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Multiple electromagnetic excitations of relativistic projectiles
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Conditions optimum for the first experimental verification of the multiple electromagnetic exci-
tations of nuclei in relativistic nucleus-nucleus collisions are described. The relative magnitudes of
three important physical processes that might interfere with such a measurement are compared to
the predicted strengths for the single and multiple electromagnetic excitations for various choices of
the projectile mass and beam energy. Strategies are presented for making inferences concerning the
presence of multiple excitation strength in experimental data.
PACS number(s): 25.75.+r

I. INTRODUCTION

Multiple electromagnetic excitations of relativistic nu-
clei to excitation energies above 20 MeV may result in
intermediate and final nuclear states that are not accessi-
ble by any other means. The multiple excitation process
of interest in this work involves the simultaneous absorp-
tion of (equivalent) photons into the giant dipole reso-
nance (GDR) during Coulomb interactions between rela-
tivistic nuclei —producing states of high excitation ener-
gies and large isospin quantum numbers, but small tem-
peratures. The existence of such exotic large-amplitude
collective states in nuclei has yet to be experimentally
verified even though a fairly large body of data has been
collected [1—9]. We note, though, an indication of the
excitation of double GDR states in pion double charge
exchange reactions [10],and an interpretation of high en-
ergy structures in the excitation energy spectra in zosPb

targets following inelastic collisions with various projec-
tiles in terms of multiphonon excitations [11], although
these structures were not reproduced in subsequent mea-
surements [12]. Very little is known from an experimental
or theoretical perspective concerning the decay of multi-
ple GDR states.

Experimental investigations of the dissociation of rela-
tivistic nuclei following electromagnetic interactions have
been completed by several groups [1—9]—providing solid
evidence for the interpretation of the dominant part of
the measured dissociation cross sections as first-order ex-
citations followed by the statistical decay of the excited
nucleus [13]. The cross sections for these first-order ex-
citations are accurately reproduced by calculations in-
volving the Weizsacker-Williams approximation [14—16],
coupled with experimentally measured photoabsorption
cross sections [17—18] over the full range of nuclei, final
states, and beam energies studied.

Recently, calculations predicting the fragmentation
cross sections following the single and multiple ex-
citation of light, self-conjugate nuclei at Brookhaven
National Laboratory —Alternating Gradient Synchrotron
(BNL-AGS) energies (E&,» ——14.6 GeV/nucleon) were
published [13]. These predictions for multistep excita-
tions were obtained in a Weizsacker-Williams framework

which employed the experimentally measured total pho-
toabsorption cross sections to describe the nuclear re-
sponse to the electromagnetic interaction. While the
cross sections for first-order excitations scale with the
target charge approximately like cr Z&, dissociations
following the absorption of exactly n photons scale ap-
proximately like o ZTz,". The geometry of the collid-
ing nuclei and the impact parameter dependence of the
excitation probabilities actually make these exponents
slightly less than the exactly Z&~" dependence expected
from the Weizsacker-Williams equivalent photon spectra.

Comparison with previously published and more
schematic methods used for the calculation of multiple
excitation strength functions [19] indicate an important
physical process that must be considered during any at-
tempt to make the first experimental verification of mul-
tiple electromagnetic excitations. According to calcula-
tions performed with the model described in Ref. [13], a
significant "background" to the multiple electromagnetic
excitations is provided by first-order absorption to the
same nuclear excitation energies covered by the higher-
order processes. Thus, even if multiple GDR states
have narrow widths (i.e. , on the order of the first-order
GDR), their differential excitation probability is, in gen-
eral, much smaller than what is predicted for first-order
excitation by the absorption of the (virtual) photon on a
quasideuteron, a correlated n ppair within t-he (projec-
tile) nucleus [20].

One possibility for experimental verification of the
multiple electromagnetic excitation process is thus to re-
sort to very accurate measurement of the excitation spec-
trum near the peak of the expected multiple excitation
strength functions [13]. Rather than measuring the exci-
tation spectra directly, however, one could also make in-
ferences about the multiple excitation process by inspect-
ing the cross sections for dissociation into decay channels
open for excitation energies where multiple GDR exci-
tation and decay is expected to occur. Although the
particle decay probability of multiple GDR states can-
not presently be accurately predicted, the primary exci-
tation spectrum can nonetheless be inferred from such
measurements if one considers the ratios of cross sections
for projectile fragmentation by different targets.
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First-order electromagnetic excitations, however, are
not the only physical processes competing with multi-
ple excitations. In collisions in which the impact pa-
rameter b is approximately the sum of the nuclear radii,
interactions involving the nuclear field become an im-
portant source of excitation strength. The most periph-
eral of these hadronic interactions may result in final
states similar to those populated by electromagnetic in-
teractions [1]. In addition, while the photoexcitation of
giant quadrupole states —both isoscalar and isovector-
may not exhaust large fractions of the relevant sum rule

strengths, such excitations may provide significant con-
tributions to the overall cross sections [21—23].

