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A framework is developed for the quantitative analysis of the electromagnetic dissociation of rela-
tivistic nuclei. This includes treatment of multiple excitations of the giant dipole resonance, cou-

pled with calculations of the fragmentation probabilities in the framework of the statistical model.
Experimental data on electromagnetic projectile dissociation at relativistic energies are compared to
the model predictions and shown to be consistent with first-order excitation followed by statistical
decay of the excited nucleus. Strategies for the search for multiple excitation processes and subse-

quent rare decay modes are discussed.

I. INTRODUCTION

In the last decade, beams of atomic nuclei at relativis-
tic energies have become available from accelerators such
as the Bevalac at the Lawrence Berkeley Laboratory, the
Alternating Gradient Synchrotron (AGS) at Brookhaven,
and the Super Proton Synchrotron (SPS) at CERN. In
collisions between two such nuclei their relativistically
contracted electromagnetic fields can lead to extremely
large probabilities for electromagnetic excitations. In
fact, for the heaviest nuclei at ultrarelativistic energies,
the cross section for excitation above the particle thresh-
old can be on the order of hundreds of barns, by far
exceeding the geometric cross section. In a typical dis-
tant collision, i.e., with an impact parameter larger than
RT+Rz, the radii of target and projectile, respectively,
this electromagnetic pulse can lead to production of par-
ticles such as dilepton pairs or pions, or to nuclear excita-
tions which may be otherwise inaccessible.

In particular, electromagnetic excitation of modes
based on the nuclear giant dipole resonance (GDR) may
lead to very exotic final states' in which neutrons oscil-
late against protons with a very large amplitude. The ex-
istence and decay mechanisms of such states is unknown
at present. However, this electromagnetic process
efficiently excites collective states so that little or no tem-
perature is produced during the very short time scale (of
order l fm/c) of the collision. One may thus hope to use
this type of reaction to search for fragile, weakly bound
exotic states such as multineutron clusters which might
be formed in the decay of the possibly strongly excited
multi-GDR states.

Experimentally, the electromagnetic dissociation of a
projectile or target nucleus in peripheral collisions at rel-
ativistic energies has been studied in a variety of ways.
The investigation of the interaction of ' 0 and Si pro-
jectiles with plastic foil detectors at the AGS and
CERN has provided information on the total charge-
changing cross sections. Cross sections for the removal
of single nucleons from the target, and projectile nu-

cleus have been studied using activation methods. First
results are now available from the E814 collaboration' at
the AGS where cross sections were, for the first time,

measured for the decay of electromagnetically excited
projectiles into a wide range of exclusive and semi-
inclusive channels. '

In the present paper we will develop a framework for
quantitative analysis of such data, based on the method
of virtual quanta. In particular, emphasis is placed on us-

ing as much available information as possible on experi-
mental photoabsorption cross sections to obtain realistic
values for the excitation energy distributions for single
and multiple excitations. Furthermore, to provide some
information on whether or not a particular decay mode
experimentally observed is "exotic,"we calculate the de-
cay of the electromagnetically excited projectile or target
under the assumption that complete mixing into the corn-
pound nucleus takes place, i.e., by using the standard sta-
tistical model for the nuclear decay probabilities.

The basic framework for such calculations has been
developed elsewhere. "' We will briefly outline the
method for calculating excitation probabilities in Sec. II
with emphasis on differences to previous work and de-
scribe there our results for multiple excitation and del-
ineate our approach to incorporate statistical decay. Sec-
tion III will provide a comparison with some of the ex-
perimental data available to date and contain strategies
to optimize searches for rare decay products from such
states. Section IV contains the summary and con-
clusions.

II. THEORETICAL FRAMEWORK

A. Outline of methods

The framework for the analysis of the electromagnetic
excitation of nuclei in peripheral collisions, and their sub-
sequent decay, is described below. The approach is based
on the equivalent photon method, or Weiszacker-
Williams approximation' ' combined with the assump-
tion that the nuclei move along straight trajectories.
Quantum interference effects are thereby neglected but
otherwise the approach is quite general in nature and can
be applied whenever the nuclei are relativistic. Similar,
although more schematic, methods have been used in
Refs. 17—21. For convenience, we restrict ourselves to
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the excitation of the projectile by a stationary target, but

target and projectile can, of course, be interchanged. The
collision is viewed in the rest frame of the projectile.

