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Probing the quantum-mechanical equivalent-photon spectrum for electromagnetic dissociation
of relativistic uranium projectiles
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Electromagnetic fission cross sections for the reactions U1 ~Be, C, Al, Cu, In, Au, U! at E/A 5 0.6 and 1.0
GeV are compared to theoretical calculations using recently proposed quantum-mechanical equivalent-photon
spectra. In contrast to semiclassical calculations, systematically lower cross sections are obtained that cannot
reproduce the experimental results. Since electromagnetic fission cross sections are virtually independent of the
excitation of the double giant dipole resonance~DGDR!, this conclusion is not influenced by the strength of the
DGDR. @S0556-2813~97!00108-8#

PACS number~s!: 25.75.2q, 25.85.Ge, 27.90.1b
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The availability of relativistic heavy-ion beams has e
abled systematic studies of electromagnetic excitation p
cesses in nuclei@1#. Generally, the electromagnetic intera
tion between the projectile and the target nuclei is descri
by the exchange of virtual photons. Due to the almost q
dratic dependence on the charge of the reaction partner
due to the fast time variation of the Lorentz-contracted el
tromagnetic field, electromagnetic cross sections are ra
large for relativistic heavy-ion collisions; projectile energi
of ;1 GeV/nucleon allow for an effective excitation of th
giant resonances~10–30 MeV!. When the nucleus is excite
above its particle emission threshold or, in the case of
sion, above its fission threshold, it may then dissociate
cording to the appropriate branching ratio. Experimenta
various decay branches have been investigated, suchg
rays, neutron emission, and fission, see, e.g., Refs.@1–20#.
Almost exclusively, all the experimental data have be
compared with calculations using the semiclassi
Weizsäcker-Williams method of virtual photons@21–24#
which has been shown to lead to an appropriate descrip
of the process@24#.

Recently, Benesh, Hayes, and Friar have presented
quantum-mechanical descriptions of the equivalent-pho
spectra for electromagnetic heavy-ion collisions@25#. This
work has extended previous studies@26,27# by examining the
sensitivity on nuclear structure inputs. Electromagnetic ex
tation cross sections are calculated using the first Born
proximation. Finally, a model is presented that gives sim
quantum-mechanical expressions for theE1 and E2
equivalent-photon spectrum which can be used with m
sured photoabsorption cross sections in exactly the same
as the usual semiclassical expression.

Electromagnetic dissociation~EMD! cross sections for a
specific decay channelC can—generally—be expressed b

sEMD
C 5E @sg,C

E1 nE1~v!1sg,C
E2 nE2~v!#dv, ~1!
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wheresg is the photodissociation cross section andn(v) is
the intensity of photons with energyv. The indicesE1 and
E2 indicate the multipolarities. While most semiclassic
calculations make use of a cutoff parameterbmin in coordi-
nate space to account for electromagnetic contributions o
the quantum-mechanical description introduces a cutoff
rameter in momentum space@25#:

qmax51/bmin5$1.34@AP
1/31AT

1/320.75~AP
21/31AT

21/3!#%21,
~2!

whereAP andAT are the mass numbers of the projectile a
target, respectively@28#. It has been shown that the use
parametrization ofbmin allows for a good description of the
total nuclear reaction cross section@29#.

In this paper, we will not discuss the quantum-mechani
ansatzper sewhich has been presented in Ref.@25#; this
issue will be addressed elsewhere@30#. However, we shall
apply the given quantum-mechanical virtual photon spec
to calculate electromagnetic dissociation cross sections
relativistic heavy-ion collisions. Comparisons between th
calculations and semiclassical calculations on one hand
experimental results on the other hand will be discussed

In a previous work, electromagnetic fission~EMF! of
238U projectiles has been experimentally studied@17# using
the ALADIN spectrometer at the heavy-ion synchrotron
GSI, Darmstadt. Seven different targets~Be, C, Al, Cu, In,
Au, and U! have been bombarded at 0.6 and 1.0 Ge
nucleon. Experimental details on the measurements and
setup can be found in Refs.@17,31,32#. In Fig. 1, the deduced
electromagnetic fission cross sections are shown as a f
tion of the charge number of the target for both bombard
energies.

For comparison, both the semiclassical, based on
Weizsäcker-Williams method, and the quantum-mechani
calculations have been performed in the same fashion u
Eq. ~1!: the same code has been used albeit with differ
equivalent photon spectra. The use of parametrizations o
photodissociation cross sectionssg,total @33#, the fission
1165 © 1997 The American Physical Society
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1166 56BRIEF REPORTS
probability and the cutoff parameter where nuclear inter
tions become dominant@28# has already been discussed p
viously @17#.