The importance of each of these competing processes
relative to the predicted strengths of single and multiple
electromagnetic excitations may be strongly dependent
on the beam energy or the projectile/target combination,
for example. Motivated by the availability of new experi-
mental data both from experiments [24, 25] at the AGS at
BNL and the SIS accelerator at GSI, providing projectile
nuclei with beam kinetic energies of 14.6 GeV/nucleon
and 1 GeV/nucleon, respectively, we investigated the
relative magnitudes of the electromagnetic and compet-
itive nuclear excitation probabilities for the various pro-
jectile masses or beam energies of interest. Initial results
of calculations performed for the dissociation by a vari-
ety of targets of a light projectile, Si, at the relatively
large beam energies available at the AGS have already
been published [13]. Herein, we extend the predictions
for the importance of single and multiple electromagnetic
excitations, against the backdrop of competitive physical
processes, to the case of a heavy projectile at relatively
low beam energies —~ Xe at 0.65 GeV/nucleon. To stay
close to experiment, we will give an overview of predic-
tions for the strengths of multiple electromagnetic excita-
tions and compare them to those arising from competitive
processes for varying choices of the nuclear species and
kinematic conditions. The results of these calculations
should provide a benchmark against which to compare
recently collected experimental data [24, 25].

II. COMPETITIVE PROCESSES

In Ref. [13],we introduced a method to compute multi-

ple electromagnetic excitation probabilities by combining
the Weizsacker-Williams method with a realistic descrip-
tion of (real) photon absorption. In this model, multi-

step excitations are obtained by the convolution of the
probability for single-step excitations from the ground
state of the projectile nucleus. The assumption of the
harmonicity of the collective potential results in quanti-
tative calculations that indicate that the strength func-
tion for the nth-order excitation of a GDR state of mean
energy EGDR and width I'GD~ has a mean energy of
E~"~ = nEGDp, and a width of I'~"~ -nI'GDR for

light nuclei and I'&"& = nl'GDn for (heavy) nuclei char-
acterized by Lorentzian photoabsorption cross sections.
Experimentally measured dissociation cross sections are
accurately reproduced by our model when including only
first-order excitations, and decay probabilities given by

A. First-order excitations

The Weizsacker-Williams number spectrum [15, 16],
proven in many studies to describe the photon flux seen

by the projectile in these extremely peripheral collisions

[1, 21], contains a continuum of photon energies up to
a certain adiabatic cutoff. This cutoff is linear in the
Lorentz boost of the projectile, p~, and is given by

ncpI Pg (1)
6

Emax

the standard statistical model, in the calculation.
We stress, however, that this semiclassical approach,

in which the probabilities for multiple excitations are
given by Poisson distributions in the probability for first-
order excitations, does not consider effects such as, for
example, quantum-mechanical interference in the excita-
tion process. We also acknowledge that the probability
for higher-order electromagnetic excitations can be influ-

enced by the detailed microscopic structure of multiply
excited GDR states, which is entirely neglected in the
present approach.

At present, no experimental data have been published
for electromagnetic dissociations in relativistic nucleus-
nucleus collisions that could corroborate, by way of cross-
section ratios, our predictions for multiple excitation
strengths. Experimental data are available [3, 4] for the
electromagnetic dissociation of a variety of nuclei at beam
energies near 1 GeV/nucleon, but only for dissociation
into those final states (generally the ln and 2n chan-
nels) that are of negligible importance for excitation en-

ergies where the multistep GDR excitations are expected
to contribute. Decay strength in excess of that calculated
in a purely first-order Weizsacker-Williams framework in
the szS' ~ ~sSi + cr reaction, measured [9] in emulsions,
was attributed to two-photon absorption, but an inter-
pretation of this excess in terms of nuclear excitations
is more plausible given the expected excitation energy
dependence of multiple electromagnetic excitations and
the role of isospin in the reaction. Cross-section ratios
produced [13] following the measurement [1] of the disso-
ciation of 2sSi at 14.6 GeV/nucleon by the E814 Collab-
oration [24] did not have sufficient statistical accuracy to
establish the presence or absence of multiple excitations.
Data from a subsequent high statistics run by this group
are presently being analyzed, while an experiment [25]
at the SIS accelerator at GSI has recently collected data
for the dissociation of Xe at kinetic energies of 0.65
GeV/nucleon.