The description of a large impact parameter interac-
tion involves the folding of the equivalent photon number
spectrum generated by the target with the appropriate
nuclear photoabsorption cross section. The equivalent
photon spectra are obtained following Bertulani and
Baur ' ' and depend on the projectile energy and impact
parameter as well as on target charge number. In gen-
eral, they differ for different values of the parity and an-

gular momentum of the electromagnetic multipole field.
However, as the Lorentz boost of the projectile y~ ap-
proaches ~, all number spectra become equal to that for
the pure E1 mode. ' Since all nuclear photoabsorption
cross section are strongly dominated by E1 absorption,
the overwhelming part of the cross section will be given

by E1 mode and excitations with higher electric multipo-
larities, such as E2, and all magnetic multipoles can be
safely neglected at highly relativistic energies.

We assume that the impact parameter is large enough
so that the target charge distribution as seen by the pro-
jectile can be treated as a point charge. Corrections to
such an assumption for closer collisions are discussed
below. The number of photons per unit area at an energy
E and impact parameter b that replace the electromag-
netic field of the target is given by

JV(E,b) = ZpQ

m p2b2

2

x K&(x)+ Ko(x), (1)
Yp

where

E b

y pppfic
(2)

Here, a is the fine structure constant, p~c is the projectile
velocity, the target charge is Zz-, and the argument of the
modified Bessel functions, Eo and E„ is the dimension-
less adiabaticity parameter x. The impact parameter b

can assume any value greater than some minimum, b;„,
to be specified later, above which the interaction is dom-
inated by the electromagnetic field. For E~ or b exceed-
ing critical values, such that x &1, the above spectrum
decays exponentially. This implies that the maximum en-

ergy reachable by electromagnetic excitation is approxi-
mately Er'" =197y~lb;„. Furthermore, this cutoff in-

sures convergence of the impact parameter and energy in-

tegrations necessary to obtain cross sections (see below).
The Weizsacker-Williams approximation implies that

the virtual photon flux can be treated as a flux of real
photons and that there be no interference effects between
these photons. This approximation has been described in
detail in Refs. 16 and 17; at relativistic energies it is very
accurate.

The point-charge approximation made to obtain Eq. (1)
is correct as long as b is large enough so that the nuclear
charge distributions do not overlap. In practice, we take
6 ' =Rr+Rp where R~ r = ( 1.2fm) Ap r, despite the
fact that for such a choice the nuclear surfaces may have
some, albeit small, overlap.

The influence of this overlap on the virtual photon
spectrum can be estimated by noting that the Coulomb
potential for a target with a spherical charge distribution
at a distance r from the center is

Zr(r)e
Vc(r)= (3)
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FIG. 1. The photoabsorption cross section from Ref. 25 for a
"Si projectile and the integrated virtual photon spectrum of a

'Pb target moving with Bevalac, AGS, and SPS energies
through the rest frame of the projectile.

where Zz(r)e is-the total charge inside a sphere with ra-
dius r. The effective charge of the target therefore obvi-
ously depends on the impact parameter. The influence of
this modified charge on the virtual photon spectrum,
however, is fairly small.

We have estimated the change in virtual photon flux

due to the finite charge distribution of the target in the
following way. Taking charge distributions as deter-
mined by electron scattering, numerical integration of a
Woods-Saxon potential was performed over the target
nucleus. The collisions most sensitive to the finite size of
the target nucleus are those for which b-b, „, where
some portion of the target charge, Z~, is screened from
the projectile, This impact parameter dependent effective
target charge can be used to estimate the change in the
equivalent photon spectrum due to the finite size of the
target nucleus. Averaging the flux over the size of the
projectile, the change in the photon flux so calculated is
less than 3%. Thus, in all calculations shown below, the
finite size of the source was not included, especially in
view of the fact that this correction is comparable to the
uncertainty introduced by the choice of b

The nuclear photoabsorption cross section o.
~ to be

folded with the equivalent photon spectrum is taken from
the literature. It has been accurately measured in
the energy range from E~'" —10 MeV to several GeV in

energy. Experimental values for the photoabsorption
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cross section for the Si nucleus are shown in Fig. 1.
Also shown in this figure are equivalent photon number

spectra for various beam energies in Si-Pb collisions and

integrated over impact parameter. Note that the virtual

photon fiux, deduced from Eq. (1), near the GDR as seen

by the Si nucleus passing by the Pb target is of order
10 /(MeVcm s), with which typical luminosities of
real-photon beams should be compared.

Since we are only interested in excitations beyond the
particle decay thresholds (which are greater than 10 MeV
for the nuclei of interest here) the photoabsorption cross
sections are set to zero below a minimum photon energy
Ez'" of 10 MeV. In any event, the cross section for the
absorption of E1 photons with E &10 MeV is very
small, so that their contribution to the excitation of the
high-lying states of interest here can be neglected.

