and B, to be de-
scribed elsewhere, ' a consistent set of cross sec-
tions with an estimated overa. ll accuracy of 15U/0

could be determined.
In the course of this work we have come to re-

measure and revise some of the data in Ref. 3.
In general the older data could be well repro-
duced, except for the "Ar+'"Sm system where
we found cross sections that were up to 30%

smaller for the higher energies. The difficul-
ties in the earlier work probably resulted from
unexpectedly large target inhomogenities.

As in Ref. 4 we have measured fission cross
sections with an ionization chamber. The fission
decay branch, important for the Sm isotopes, '
was found to be less than 20% at the highest beam
energies for the tin isotopes and rapidly decreas-
ing with energy. More details will be given in
Ref. 9.

Results for the total fusion cross sections are
shown in Fig. 1. The data have been corrected
for finite energy resolution; the energy scale is
estimated to be accurate within 0.4 MeV. In Fig.
1 the ordinate and abscissa hold for the heavier
of the Sm (4 =154) and Sn (& =122) isotopes which
are used as "references. " For the lighter iso-
topes the following reduced fusion cross sections
have been plotted:
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FIG. 1. Fusion excitation functions for the systems
Ar+'"' Sn ' 4' "Sm. The ordinate and abscissa

for the systems 4 Ar+" Sn, 44 Sm have been reduced
as explained in the text. The fuH curves are conven-
tionally calculated fusion excitation functions with a
nuclear potential fitted in the energy range above the
average fusion barrier.

where V~ and A~ are the barrier height and ra-
dius, respectively, calculated using the proximity
potential, "and the index zero indicates the refer-
ence isotope. The central radii to be used in the
potential of Ref. 10 were calculated according to
a droplet-model procedure" which reproduces
rather well measured global isotopic trends in
nuclear radii. This reasonably model-indepen-
dent reduction serves to eliminate expected
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"macroscopic" differences in the nucleus -nucleus
potentials at the barrier due to the general in-
crease of nuclear radii with mass. Use of other
potentials discussed in Ref. 1 resulted in relative
shifts of typically 0.2 MeV.

The cross-section "enhancement" is illustrated
by comparison with a conventional barrier-pene-
tration calculation (full curves) for the reference
isotopes using an adjusted potential (see below).
All excitation functions have two features in
common: They tend to merge above the 200-mb
level, and they have at sufficiently low energies
approximately the same "universal" slope. The
dotted lines in Fig. 1 have the same slope as the

calculation and are simply displaced by a fixed
energy relative to the full curves. In the follow-
ing we shall discuss this displacement, which is
constant for the Sn isotopes, but varies for the
Sm isotopes, in terms of an effective potential
model that includes a fluctuation of the fusion
barrier with an amplitude that will be shown to
be correlated with the collective surface proper-
ties of the partially excited nuclei. This model
allows a description of the fusion excitation func-
tion over the entire measured energy range in
terms of two parameters only, the average bar-
rier Vs and its standard deviation v(Vs).

More explicitly, the effective nuclear potential

used was of the simple radial form"'"

V(s) = V„R„exp(-s/d)

with s =r-(R, +R,) and R„=R,R,/(R, +R,). The
average values of the central radii B„R,were
deduced from published rms radii reduced" by
the influence of the finite "skin" thickness and

the static deformation (for '"Sm). The diffuse-
ness d was fixed at 0.75 fm. " The barrier pene-
tration was calculated with the WEB method. The
known static deformation of '"Sm was taken into
account by generalizing Eq. (1) to ellipsoidal
shapes and averaging the cross sections over all
orientations of the symmetry axis relative to the

beam axis. ' The Coulomb potential included
monopole and quadrupole terms. For any set of
parameters V„, R, +A„and d the value of the
barrier can be obtained by simply using Eg. (1).
In particular, to an assumed Gaussian distribu-
tion of the sum of radii with a standard deviation

o(R, +R,) around its average value (not including
the contributions from orientational fluctuation),
there will be a corresponding distribution a(Vs)
of the barrier heights and the resulting excitation
function will be obtained by a weighted superposi-
tion. The data were least-squares fitted by ad-
justing V„and o(R, +R,). As examples, Fig. 2

shows for a "spherical" ("'Sn) and for a statical-
ly deformed ("4Sm) target nucleus the results of

such two-parameter fits (full curves) to the data.
The measured cross sections are well described
over the available 5.5 orders of magnitude.