While the semiclassical calculations can well reprodu
the experimental data, the quantum-mechanical calculat
give significantly lower cross sections. This is due to a
duced photon flux in the quantum-mechanical descripti
Note that this discrepancy is larger than the uncertain
connected with the choice of the cutoff parameter or
resonance parameters~see, e.g., Refs.@17,18#!: the use of the
Kox parametrization@34# results even in lower cross section
(;15%!, whereas the use of photodissociation cross sect
of Ref. @35#, known to be systematically high@36–39#, will
lead to about 15% higher cross sections but still to an un
prediction of the order of 15%. The experimental data c
only be reproduced by the quantum-mechanical calculat
if the cutoff parameter in momentum spaceqmax is artificially
increased by 30%. For the reaction238U 1 238U, this results
in a value ofbmin 5 12.5 fm compared tobmin 5 16.3 fm
from Eq. ~2!. This value seems too small to be associa
with a total absorption radius and is not in agreement w
recent investigations of the total reaction cross sections~see,
e.g., Ref.@29#!. While the equivalence between the sharp a
smooth cutoffbmin has been shown to be valid in coordina
space@11#, it seems to be invalid for a cutoffqmax51/bmin in
momentum space@30#.

The calculations predict nearly the same cross sections
electromagnetic fission, whether or not the possibility
two phonon excitation is included. This is due to the fa
that the higher fission probability in the energy regime of

FIG. 1. Electromagnetic fission cross sections for the react
238U 1 ~Be, C, Al, Cu, In, Au, U! at E/A 5 600 and 1000 MeV
~from Ref. @17#!. For comparison, theoretical results are shown
ing both the semiclassical~dotted line! @17# and the quantum me
chanical descriptions~full line! @25# of the photon spectra.
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double giant dipole resonance~DGDR! is to a large extent
compensated by the redistribution of cross section from o
photon to that of two-photon processes@17#. Therefore, the
results of the calculations are almost independent of
strength of the DGDR as long as EMF cross sections
discussed. The comparison of calculated EMF cross sect
with experimental data is thusvirtually independentof the
excitation of the DGDR. This holds, in particular, for th
present comparison using the quantum-mechanical ph
spectra presented in Ref.@25# which — in contrast to semi-
classical photon spectra — fail to describe the experime
results.

While the electromagnetic fission cross sections alone
not sufficient to draw conclusions on the strength of t
DGDR, other features of EMF data provide evidence for
The asymmetry of the fission fragment charge distribution
known to be very sensitive to the excitation energy distrib
tion. The asymmetry is usually expressed by the peak
valley ratio of the double humped charge distribution. In tw
independent experiments, a peak-to-valley ratio of 7.662.6
and 7.161.0, respectively, has been found@17,19#. Calcula-
tions show that the excitation of the single phonon sta
alone would result in a significantly higher peak-to-vall
ratio of 1663, while calculations which account for the ex
citation of the DGDR can reproduce the experimental fin
ings. Therefore, the low peak-to-valley ratio has been in
preted as a clear evidence of the DGDR excitation. T
conclusion is also supported by the measurement of the
ton odd-even effect of the fission fragment distribution@17#.
We note that these quantities are completely independen
the integrated EMF cross sections.

For the electromagnetic one-neutron removal chan
@5–8,10–12# it is also not possible to draw firm conclusion
about the excitation and the strength of the DGDR fro
cross sections only: It has been shown previously that
1n cross sections calculated using multiphonon excitati
of the GDR differ by only;10% from simple calculations
based upon the excitation of the one-phonon state only@10#.
Due to the known uncertainties in the calculations the int
pretation of the data is not unambiguous. Therefore, Aum
et al. have studied electromagnetic dissociation by meas
ing 1n–5n neutron removal cross sections for various re
tions @10,12#. The 2n, 3n, 4n, and 5n removal cross sec
tions reflect the contributions with increasingly high
excitation energies. It has been shown that these data ca
be understood without the excitation of the DGDR whi
accounts for the largest fraction of the cross section in
2n,3n, . . . , channels @10,12#. These measurements an
other evidence for the DGDR@2–4,20# contradict the con-
cluding statement of Benesh, Hayes, and Friar@25# saying
that the quantum-mechanical photon spectra leave little ro
for multiphoton mechanisms.1

In conclusion, we have applied the quantum-mechan
equivalent photon spectra presented in Ref.@25# in order to
calculate EMF cross sections. The comparison with exp

1We note that in Ref.@25# the expression ‘‘multiphoton mecha
nisms’’ is used when referring to multiphonon excitations. The t
expressions are equivalent only in the linear harmonic case whic
commonly used. For details, see Ref.@40#.
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56 1167BRIEF REPORTS
mental electromagnetic fission data shows that, due to
significantly lower photon flux of the quantum-mechanic
description, the experimental EMF cross sections are un
predicted by about 30%. Since uncertainties in the param
zations are significantly smaller, we conclude that
quantum-mechanical photon spectrum presented in Ref.@25#
is not able to describe the experimental results. This con
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sion is independent of the strength of the DGDR since
higher fission probability compensates the effect of the re
tribution of the cross sections.
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