The projectile can then be excited by the absorption of
one or more of the virtual photons from the target. The
total excitation energy of the nucleus E* resulting from
the excitation process is the sum of the individual ener-
gies of the photons absorbed. Each photon can carry any
energy between 10 MeV and E', with the constraint that
the sum of the photon energies reproduces the excitation
energy.

Implicit in the above structure is the assumption that
the photoabsorption to all orders occurs in the ground
state of the projectile. Such an assumption is reasonable,
as the time interval bt =2RT/ypc-1 fm/c, over which
the projectile moves through the target's equivalent pho-
ton field, is an order of magnitude less than typical nu-
clear equilibration times. The effect of finite nuclear tern-
peratures on the absorption cross section is thus
neglected altogether, consistent with the use of the exper-
imentally measured photoabsorption spectra.

Within our classical approach the probability densities
for the multiple excitation cross sections are constructed
by repeated folding of the probability for the absorption
of single photons at a fixed impact parameter b. The
differential cross section for the nth-order process is then
the result of the integration over all impact parameters
contributing to the process.

The mean number of photons absorbed by the projec-
tile during a collision at impact parameter b is given by

mr(b) IdEr JV(Er b)or(Er ) J dE'r@(Ey b) (4)

The redefinition of the integrand above is done for the
purposes of clarity in the equations to follow.

The integral above is performed from Ez'" to excita-
tion energies safely above the adiabatic cutoff defined by
the beam energy and impact parameter. The mean num-
ber of absorbed photons so obtained is shown in Fig. 2 for

Si and S induced collisions at 14.6 and 200
GeV/nucleon, respectively. The absorption cross sections
for Si and S are similar, so the difference in the two
curves is a result of the fact that the energy integrated
number spectrum, in addition to depending on the square
of the target charge, increases logarithmically with pro-
jectile energy.

The excitation process is viewed as the single or multi-
ple excitation of a classical harmonic oscillator. In this
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FIG. 2. The mean number m~ of absorbed photons for col-
lisions with impact parameter b.

harmonic approximation, the excitation probability for
the nth-order process is given by a Poisson distribution in
the probability for the single-step process. " This fact has
been exploited by others' ' for the investigation of mul-
tistep processes.

Thus, the probability for the absorption of a single
photon, of any energy, during a collision at impact pa-
rameter b is given by

P "(b)=mr(b)e (5)

For a trajectory at an impact parameter b, the properly
normalized probability density that the photon absorbed
by the projectile has an energy E is then given by

4(E,b)
9' "(E,b) =r' m (b)

(6)

or

do-'" = Jdb2mbe ' @(E*,b) .
dE*

The probability density that two photons at impact pa-
rameter b are absorbed is

All of the details necessary for the calculation of the
first-order cross section are contained in Eqs. (5) and (6).
The overall probability for the single-step process is then
simply the product of the probability density for absorp-
tion of a single photon and the probability density that
this photon carries an energy E.

The differential cross section for the absorption of ex-
actly one photon, leading to an excitation energy E*, is
therefore given by

do-'" = f db 2~be'I(b)p'"(E', b),
dE
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—m (b)P' '(b)= e
2!

(10)

while the probability density for the absorption of two
photons leading to an excitation energy E* is

dE)4 E),b 4 E*—E),b
(2)(Ee b)—

mr(b)

or

do'"
db 277b p '(b) ' '(E* b)dE* q

do 1
(2) —rn (bi

db 2m.be
dE*

X fdE, 4(E, , b)4(E' E„—b) . (12)

The cross section for the transfer of exactly two photons
is then

The differential cross section for the excitation of the pro-
jectile by the transfer of exactly n photons is, finally,

80'
EjE'

1 —m (b)
db 2mbe ' dE, dE„,4(E, , b) 4(E' E, —— E„,—, b),

n.
(13)

and the total excitation cross section to any order is given

by

(1) (2) (3)
dE~ do + do + do'

dE' dE" dE' (14)

The integrals above are performed numerically by
Gaussian quadrature. Considerable care is required in
order to obtain accurate results. The fourth-order total
excitation cross section, for example, requires Pve nested
integrations, three over individual photon energies and
one each over the excitation energy and impact parame-
ter. Each integral extends over a wide range of values,
while the fold integrals over the photon energies need to
be carried out with a density of points sufficient to in-

tegrate accurately the fine structure of the photoabsorp-
tion cross section in the GDR region. Stable results from
the numerical method involved double precision arith-
metic and up to 100-point integration, requiring consider-
able CPU time.