In our view, the folding model [13] includes the physics
of the excitation process necessary for a quantitative
comparison with experiment, with the caveats mentioned
above. Predictions using our model indicate that the in-

dividual strengths for the absorption of a specific num-

ber of (equivalent) photons are distinct, , but, are usually

only a fraction of the strength of first-order excitations.
Therefore, some consideration of the relative magnitudes
of the following competitive physical processes is neces-
sary during the analysis of existing data, or the collection
of new data, before inferences concerning the presence of
multiple excitation strength will be possible.
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where bm;„ is the smallest impact parameter for which
interactions involving the nuclear field are negligible. At
the AGS (E&„& —— 14.6 GeV/nucleon) or the Super
Proton Synchrotron (SPS) at CERN (Er,&»

—60, 200
GeV/nucleon), adiabaticity in the Weizsacker-Williams
number spectra for 2sSi on zosPb occurs at roughly
Em~ 350 MeV for the AGS, and 1.2 and 4 GeV,
respectively, for the SPS. These adiabatic cutoffs are
roughly a factor of 2 higher in photon energy for Si
on ' C. Previously [13], we found that the strengths of
multiple electromagnetic interactions under these condi-
tions are always dominated by first-order excitations to
the same excitation energy, principally through absorp-
tion by the quasideuteron mechanism [20].

However, at lower beam energies, the adiabaticity in
the Weizsacker-Williams number spectrum can be ex-
ploited to suppress the background to the multiple elec-
tromagnetic excitations from the first-order processes
that dominate excitations at facilities with higher beam
energies. Requiring that the adiabatic cutoff occurs
below the excitation energies covered by double-GDR
states, but above the first-order GDR, yields a range of
beam energies optimum for maximizing the importance
of double-GDR excitations relative to single-GDR exci-
tations given by the following simple relation:

I I I I I I I I I I I I I I I I I I
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FIG. 1. The range of laboratory projectile kinetic energies
that is optimum for the suppression of first-order excitations
of the projectile in the region of excitation energies covered by

higher-order excitations, as a function of the projectile mass
for C (dashed lines) and Pb (solid lines) targets.

&cVpPp
EGDR + I GDR ~@GDR ~GDR

&min
(2)

Here, EGDR and I'GDR are the mean energy and width

of the giant dipole resonance, which dominates the pho-
toabsorption by the projectile nucleus. We note that,
for simplicity, the upper limit in the above is calculated
using the width of the single GDR. For such relatively
low beam energies (specified by the range of choices for

y~ above), the contribution of excitation strength from
first-order processes in the region of excitation energies
covered by the multiple excitation strength is strongly
suppressed, while still providing a significant probability
for (single) GDR excitation.

To quantify this point, we take the mean GDR energy
and width from a hydrodynamical model prediction [26]
and plot the projectile laboratory kinetic energies implied

by equation (2) as a function of the projectile mass in

Fig. 1. In this plot, the ranges of beam energies that
satisfy Eq. (2) are shaded; the difFerences between the
ranges of beam kinetic energies implied for the i~C and

Pb targets are due to the target dependent choice for
the quantity bm;„, which is made as described in Sec. III.

Thus, the excitation strength in first-order electromag-
netic excitations that competes with multiple electromag-
netic excitation strengths is strongly suppressed by the
adiabaticity imposed by a rather wide range of relatively
low beam energies. In this paper, we will compute as
an example the excitation of Xe projectiles at 0.65
GeV/nucleon. Such a choice [25], marked as a crossed
point in this figure, is well suited for the suppression of
first-order electromagnetic excitations by heavy targets
near the double GDR.

At such low beam energies, the "background" to multi-
ple excitations arising from first-order excitations is sup-

pressed. However, one must also pay the price of smaller
overall excitation cross sections as compared to those pos-
sible with higher beam energies. Thus, if the only pro-
cess that might interfere with the measurement of mul-

tiple excitation strength was first-order electromagnetic
excitations, the best choice of the beam energy would be
one that is somewhat above the curves shown in Fig. 1,
maximizing the photon flux in energies covered by the
(first-order) giant dipole resonance, while still suppress-
ing first-order excitations to the energies covered by the
expected higher-order GDR's.