The parameter values, summarized in Table I,
include results from fits of similar quality to the
"0+' ' "'Sm data of Ref. 3, and were found to
be insensitive to (a) a modification of d by 20%

TABLE I. Barriers VB(+ 0.5 MeV) and their relative
standard fluctuation 0(VB) deduced from the fusion
data. The corresponding surface-to-surface fluctua-
tions 0 (R,+R,) are compared to the fluctuations 0, p
expected from vibrational zero-point motion.

10 ~
i

100
I ) I I

110 120 130 140 System
V~

(Mev)
~(v, ) ~(z,+a, ) ~»(a,+z, )

(%) (%) (%)

E (hheV}
C fTl

FIG. 2. Various calculations for the systems Ar
+' Sn and 4 Ar+'5 Sm made in an effort to parametrize
and interpret the measured (symbols) fusion excitation
functions. The full curves are two-parameter fits to
the data, the dashed curves are calculations with the
same nuclear potential, but without barrier fluctuation
and static deformation. The other curves are explained
in the text.

40Ar+»&Sn
40Ar+ 116Sn

40Ar+ '22Sn

40Ar+ 144Sm

40Ar+ 148Sm

40Ar+ 154Sm

160+148Sm

'60+ "4Sm

109.1
108.3
107.2
130.2
129.4
129.3
60.25
59.9

4.0
3.9
3.9
3.4
4.3
3.75
2.9
2.2

4.7
4.6
4.5
3.9
4.9
4.2
3.6
2.8

4.85
4.95
4.85
4.4
5.0
3.8
4 5
2.3
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(with readjusted V„) and (b) a replacement of the
"radii fluctuation" by a "diffuseness fluctuation, "
showing that the origin of the barrier fluctuation
need not be fully understood to deduce it experi-
mentally.

In Fig. 2 we illustrate for the "'Sn target how
the introduction of a barrier fluctuation phenom-
enon influences the general behavior of the ex-
citation function. If we first shut off the tunneling
process in the calculation, we obtain the left-
hand dotted curve, which fails to describe the en-
ergy range marked "T"below the millibarn level,
but describes well the range above it. Therefore,
in our model, information on the "pure" barrier
penetration process can only be obtained from
the very-low-cross-section data in the range T.
If we also shut off the fluctuations (right-hand
dotted curve), we can still describe the data in
the "classical" range marked "C". It can be fur-
ther shown that in this classical range the data
are totally insensitive not only to barrier pene-
tration, but also to the assumed amplitude of the
barrier fluctuation. The latter is determined
rather well from the intermediate "fluctuation"
range "F," once V~ (or equivalently in our model.
V„) has been fixed by the data in range C.

For '"Sm we have also plotted a curve showing
separately the effect of the "orientational" fluc-
tuations, i.e., the static deformation (dash-
dotted curve). The dashed curves represent the
conventional calculation without static deforma-
tion and "vibrational" fluctuations. They are
identical to the full curves in Fig. 1.

Following the ideas of Esbensen, " "vibrational"
fluctuations in V~ are due to the fluctuation of
the surface-to-surface distance originating from
the collective vibrational motion of the nuclear
surfaces. In this case the quantity o(R, +R,)
should have a direct link to the collective vibra-
tional model. In fact, the zero-point standard-
fluctuation width o, (R) of the nuclear radius is
simply related to the "isoscalar deformation
length" PR determined in the analysis of inelastic
scattering experiments by o(R) = PR/(4~)' ', Ref s.
12 and 13. Thus, for the estimate of the surface
to surface fluctuations, deformation lengths
were taken from (o., n') or (d, d') inela. stic scat-
tering studies when available, or else they were
obtained from published I3(FI ) values with the
assumption of equal deformation lengths for the
charge and mass distributions. Only quadrupole
and octupole vibrational transitions to the ground
state with energies less than 3 MeV were in-
cluded, since a classical estimate of the time
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spent in the vicinity of the barrier in a fusion
reaction just above the barrier suggested that
vibrational modes with energies of 6-7 MeV or
more would be "averaged out. " A check of the
adiabatic cutoff frequency by future dynamic cal-
culations will be interesting. Octupole and quad-
rupole vibrational modes were added incoherently.