In order to test our numerical procedures we have
compared results from the present approach to predic-
tions based on the schematic method, e.g. , Ref. 20, where
a delta function for the GDR strength distribution is as-
sumed. To make this comparison we chose the input pa-
rameters, i.e., the projectile energy, Ep pj

and the photo-
absorption cross section, 0. , so as to reproduce the as-

sumptions of the schematic method. A Gaussian photo-
absorption cross section of very small ( «1 MeV) width
and total area reproducing the classical sum rule was gen-
erated, centered at an energy of 80/A ' MeV.

The results of this comparison are shown in Table I.
The results from the schematic method are labeled 0.

(Ref. 20); the results we obtain with the narrow Gaussian
photoabsorption cross section are labeled o(o ). The
cross sections obtained under these assumptions are in

good agreement, to all orders of excitation studied, with
the previous results of Ref. 20.

The third column in Table I, labeled o (o'" ), contains
the results obtained by integration over the experimental
photoabsorption cross section up to 500 MeV. The con-
tribution to the total excitation cross sections from pro-
cesses other than GDR excitation is apparent.

B. Excitation cross sections

TABLE I. The total excitation cross sections calculated fol-
lowing Ref. 20, and those from this work: cr(, o~) is calculated
using a very narrow Gaussian to describe the photoabsorption
probability and 0.(o'~"t") using the experimental photoabsorption
cross section.

Order o. (Ref. 20)

' 0 on "U at 100 GeV/nucleon
N/A 1.03 b
3.1 mb 3.16 mb

22 pb 22.9 pb
160 nb 164.3 nb

expt
)r

2.5 b
20.6 mb

328 pb
4.8 pb

S pn U at 100 GeV/nucleon
N/A 2.63 b

17 mb 17.5 mb
250 pb 273 pb

4 pb 4.3 pb

4.3 b
46.3 mb

1.1 mb
26.6 pb

In this section, we present results obtained with the
method discussed above, focusing on single-step and mul-

tistep excitation probabilities and cross sections. The en-

ergy dependence of the differential cross sections for the
excitation of the Si projectile to first, second, and third
order is shown in Fig. 3 for collisions with a Pb target
at AGS energies (E„~/A =14.6 GeV). Note the impor-
tance of the asymmetric line shape and the reappearance
of the fine structure of the GDR in Si in the multiple
excitation cross sections. The peaks in the cross sections
of order n appear close to an excitation energy of
E*=nEGDR, as expected. However, due to the very

asymmetric shape of the photoabsorption cross section at
higher energies, the widths, I'(n), are approximately
I'(n) = ', n I oDR,—i.e., significantly bigger than what is ob-

tained by folding Lorentzians [note that folding Lorentzi-
an photoabsorption cross sections give I'(n)=nl'oD„,
while folding Gaussians give I (n) =&n I oDa].

The multistep excitation cross sections, shown in Fig.
3, are small compared to that for the single-step absorp-
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FIG. 3. The total differential Coulomb excitation cross sec-
tions for '$i on 'Pb at Ebb/A =14.6 GeV for the first-,
second-, and third-order processes.

tion to the same excitation energy via the quasideuteron
process. This implies that structures in the excitation
energy spectrum due to multiple GDR excitation will be
very difficult to find experimentally. Detection of such
structures will require sophisticated techniques, including
exclusive studies of decay processes.

One possibility is to look for signatures in the ratio of
the differential excitation cross section for two targets
with very different charge numbers. Higher-order excita-
tions will be enhanced in this ratio because the number
spectrum, Eq. (1), scales like ZT, while the nth-order
cross section behaves approximately like ZT". Note,
however, that even for the first-order process the ratio
will not be independent of beam energy and excitation en-
ergy, but decreases slightly, as the number spectra for the
two targets sample different ranges of impact parameter.

Predictions for the ratio of differential cross sections,
for a 14.6 GeV/nucleon Si projectile on a Pb target
and a Al target, are shown in Fig. 4. The structure due
to the double excitation of the GDR in Si is clearly visi-
ble in this spectrum above an excitation energy of 40
MeV. However, the enhancement above the smooth
(quasideuteron) background is only about 10%, so very
careful measurements are necessary to establish such an
excitation.