First-order interactions involving the absorption El
photons, however, are not the only electromagnetic pro-
cesses that compete with multiple GDR excitations. In
the next section, we discuss the role of another impor-
tant electromagnetic excitation process —that involving
the excitation of giant quadrupole resonances (GQR's)
following the absorption of E2 (equivalent) photons.

B. Giant quadrupole excitations

The Weizsacker-Williams pulse of plane polarized ra-
diation that is assumed to approximate the effect of the
Coulomb field of a nucleus during an electromagnetic in-
teraction contains equivalent photons of all multipolari-
ties. In this section, we provide estimates for the contri-
butions to the overall strengths from excitations following
the absorption of photons with multipolarity other than
El.

The Weizsacker-Williams number spectra, n p, de-
pend on the multipolarity s = E (electric) or M (mag-
netic), angular momentum A, energy Ez, and impact pa-
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rameter b of the collision, as well as the beam energy. All
number spectra approach n~i(E~, b) in magnitude as the
beam energy approaches infinity [16]. The most probable
absorptions not involving E1 photons involve the absorp-
tion of quadrupole radiation, populating both isoscalar
(ISGQR) and isovector (IVGQR) giant quadrupole reso-
nances.

These resonances occur at a mean energy given ap-
proximately by

EG QQ ] /3
MeV (3)

where Eo 63 (125) MeV for the isoscalar [27] (isovector
[28]) GQR. A value of Eo for the isovector GQR ranging
from 120 to 130 MeV has been cited in later reviews [29].
Thus, the isoscalar GQR provides additional absorption
strength in a region of excitation energies covered by first-
order El excitations. The isovector GQR is higher in the
continuum, perhaps providing absorption strength that
will interfere with the measurement of the strength in
multiple El excitations, as first discussed by Pruneau
and Takai [23].

At beam energies near 1 GeV/nucleon, E2 equivalent
photons are far more plentiful than El photons [16, 19].
Previously published calculations [19,21] have indicated
that the photoexcitation of giant quadrupole resonances
decreases in importance, with the decreasing number of
E2 compared to E1 photons, as the projectile energy
increases. Thus, the "background" to single and multiple
E1 excitations resulting from electromagnetic excit, ations
of giant quadrupole resonances is most troublesome at
the lower beam energies implied by Sec. II A.

To investigate the integrated strengths and possible
excitation energy dependence of GQR excitations com-

pared to first- and second-order GDR states, we start
with the experimental total cross section for the absorp-
tion of real photons by the projectile nucleus, We then
parametrize the differential photoabsorption cross sec-
tion for the excitation of isoscalar and isovector GQR's
as Lorentzians in three parameters —the mean energy,
width, and fractional exhaustion of the relevant oscillator
sum rule (FESR). Since the total photoabsorption cross
section contains the strengths for absorptions of predom-
inately E1 and E2 photons, the parametrization of the
photoabsorption cross section leading to GQR states then
determines the strength function for the absorption of
purely El photons —the mean energy, width, and in-

tegral of which should be consistent with experimental
measurements of the GDR and the El sum rule [29].
These parametrizations will allow predictions for the dif-

ferential excitation cross sections for states following E2
absorptions and direct comparison with the differential
excitation strengths expected of El absorptions of vari-
ous orders.

Calculations predicting the cross sections for the exci-
tation of giant quadrupole resonances, especially in the
context of their magnitude with respect to E1 excita-
tions, have been performed previously by several groups
[21, 23]. These predictions also involved the construc-
tion of the GQR photoabsorption cross sections from
Lorentzians, the parameters for which were taken either

o~(E~) z~ e~ 1 NZ
E'~ ~ 5 hcmc~ A

(4)

where R is the nuclear uniform density radius, which we

take as R = 1.2A /, and m is the nucleon mass. Ne-

glecting the possibility of magnetic resonance strength,
the difference between the experimental total and the two

GQR photoabsorption cross sections is the photoabsorp-
tion cross section for purely El photons. This is depicted
as the dotted lines in Fig. 2.

