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In the reaction 34-GeV ~60+Au Z, fragments with 6-Z~15 are emitted with higher
than geometric cross section and with a broad distribution of energies extending down
to -0.8 MeV/nucleon. Such low kinetic energies are far below the hard-sphere Coulomb
barrier and inay imply extreme distortions of a nucleus raised to high temperature by
the '60 ion.

Using Lexan track detectors, ' we have com-
pared the energy spectra and charge spectra of
low-energy fragments from a Au target bombard-
ed with 2.1-GeV/nucleon "0 ions and with 2. 1-
GeV protons at the Bevatron. In the "0 interac-
tions the yield of fragments with 6-Z-15 and
1 ~E-5 MeV/nucleon is an order of magnitude
higher, their charges and kinetic energies tend
to be lower, and their energy distribution is
broader than in the proton interactions.

Figure 1 shows the geometry of the detector,
which consists of two cones and a cylinder of
250- p,m Lexan polycarbonate surrounding an un-
backed 7.4-mg/cm' Au target. Tracks of frag-
ments originating in the Au and impinging on the
plastic can be studied as a function of angle to
the beam, from -5' to -60 and from -120 to
-175'. Because of self-absorption in the target,
we did not attempt to study tracks at angles of
60' to 120'. Following a three-stage process con-
sisting of initial chemical etch plus intense ultra-
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FIG. 1. Schematic diagram of the detector assembly.
A free foil of Au target 7.4 mg/cm2 thick was suspended
in a cylindrically symmetric assembly of 250-pm-thick
I exan polycarbonate track detectors and placed in a

„vacuum of -10 Torr.

violet irradiation plus final chemical etch, ' we
measure two parameters for each fragment that
can be related to its charge and energy: The
length of the conical pit produced in the initial
etch gives the etch rate, which is a measure of
ionization rate; the length of the narrow tail pro-
duced in the final etch gives the range of the par-
ticle. Separate calibrations with low-energy
beams of heavy ions permit range-etch-rate mea-
surements to be converted to charge and energy.
Particles with energies down to -0.8 MeV/nucle-
on can be identified in the interval 6 & Z&15, and
rough estimates of charge can be made for par-
ticles with energies down to -0.2 MeV/nucleon.
Our detector has a practical cutoff at low etch
rate: At -1 MeV/nucleon it is difficult to detect
fragments with Z &6; at -5 MeV/nucleon the min-
imum detectable charge moves up to -8. (By
modifying the etching conditions it is possible to
optimize the detector for lighter or heavier frag-
ments. }

The assembly was irradiated in the external
beam line in an 8-in. -diam target chamber evac-
uated to -10 Torr. With the assistance of H. H.
Heckman, D. Greiner, F. Bieser, and P. J. Lind-
strom, the "0 beam was monitored continuously
with a fast plastic scintillation counter -1 m
downstream from the target chamber; the counter
calibration was checked from time to time by ex-
posing 100-pm Ilford 65 emulsions to one or two
beam pulses. The proton beam was monitored
both with a secondary emission counter and ra-
diochemically using 'Be activation of a polyethyl-
ene target. The beam fluences were (1.7 +0.3)
x10M for "0and (2.08 +0.1) x10" for protons.

In both the "0 and proton irradiations, the an-
gular distribution summed over aQ energies and
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over charges 6 &Z &15 smoothly increases from
the backward to the forward direction. The ratio
of yields at 45' and at 135' is -1.75 for the &60

irradiation and - 2.0 for the proton irradiation.
The latter agrees with the ratio measured by
Poskanzer, Butler, and Hyde (PBH)' for frag-
ments with Z- 6 emitted in a 5.5-GeV proton
bombardment of a U target. Assuming an isotrop-
ic distribution in a center-of-momentum frame,
we infer mean components of velocity of -0.006c
to 0.008' in the forward direction for each irra-
diation.