The ratio of the second-to first-order cross sections
varies from up to 10% at AGS energies, to less than 5%
at CERN energies. The reason for this decrease is visible
in Fig. 5, where the dependence of the total excitation

50 100 150
E (MeV)

FIG. 4. The ratio of the differential Coulomb excitation cross
sections for 'Si on 'Al and Pb targets as a function of the ex-
citation energy.
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FIG. 5. The total excitation crass sections from the schemat-
ic method (Ref. 20, dashed line), and from this wark (solid line),
as a function of the projectile kinetic energy. Also shown, the
total cross sections by integration over only the GDR (dotted
line).

cross sections on the projectile kinetic energy are shown.
In this figure, we plot results for multiple excitation cross
sections integrated over all excitation energies and for
multiple GDR excitation only (defined by zeroing the
photoabsorption cross section below E~ =18 MeV, and
above Ez =36 MeV; this interval contains one classical
El sum rule of 60N&Z&/Az mb MeV). Although the
photon number spectrum extends to much higher ener-
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gies at ultrarelativistic projectile energies, the multiple
excitation cross sections, and, in particular, multiple
GDR excitation, do not depend strongly on the beam en-

ergy as soon as Er'" —197y&Pp/b;„exceeds the GDR
resonance energy. For Si, EGD„ is 20-25 MeV, corre-
sponding to yz -2.

This saturation is due to the impact parameter depen-
dence of the excitation cross sections. The integral over
impact parameter for the first-order process increases like
in(yz) while all higher-order cross sections are, above

E&,b/A —10 GeV, only very weakly dependent on the
beam energy (see Fig. 5). This is relevant for the deter-
mination of the optimal beam energy for the study of
multiple excitation processes, as discussed below.

C. Comparison to other methods

Multiple Coulomb excitation cross sections at relativis-
tic energies have been investigated previously with stan-
dard semiclassical"' and classical ' ' methods. These
calculations were intended to give estimates for the rela-
tive importance of higher-order processes. However,
these authors neglect important aspects of the projectile
photoabsorption in that they assume, for example, that
the GDR strength is a delta function centered at an ener-

gy of 80/A'~ MeV, with strength parameter equal to
100% of the energy weighted sum rule. This restricts all
absorbed photons to have energy Er =EoDa.

The comparison of the total excitation cross sections
from the schematic method, labeled cr (Ref. 20) with cal-
culations using the experimental photoabsorption cross
section, labeled cr(cr'"~), are shown in Table I. The effect
that the region of the photoabsorption cross section not
included in the GDR has on the total cross section is ob-
vious. The integrals of our differential cross sections over
the GDR region alone are similar to those by the
schematic method, as visible in Fig. 5, but the contribu-
tion from quasideuteron absorption and absorption of
even higher-energy photons (E»'" —197yplb;„) to the
total cross section is very important at other excitation
energies.

In any collision resulting in electromagnetic excitation,
higher-order processes compete with single-step excita-
tion. The high-energy tail of the photoabsorption cross
section (see Fig. I} leads to the dominance of the first-
order process, over that for the higher orders, at any ex-
citation energy. In Fig. 3, the excitation cross section at
E*=40 MeV, approximately the maximum of the
double-excitation cross section, is —10 mb, with less than
a 10%%uo contribution from second-order excitation. The
contribution from the first-order process is, of course,
neglected in the schematic model, where only photons
with E =EGDR are absorbed.

The investigation of the dependence of the multiple ex-
citation process on the beam energy reveals that the rela-
tive magnitude or higher-order processes is largest at rel-
atively small projectile energies. To make this point
quantitative, we show, in Fig. 6, the ratio croDR/ooDR,
where the cross section crGDR implies that only photons
with energies in the range 18-36 MeV, i.e., the GDR re-
gion, are used in the folding procedure. This ratio exhib-
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FIG. 6. The ratios of the nth-order GDR excitation cross
sections to the first-order GDR cross section as a function of
the projectile kinetic energy.

D. The statistical decay

Single and multiple GDR excitation leads to particle
unstable states, i.e., to dissociation of the projectile (or
target}, so a complete description of these processes
should also include the fragmentation probabilities. As
discussed above, the main interest in studying such exci-
tations is the search for collective e6ects in the decay of
such states, possibly induced by the large amplitude col-
lective motion of neutrons versus protons following mul-

its broad maxima at projectile kinetic energies T&,b of ap-
proximately 2, 5, and 8 GeV/nucleon for second, third,
and fourth order, respectively.

It is therefore more important for the experimental iso-
lation of higher-order processes to determine the relative
importance of the n-fold GDR excitation cross section to
the total excitation cross section in the same energy
range. To make this comparison, we define the ratio
o oD„/cT'„", where cToD„ is the nth-order GDR excitation
cross section. The quantity 0'„" is defined as the integral
of the first-order cross section over the energy interval
covered by the nth-order GDR excitation process. In
Fig. 7, this ratio is shown for n =2, 3, and 4, as a function
of the projectile kinetic energy.