To provide a comparison of the possible differential
excitation cross sections for isoscalar and isovector GQR
states with respect to single and multiple GDR excita-
tions, we fold the particular photoabsorption cross sect-
ion depicted in Fig. 2 with the appropriate analytic num-

ber spectrum of (equivalent) photons [16]. The differen-

directly from available experimental data [29, 30] or from
the systematics implied by these data.

We note that considerable extrapolation is necessary to
obtain the parameters for the isovector GQR photoabs-
orption cross section in Si; the lightest nuclei for which

IVGQR strength has been identified [29] are 5sFe and
5sNi, for which I' 9 MeV and only (11+1)% of the
isovector GQR sum-rule strength was identified. This
extrapolation would imply the absence of isovector GQR
strength in zsSi. We thus expect that the photoexcita-
t, ion of isovector GQR's is important only in heavy nuclei,
but we nonetheless allow a FESR of the isovector GQR
sum rule of 1% for zsSi from the systematics for pur-

poses of comparison. Thus, we assume that the isoscalar
GQR could be described with I' 4.5 MeV (5.1 MeV)
and FESR=70% (30%), while the isovector GQR would

have I' 7 MeV (10 MeV) and FESR 80% ( 1%), for
'"Xe ("Si) nuclei.

A large body of experimental data on the centroids,
widths, and total strengths relative to the sum rule for
isoscalar GQR's exist in the literature [29]. However,

due to the freedom in the assignment of the parameters
allowed by the systematics of a very limited amount of
experimental data in the case of the isovector GQR, we

provide in addition to parametrizations based on the sys-
tematics those possible in a "worst-case" scenario, By
t, aking a relatively narrow width of 5 MeV and com-

plete exhaustion of the relevant sum rule for both GQR
states, estimates for the maximum possible contribution
to the excitation strengths from E2 absorptions will be
obtained.

The photoabsorption cross sections for isoscalar and

isovector GQR states in 'ssXe and zsSi used herein are

depicted in Figs. 2. In these plots, the total photoabs-
orption cross section measured experimentally [17, 18]
with real photons is given by the solid lines, while the
parametrized isoscalar (isovector) GQR strength func-
tions are given by the dashed (dot-dashed) lines. The
GQR Lorentzians are normalized to total strengths given

by the product of the classical sum rule and fractional
exhaustion of this sum rule. The sum-rule strength for
the isoscalar GQR is calculated as described in Ref. [28],
while the Gellman-Telegdi sum rule is used for the isovec-
tor GQR:
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tial cross sections so obtained are plotted along with the
strengths in single and double E1 excitations, which were
calculated as described in Ref. [13]and in Sec. III below,
for the excitations of 's Xe at 0.65 GeV/nucleon and zsSi
at 14.6 GeV/nucleon by 2osPb targets in Figs. 3 and 4.
The excitation cross sections calculated using the "worst-
case" GQR photoabsorption cross sections are depicted
in Figs. 3, while those obtained using the parametriza-
tions based on the systematics are shown in Figs. 4.

The number spectra used in the calculations shown in
these figures are generated using a value of bm;n which
is taken from Ref. [31], as described below. For both
sets of projectile nucleus and beam energies shown in
this figure, isoscalar GQR's are of negligible strength in
the regions of excitation energies covered by double-GDR
excitations. Any interference with the measurement of
double-GDR states will thus be the result of photoab-
sorptions leading to isovector GQR states.

For the case of isovector GQR excitations in ' Xe,
Figs. 3(a) and 4(a), the maxima of the isovector GQR ex-
citation functions calculated from both parametrizations
of the GQR photoabsorption cross section lies above the

predicted strength of double-GDR excitations. This in-

deed provides the possibility that such isovector GQR
strength might be mistaken as the strength of a double-
GDR state. However, most of this strength lies below the
expected mean energy of the double-GDR state, which is

given by EGD& ——2EGDR. In addition, we note that,
according to both parametrizations, the isovector GQR
absorption strength is least important for excitation en-

ergies covered by and above the 4n decay channel from
'"Xe

For isovector GQR states in Si projectiles at 14.6
GeV/nucleon, depicted in Figs. 3(b) and 4(b), the worst-
case parametrization of the isovector GQR strength func-
tion would imply that the excitation cross sections for
double-GDR states are completely dominated by those
for absorptions leading to (first-order) isovector GQR's.
However, a more realistic estimate, based on a long-
range extrapolation of the systematics, implies that the
background to double-GDR states imposed by isovector
GQR excitations is negligible for light nuclei. This same
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FIG. 2. The total photoabsorption cross section for Si
and Xe nuclei (solid lines), as well as the parametriza-
tions for the isoscalnr GQR (dashed lines) and the isovector
GQR (dot-dashed lines). The GQR's are each taken to be
Lorentzians, the parameters for which are taken either for a
"worst-case" depiction (left-most frames) or from the system-
atics of the available experimental data (right-most frames).
The subtraction of the two GQR strength functions from the
total photoabsorption cross section is then assumed to give
the absorption probability for El photous (dotted lines). The
"systematics" GQR's for Si are too weak to appear in the
upper-right frame.