The angular distribution of the more energetic
fragments (E -4 MeV/nucleon) is more strongly
forward peaked than that for all fragments, but
is still a monotonic function of angle. We find no
evidence in either the "0 or proton bombardment
for preferential emission at a Mach angle such as
would be expected if hydromagnetic waves were
being excited in target nuclei. 4

In Figure 2 we compare etch rate versus range
distributions of -300 fragments emitted at 45' to
the beam in (a) the "0bombardment and (b) the
proton bombardment. The same Au target was
used in both exposures. Lexan strips from the
two exposures were processed simultaneously
and analyzed in parallel. Fission fragment tracks,
which could easily be recognized because of their
high etch rate and short range, were excluded
from the sample of 300 tracks. The energy and
charge of each fragment can be estimated by re-
ferring to the curves in Fig. 2. Individual ele-
ments are not clearly resolved, presumably be-
cause of the broad distribution of isotopes emit-
ted. The data are not corrected for the finite
target thickness, which would shift the distribu-
tions toward higher energy by as much as -0.7
Me V/nucleon.

The two distributions differ distinctly. One can
see from the figure that the 300 fragments emit-
ted in the "0bombardment tend to have lower
energy and lower charge than those emitted in
the proton bombardment. When we break up the
data into energy distributions for the individual
charges, we find that for each charge (1) the
most probable energy is lower, (2) the distribu-
tion is broader, and (3) the minimum energy is
lower for the "0bombardment than for the pro-
ton bombardment.

At energies above -3 MeV/nucleon our proton
data are consistent with those of PBH. ' Because
of the finite thickness of their ~ detector, they
were not able to observe particles of lower ener-
gy and they would therefore have missed most of
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the events recorded in our "0bombardment.
The cross section for producing the sum of all

fragments in Fig. 2 is about 12 times higher in
the "0bombardment than in the proton bombard-
ment. The cross section for the proton bombard-
ment, when corrected for our cutoff at low etch
rate, is consistent with that measured by PBH'
for the same charges. When integrated over all
angles, the cross section for the "0bombard-
ment is higher than the geometric cross section
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FIG. 2. Track etching rate versus particle range for
fragments at 45 to the beam from (a) ~~0+An and (b) P
+Au. Fission fragments have been excluded. The
charge grid is based on a semiempirical fit to calibra-
tions with beams of low-energy 60, Si, Ar, and
~BFe ions. The vertical line shows the region accessible
to semiconductor particle identifier s.
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for "0+Au and implies multiple fragment emis-
sion. For Z -8, the ratio o("0)/o(p) = 25. With
increasing Z the ratio decreases, as can be seen
qualitatively in Fig. 2. For Z &12, o("0)/o(p) =3.
In a separate scan for fission fragments, we
measured o("0)/a(p) = 3, consistent with the value
of Katcoff and Hudis. ' The calculated ratio of
geometric cross sections is also -2.

The most striking features of our "0-induced
disintegrations are the low kinetic energies of
the fragments and the high cross sections for
their production, which are not understood in
terms of existing models of high-energy interac-
tions.

In previous studies of proton-induced fragmen-
tation of heavy nuclei, attempts have been made
to fit the energy distributions to an evaporation
model, but it has been necessary to include sev-
eral adjustable parameters to reproduce the po-
sition and breadth of the peak and the shape of
the high-energy tail. To match their most prob-
able energies, PBH' required an effective Cou-
lomb barrier, E,ff, which was about —,

' the value
calculated for a spherical fragment emitted from
a spherical nucleus.

Deficiencies of the evaporation model are more
severe when it is applied to our "0 data. E,ff
must be reduced to less than —', the hard-sphere
value, and the smearing of the peaks is much
more extreme than with the proton data.

We can perhaps understand qualitatively the
very low Coulomb barrier if the disintegrating
nucleus is extremely deformed, so that at scis-
sion the ejected fragment is far from the center
of the residual nucleus. If the Au disintegrates
into several fragments, their kinetic energies are
lowered both because of the reduced Coulomb
barrier and because of recoil.

We interpret our results as evidence that heavy
ions can deposit more energy in a nucleus than
can protons, resulting in higher nuclear temper-

atures. Considered as a liquid drop, the nucleus
has a surface tension that decreases with in-
creasing temperatures and may vanish at a criti-
cal point in the vicinity of the Fermi tempera-
ture. ' With reduced surface tension, the fissil-
ity increases and multiple fragment emission at
low kinetic energies becomes possible.

Until heavy-ion beam intensities can be in-
creased by about a factor of 10' and other parti-
cle identifiers can be developed with much thinner~ detectors, the present technique with plastic
detectors appears to be unique. With a sandwich
geometry we plan to look for direct evidence of
multiple fragment emission by a single nucleus.
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