Taking the results from Figs. 6 and 7, one may deduce
an optimal beam energy for the investigation of the nth-
order GDR excitation. The most promising strategy
then seems to involve the choice of a beam energy at or
slightly below the appropriate maximum visible in Fig. 6.
Such a choice minimizes the "noise" contribution from
the first-order excitation, while at the same time provid-
ing reasonable event rates.
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FIG. 7. The ratios of the nth-order GDR cross section, o GDR
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same excitation energy range, o'„",as a function of projectile ki-
netic energy.

tiple GDR excitation. In order to be able to determine
the collectivity of a particular decay mode, it is therefore
very important to provide quantitative information on
decay probabilities assuming no collectivity.

The picture we assume for this background process is
that the states excited through (multiple) GDR excitation
mix completely with the underlying compound nuclear
states of the projectile or target and subsequently decay
statistically. To treat the statistical decay and to make
specific predictions for probabilities for different decay
channels we use the standard nuclear statistical model
and perform decay calculations with the computer code
CASCADE.

This code was developed for the simulation of the de-
cay of compound nuclei produced in heavy-ion fusion re-
actions, but the decay probabilities are independent of
the formation process. In the present case, the projectile
is excited electromagnetically, to an energy given by the
sum of the energies of the absorbed photons.

%e further assume that all excited states have
spin/parity of J"=1, appropriate for E1 excitation.
Multiple E1 excitation can lead to states of other spins
and parities, of course, but for the excitation energies of
interest here, all such states are very far from the yrast
line. Therefore, these spin values and parities do not
significantly influence the decay probabilities presented
here. Furthermore, as shown above, higher-order excita-
tions are always a small fraction of the total excitation
cross section.

The program CASCADE is used to compute the partial
strengths 9' into all possible decay channels, labeled by
y, of a statistically equilibrated nucleus at an excitation
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FIG. 8. The differential first-order (top plot, solid line) and
second-order (bottom plot, solid line) excitation cross sections
versus the excitation energy. The dashed lines indicate the con-
tributions from the important decay channels, labeled in the ap-
propriate figure.

The parameters entering the statistical model calcula-
tions were the default values described in Ref. 30. These
parameters have been extensively tested in the study of
heavy-ion-induced evaporation residue cross sections and
should lead to a realistic description of statistical decay
probabilities in the excitation energy range between 20
and 150 MeV.

Implicit in our assumption of complete mixing is also
the neglection of any isospin considerations for the calcu-
lation of the decay probabilities. Single-photon absorp-
tion by an isospin I=O nucleus into the GDR leads to a
state of pure isospin I=1. Isospin conservation would
then severely suppress, e.g. , the Si—+ Mg+a decay to
the low-lying states as the density of I=1 levels in Mg
is very small compared to the density of I=O levels at
low excitation energies.

The probabilities for single-proton and single-neutron
evaporation are also dependent on isospin, although to a
lesser degree than the a channel. Isospin conservation
would imply that the 1n and 1p decay probabilities are
equal, except for the Coulomb barrier penetrability and
the different separation energies for the two nucleons
which, on balance, lead to an increased proton evapora-
tion probability in light nuclei. Incidentally, increasing
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the degree to which the I=O state is mixed with the I= 1

GDR state before the decay would further enhance the
proton channel at the expense of the neutron branch.

However, our main motivation is not to describe de-

cays of the GDR state in the projectile. These decays are
known ' to contain nonstatistical components at the
20%%uo level and indeed are sensitive to the degree of iso-

spin mixing of the GDR state. Rather, we focus on the
decays of higher excited states (such as those following
multiple GDR excitation) where isospin considerations
are presumably much less important.

The calculated differential excitation cross sections for
the first- and second-order processes, and the differential
cross sections for the dominant decay channels for these
processes, are shown in Fig. 8. The 1n, 1p, and la chan-
nels dominate the decay of the GDR excited in the
single-step process, but more complex fragmentation
channels contribute for excitation energies reached dur-

ing multistep excitation. Note the strong dependence on
excitation energy for the various fragmentation process-
es.

III. RESULTS AND COMPARISON
WITH EXPERIMENTAL DATA

In this section we would like to compare predictions
from our model with some of the data which recently be-
carne available for electromagnetic dissociation of relativ-
istic projectiles. We will focus on results from the E814
collaboration as they provide the only exclusive cross sec-
tions for identified final channels.