FIG. 3. The calculated differential cross sections for first-
order GDR (dotted lines), second-order GDR (short-dashed
lines), first-order isoscalar GQR (long-dashed lines), and first-
order isoveetor GQR excitntious (dot-dashed lines) for Xe
on Pb at 0.65 GeV/nucleon (upper frame) and Si on

Pb at 14.6 GeV/nucleon (lower frame). The sum of these
excitation strength functions is shown as the solid line in each
frame. The GQR photonbsorption cross sections are intended
to depict a "worst-case" scenario following the assumption of
a narrow width for these states and complete exhaustion of
the relevant sum rules. The calculated threshold q values for
the 2n, 3n, and 4n decay channels from Xe are marked.
Note the different scales on the axes of the two frames.
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conclusion was also reached in similar calculations by
Pruneau and Takai [23].

It is relevant to compare the estimates obtained above
with other estimates not sensitive to the specific choices
for the parameters, and indeed the functional form itself,
necessary to describe the photoabsorption cross sections
leading to quadrupole resonances. We numerically inte-
grated the various strength functions from the "worst-
case" parametrizations of the two GQR strength func-
tions, shown in Figs. 3, and compared the relative in-
tegrated strengths so obtained with those calculated as
described in Ref. [19], and found agreement to better
than the 1%%uo level.

For the case of issXe on ~ssPb at 0.65 GeV/nucleon,
the total cross section for double-GDR excitations fol-
lowing multiple E1 absorption is about 5.1% of the total
first-order El strength. This should be compared with
relative strengths of approximately 17% for the isoscalar
GQR and 6.2% for the isovector GQR with respect to
the total first-order El absorption strength. This implies
that great care is necessary for the experimental verifi-
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FIG. 4. The calculated differential cross sections for first-
order GDR (dotted lines), second-order GDR (short-dashed
lines), first-order isoscalar GQR (long-dashed lines), and first-
order isovector GQR excitations (dot-dashed lines) for ' Xe
on Pb at 0.65 GeV/nucleon (upper frame) and Si on

Pb at 14.6 GeV/nucleon (lower frame). The sum of these
excitation strength functions is shown as the solid line in each
frame. The GQR photoabsorption cross sections were gener-
ated from the systematics of the available experimental data.
The calculated threshold q values for the 2n, 3n, and 4n de-

cay channels from Xe are marked. Note the diR'erent scales
on the axes of the two frames.

cation of multiple excitations due to the importance of
E2 absorptions, predominately those leading to isovector
GQR's, near the double GDR.

Experimental cross sections in excess of those pre-
sented herein are thus not necessarily a signature of the
presence of multiple excitation strength. One cannot eas-
ily infer the presence of multiple excitations from partial
or differential cross sections alone. The most sensitive
indications of the excitation mechanism involve the in-
spection of the scaling of the cross sections with the tar-
get charge, possible, for example, by forming the ratios
of cross sections for targets with diff'erent charges.

The ratios of measured cross sections from different
targets are insensitive to the multipolarity of the ab-
sorbed quanta due to the approximate Z&2 dependence
of both E1 and E2 equivalent photon number spectra.
Indeed, such cross-section ratios are enhanced by mul-

tiphoton absorption tohefher these phofons are both El
in nature or some combination of El and E2 phofons
Thus, while the inspection of experimentally measured
cross sections may indicate important sources of absorp-
tion strength from E2 photons leading to the excita-
tion and decay of isoscalar and isovector GQR's, these
(first-order) E2 excitations "drop out" of cross-section
ratios, leaving visible enhancements caused only by mul-

tistep excitations. We note that the relative magnitude
of the integrated strengths for El and the two types of
E2 excitations implies that the multiple excitation of gi-
ant quadrupole resonances can be neglected compared to
multiple El excitations, although the calculation of mul-

tiple GQR states would be possible after a straightfor-
ward extension of the framework described in Ref. [13].