The resulting relative standard zero-point vi-
brational fluctuations are included in the last
column of Table I. They are consistent in detail
with the values deduced from the fusion-barrier
fluctuation, both having an estimated accuracy of
about 10/p. A closer inspection also shows that
(1) among the Sm isotopes it is the transitional
nucleus '"Sm which has the largest fluctuation,
and (2) the fluctuation is larger for "Ar- than
for "0-induced fusion. The latter observation is
at least in part connected with the availability of
a low-lying 2' state (1.46 MeV) in "Ar, but not
in "O. Further, one expects an increased vibra-
tional excitation at the barrier in the reaction
with the more massive projectile.

In conclusion, we suggest that the apparent
"subbarrier enhancement" of fusion cross sec-
tions is due to a dynamic barrier fluctuation
caused by orientational and vibrational fluctua-
tions of the surface-to-surface distance at the
barrier. The amplitude of this fluctuation is con-
sistent with mell-known deformation lengths de-
duced from collective-model analyses of data on
inelastic heavy-ion scattering to low-lying quad-
rupole and octupole states. The resulting excel-
lent reproduction of the fusion data shows that
there is no need to invoke additional degrees of
freedom such as neck formation.
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Three different experimental groups have recently published the results of their in-
vestigations on highly interacting relativistic nuclear fragments (denoted as "anom-
alons"). These results are combined to form an anomalon data base, and then y anal-
yses are used to demonstrate that the anomalon mean free paths are Z dependent. It
is also demonstrated that these anomalon mean free paths lie on the boundary that de-
lineates the "domain of nuclear forces."
PACS numbers: 25.70.Bc, 21.10.Ft, 21.60.Qx

When relativistic nuclei are incident on emul. -
sions, some projectile fragments are observed' '
that have anomalously short mean free paths, a
factor of 5 or so shorter than the mean free paths
(mfp's) for uncollided beam particles with the
same energies and Z values. Furthermore, this
anomalous behavior persists through successive
cascade fragmentations in the emulsion, as a sort
of "memory" effect. ' These strongly interacting
nuclear fragments are now denoted as "anoma-
lons, "' and they have been observed in statistical-
ly significant quantities in three recently reported
experiments: two experiments performed at the
Bevalac,"and one high-altitude-balloon cosmic-
ray experiment. '

The crucial question posed by these anomalon
experiments is the following: Can the very short
anomalon mfp's be accounted for by "convention-
al" nuclear physics, or must some new type of
interaction be invoked~ In order to answer this
question, we must define the "domain" encom-
passed by conventional. nucl. ear physics. We
should al.so attempt to obtain all possible informa-
tion about the Z dependence of the anomalon
mfp's, since a nuclear physics explanation sug-
gests a nuclear physics type of Z dependence,
whereas a more radical. expl. anation' might in-
vol.ve a totally different Z dependence. The anom-
alon X' anal. yses carried out to date" have been
based for simplicity on the assumption of a Z-
independent anomalon mfp.

The Z-dependent mfp's for unco llided rel.ativis-
tic beam projectile nuclei (2 GeV/nucleon) are

customarily expressed' in terms of the equation

z, (z)=Az ',
which is valid over the range Z = 2 —26 where the
approximation A. = 2Z applies. Experimentally, ' '
A = 25-32 cm, and b =0.34-0.44. For geometric
cross sections, we would have b =-, in Eq. (1).
The smaller values for b that are obtained ex-
perimental. ly are indicative of "shadowing" or
"transparency" effects' in the projectile nucl. eon
cluster. A completely unscreened collection of
nucleons would correspond to the value b = 1.
Thus we see that the slope parameter b in Eq. (I)
functions empiricall. y as a nuclear screening co-
eff icient.

In analogy to Eq. (I), we parametrize the anom-
nlon Z dependence as

x(Z) =x,(2Z) ' = Z A

where X, and b are determined by means of y'
fits to the anomalon data base.

We can roughl. y define the domain of nuclear
forces in the following manner. Asymptotically,
the high-energy nucleon-nucleon cross section,
a„, corresponds to a mfp in nuclear emulsions,
A.„, of 36 cm. ' Since the general effect of com-
bining several. nucleons together is a reduction
in the average nucleon interaction cross section, '
a collection of A nucleons that operates under
conventional nuclear forces will have an effective
total. interaction cross section

cr, -Aa„,
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