These experimental results, as well as a detailed
description of the techniques and apparatus used to col-
lect the data, have recently been published elsewhere. '

The experiment was performed, in part, to investigate the
electromagnetic dissociation of 14.6 GeV/nucleon Si
nuclei by Al, ' Sn, and Pb targets. We will show
only the final experimental results here and direct the
reader to Ref. 10 for the experimental aspects of the mea-
surernents.

It is important to remember that the use of the statisti-
cal model to describe the decay of light, self-conjugate,
nuclei such as Si is not necessarily correct for all chan-

nels. In particular, the In, Ip, and la channels are espe-
cially susceptible to the direct decay mechanism and iso-
spin considerations, as discussed above, so quantitative
agreement between this calculation and the experimental
data should not be expected for these channels. Howev-
er, it is interesting to compare our predictions for more
complex decay channels with the data as they should pro-
vide a benchmark for whether or not these decays are sta-
tistical in nature.

The experimental data are shown in Table II, along
with our predictions for electromagnetic excitation fol-
lowed by statistical decay. These results are also plotted
versus the calculated threshold Q value for each decay
channel in Fig. 9. The approximate exponential falloff of
the partial cross sections with the excitation energy, or
the threshold Q value, is quite well reproduced by the cal-
culation. The agreement is fairly quantitative for all
channels, although channels involving the emission of
protons are generally somewhat overestimated while neu-
tron decay probabilities are underestimated. The largest
difference between the experimental data and the calcula-
tion, a factor of 3, occurs in the 2p and 2n channels.
Whether this discrepancy is due to the neglect of specific
nuclear structure effects such as incomplete isospin mix-

ing, or may already be an indication of exotic decay
mechanisms, is an interesting but open question.

Overall, one should stress that the present calculation
does not make use of any adjustable parameters. The pa-
rameters for the statistical model calculations were taken
from the literature. The electromagnetic excitation
probabilities are calculated in an essentially parameter-
free way, since the nuclear photoabsorption cross sec-
tions were taken from experiment. In view of this, the
agreement obtained is quite impressive.

For the relatively low excitation energies experimental-
ly studied up to now, the trend of the data quite closely
follows what is expected from first-order excitation fol-
lowed by statistical decay. In particular, the fact that all
other parameters are externally determined implies that
the Weizsacker-Williams number spectrum, Eq. (1),
correctly describes the photon flux.

Higher-order processes do not provide a significant
contribution to the results of the calculations reported in
Table II and Fig. 9. As mentioned above, a promising in-

TABLE II. The exclusive cross sections measured by E814, and the results calculated in the present
approach, for the electromagnetic dissociation of Si at El,b/A =14.6 GeV/nucleon. All cross sec-
tions are in mb, while the threshold Q value for each channel is in MeV.

Channel meas &cate

~7A1 target

meas

Sn target
&cate ~meas

' 'PQ target
0 canc

1n+ Si
1p+ A1

2n+ Si
1n 1p+ "Al
2p+ Mg
2n 1p+2sA1
1n 2p+25Mg
2n 2p +24Mg

a+ Mg

10.8+2.8
34.2+4.7
0.4+0.2
2.3+1.9
3.2+0.8
0.4+0.5

1.86+1.3
0.3+0.3

5.39
21.62
0.03
2.79
4.74
0.13
1.41
0.21

10.00

101.9+8.2
290.6+13

1.3+0.5
21.0+4.9
21.4+2.2

1.6+0.6
13.2+3.4
3.6+0.7

70.49
283.96

0.34
35.60
61.21

1.55
17.63
2.59

130.45

263.5+15
672.2+25

3.2+0.9
67.3+8.9
55.6+3.7
3.6+1.0

16.6+5.2
3.6+1.1

177.66
717.13

0.83
88.50

153.03
3.79

43.30
6.27

334.66

17.2
11.6
30.5
24.6
19.9
36.0
30.1

38.3
10.0
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FIG. 9. Comparison of E814 data, Ref. 10, for the elec-
tromagnetic dissociation of Si at Ehb/A =14.6 GeV/nucleon
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squares) for all measured decay channels and targets. The dot-
ted line is a pure exponential and is included to guide the eye.