While the use of low beam energies conveniently sup-
presses first-order excitations near the predicted multi-
step GDR strength functions, it concomitantly enhances
the contribution of isoscalar and isovector GQR excita-
tions relative to single and multiple GDR strength as
compared to larger beam energies. In the next section, we

discuss a third physical process that may interfere with
attempts to measure multiple GDR excitations —that in
which projectile dissociation occurs following nuclear in-
teractions.

C. Nuclear excitations

The probability for electromagnetic excitations de-
creases very quickly with increasing impact parameter.
However, in collisions with impact parameters very close
to the sum of the nuclear radii which provide the largest
possible (single and multiple) electromagnetic excitation
strength, peripheral nuclear interactions may also con-
tribute to the fragmentation. These grazing nuclear colli-
sions may result in final states similar to those populated
by electromagnetic interactions [1],providing contamina-
tion that could, in the worst case, completely wash out in-

dications of multiple electromagnetic excitation strength.
The impact parameter dependence of nuclear and elec-

tromagnetic excitations of Xe by Pb targets for
beam energies appropriate to t, he AGS and the SIS ac-
celerators is depicted in Figs. 5. In this plot, the dif-

ferential cross section for nuclear interactions is calcu-
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FIG. 5. The differential cross section for nuclear inter-
actions (solid line), aud the differential cross sections for
first- through fourth-order electromagnetic excitatious (dot-
ted lines) as a function of the impact parameter for Xe at
beam energies appropriate for the BNL-AGS and the GSI-SIS
accelerators. The shading for b 6;„ is intended to under-
score the experimental di%culty in the separation between
electromagnetic and nuclear excitations for roughly this range
of impact parameters.

lated numerically in a Glauber framework, as described,
for example, in Refs. [31—33]. The density distributions
for ~ssXe and zosPb are taken as Fermi distributions,
the parameters of which were taken from the results of
electron-scattering experiments [34]. A slight beam en-

ergy dependence of this nuclear cross section is intro-
duced by the variation with energy of the nucleon-nucleon
total interaction cross sections [35] necessary as input to
the calculation. The impact parameter dependence of
the first- through fourth-order electromagnetic excitation
cross sections are calculated in the framework described
below and in Ref. [13]. For clarity, the horizontal axis
is normalized by the parameter bm;„, which is chosen for
each system as described in Sec. III.

At AGS energies, the cross sections for electromagnetic
interactions extend over a wide range of impact param-
eters. However, at lower beam energies, the adiabaticity
that conveniently suppresses first-order excitations where
the higher-order strength functions are important also
constrains the multistep excitations to a limited range
of impact parameters very close to the sum of the nu-

clear radii. The higher the order of excitation, the more
limited the range of impact parameters that contribute.

Thus, the quality of the separation of events result-
ing from nuclear interactions is of crucial importance for
the study of (multiple) electromagnetic excitations at the
low beam energies implied in Sec. II A. Contamination
of the event sample by events following nuclear interac-
tions suppresses cross-section ratios, in the worst case,
washing out any indications of multiple electromagnetic
excitation strength.

III. INPUT TO THE CALCULATIONS

With predictions for the relative, beam energy and pro-
jectile species dependent, magnitudes of three important
sources of "background" to the experimental measure-
ment of multiple excitation strength in mind, we describe
in greater detail (than that presented in Figs. 3, 4, and

5) the predictions of the present folding model for the
(multiple) E1 excitation and decay of projectile nuclei at
beam energies on the order of 1 GeV/nucleon. Specifi-
cally, we provide the results of our calculations for the
electromagnetic dissociation of Xe at a beam kinetic
energy of 0.65 GeV/nucleon. This will then allow com-
parison of the predicted magnitudes of the signatures
of the multiple excitation process at relatively low (SIS
or Bevalac) as well as high (AGS [13]) beam energies.
To make quantitative predictions using the framework of
Ref. [13], the following modifications and additions were
made to predict cross sections for heavy projectiles at low
beam energies.

The total photoabsorption cross section for 'ssXe was
taken as a smooth interpolation between the photoabs-
orption cross sections for ~ I, ' Cs, and ~ssBa. These
were taken from Ref. [18]. The photoabsorption cross
section for Xe is a smooth Lorentzian in shape, so the
fine structure noticed in the single and multiple excita-
tion cross sections for light nuclei like z Si will not be
present [13].