FIG. 10. The ratios of the E814 cross sections, Ref. 10, for
the electromagnetic dissociation of 14.6 GeV/nucleon Si pro-
jectiles (solid points), the calculated ratios to first order (open
triangles) and to third order (open squares). The dotted line

gives the ratio expected for first-order excitation.

dicator of higher-order processes comes in the ratio of
cross sections for different targets. For 6rst-order elec-
trornagnetic excitation, one would naively expect that the
ratio of cross sections for two different targets would be
on the order of the ratio of the square of the target
charges (ZT, /ZTz) . The exponent is actually closer to
1.9, due to the different ranges of impact parameter b
sampled for the two targets. If it were possible to select
the events in which exactly n photons were absorbed, the
excitation cross section for these events would behave
like ZT ". Thus, a de6nite indication of the multiphoton
process would involve a ratio of cross sections larger than

(ZT, /Zn)
The cross-section ratios from the E814 data are given

in Fig. 10, as the triangles with the error bars. The calcu-
lated ratios are shown as the open symbols, results of the
calculation to first order are given by the triangles and to
third order by the squares. The upper plot gives the ex-
perirnental ratios of the cross sections for a 14.6
GeV/nucleon Si projectile on a Pb target to that for a

Al target, as a function of the calculated threshold Q
value. The lower plot gives the ratios for 8Pb and ' Sn
targets.

The fact that the experimental ratio for the Pb — Al
targets falls well below the expected behavior is probably
an indication of some contributions, for the lighter target,
of nonelectromagnetic processes to the projectile excita-
tion. The experimental ratios are much closer to those
expected for Coulomb excitation for the Pb/' Sn tar-
gets, implying that the experimental selection of elec-
tromagnetic dissociation events was more accurate for
these targets, as discussed in Ref. 10.

The expected enhancement of some of the cross-section

ratios, when including calculations up to third order, is
visible in Fig. 10 for channels for which ~Q~ ) 30 MeV.
These are the 3p, 2n + 1p, 2n+2p, and 1n+3p channels,
which will serve as the most sensitive indicators for the
second- and third-order processes.

Obviously, the uncertainties in the ratios of the experi-
mental data of Ref. 10 are presently far too large to iso-
late the multistep process from such ratios. An experi-
mental uncertainty in the ratios of less than about S%%uo is
necessary before any measurement of the multistep pro-
cess is possible.

The exponential decline of the partial cross sections
with the threshold Q value, seen in Fig. 9, continues
within this model to higher values of Q. This would pro-
vide an estimate for the cross sections one might expect
for completely statistical decay of the Si projectile into
the 3n and 4n channels.

According to our assumption, in which the GDR
mixes completely into the compound nucleus before de-
caying, the partial cross section for the Si~ Si+4n
channel is less than 1 pb, which is clearly not presently
measurable. This is a result of the very negative thresh-
old Q value of -64.5 MeV for this channel, coupled with
the fact that sequential statistical emission of four neu-
trons from Si is highly unlikely. Reaching E'=65
MeV by multiple absorption of GDR photons requires at
least third-order excitation. Thus, a striking experimen-
tal signature of the higher-order processes would be a
dramatic enhancement of the 4n partial cross section
from Si over that resulting from the assumption of corn-
plete statistical equilibration. Recently collected data
taken by the E814 group will be analyzed to look for such
an enhancement.
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The probability for the cold separation of four neu-
trons from a projectile is considerably larger if, for exam-
ple, a more neutron-rich projectile is excited by a heavy
target. In fact, the threshold Q value for Si~ Si+4n,
-49.6 MeV, is well matched by the excitation energy re-
gion covered by second-order excitation. One should
bear in mind, however, that second-order excitation may
not lead to amplitudes of the collective motion large
enough to lead to nonstatistical decay. A signature of the
contribution to the total excitation energy by the second-
order process would thus be a strong enhancement of the
cross sections predicted to first and second order, 19.0
and 1.87 pb respectively, for the 4n channel in Si.

IV. CONCLUSIONS AND SUMMARY

In this paper we have developed a quantitative frame-
work for the analysis of Coulomb fragmentation process-
es in collisions or relativistic nuclei. Using the
Weizsacker-Williams method with realistic photoabsorp-
tion cross sections, we have shown that multiple GDR
excitation processes, although distinct, are always dom-
inated by single-step excitation to the same excitation en-
ergy via the quasideuteron process. Beam energies above

—10 GeV/nucleon only lead to enhancement of the first-
order cross section, at the expense of a decreased
"signal-to-noise" ratio for higher-order excitations. The
trend of presently available data is consistent with first-
order excitation followed by the statistical decay of the
excited nucleus.

Signatures of multiple excitation may be found in ra-
tios of projectile fragmentation cross sections on a light
and heavy target. In particular, experimental searches
should concentrate on decay channels with threshold Q
values near the maximum of the assumed n-fold excita-
tion probability. The present calculations provide a
benchmark for what can be expected if statistical effects
dominate the decay channels. Strong enhancements of
such channels might then provide the first experimental
glimpse of the response of nuclei to the absorption of
several simultaneous GDR photons.
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