To calculate the excitation cross sections for purely F1

excitations, the possible absorption strength in isoscalar
and isovector GQR states is subtracted from the total
photoabsorption cross section; this difference (shown as
the dotted lines in Fig. 2) is then used as input into the
present folding model. This is an important distinction
from previous work [13] where, due to the near equal-
ity of the El and E2 number spectra for projectile en-
ergies available from the AGS, the experimentally mea-
sured total photoabsorption cross section was used with-
out additional subtraction of the possible strengths of
GQR absorptions. At the lower beam energies implied by
Sec. II A, the approximation of all of the number spectra
by that for El photons, coupled then with the total pho-
toabsorption cross section measured with real photons to
produce the absorption cross sections, is inaccurate.

For all of the results on pure El excitations discussed
in the next section, the parameters for the Lorentzian
GQR strength functions in Xe were those taken from
the systematics of the available experimental data, not
the "worst-case" scenario described above. The limited
sample of nuclei for which isovector GQR strength has
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been identified with reasonable accuracy are all medium

to heavy in weight (A 60 [29, 30]), leading to reason-
ably accurate interpolation of the necessary parameters
for 'ssXe nuclei as compared to 2sSi. This should al-
low a more accurate comparison with the recently col-
lected experimental data [25) than that possible using
the "worst-case" parametrizations for the various GQR
strength functions.

The necessary choice of a minimum impact parameter,
b;„, below which semihadronic excitations dominate, is
made in the context of the so-called "BCV" framework
[31],as stressed by Norbury and Townsend [36]. A choice
of b~;„using the relation b;„= 1.2(AT + Ap ), as
done in Ref. [13], would lead to an overall increase in
the calculated first-order cross sections by about 13% for
issXe projectiles at 0.65 GeV/nucleon, and by about 3%
for Si and 14.6 GeV/nucleon. Due to the steep de-
pendence of the electromagnetic excitation cross sections
on impact parameter, visible in Figs. 5, careful choice of
the parameter 6~;„ is more critical for the calculation of
first-order cross sections at low beam energies than at
higher energies, and also more critical for the calculation
of higher-order cross sections than for first-order cross
sections at all beam energies.

The consideration of recoil effects for the calculation
of the equivalent photon number spectra, which were
neglected in our calculations performed for AGS beam
energies [13],are implicit to the BCV framework and its
parametrization of bm;„. In previous work [19], recoil
was treated by scaling b~;„using b;„~b;„—ird/2,
where d is the distance of closest approach of the two
heavy ions. We note, however, that this recoil correction
is quite small for relativistic projectiles, being 0.1 fm,
and could be neglected if b;„=Rp+RT was used in our
model because the overall accuracy of these calculations
is not expected to be better than a few percent anyway,
due to the neglection of the nuclear form factor.

A simple but approximate treatment of the nuclear
form factor is possible by replacing the number spectrum
n q(E~, b), which is evaluated over a range of impact pa-
rameter bm;„( 6 & oo, by 8(b)n ~(Ez, b) and evaluating
over the range 0 C b C oo. Then, as suggested by studies
of nuclear inelastic scattering in the context of the optical
model ['28], we adopt the following form for the "start"
function 8:

8(b) = 1.0— 1

1.0 —exp[(b —Rp —RY )/&]
'

as much as 2% larger (depending on the final state)
for izC targets, and less than -0.2% larger for 2osPb

targets, as compared to those obtained using the frame-
work described in Ref. [13]. Along with the geometry
of the colliding nuclei, the impact-parameter dependence
of the excitation probabilities, especially when including
in an approximate way the nuclear form factor as de-
scribed above, leads to suppression of the target charge
dependence of the excitation probabilities, and hence the
cross-section ratios, from the pure Z&~" scaling expected
from the Weizsacker-Williams number spectra.

The numerical integration was carried out from the
particle (neutron) threshold to 75 MeV, so that all of the
decay strength of Xe into the 4n channel was included.
Considerable strength into the Xe ~ 5n + Xe
channel exists near and above 75 MeV. The calculations
were not carried out far enough to cover the 5n channel in
part in the interest of limiting the necessary computing
time, but also because the presence of multiple excita-
tions is clearly reflected in the Sn and 4n channels, as
described belo~.

The standard statistical model, in the form of the com-
puter code CASCADE [37], is used to predict the probabil-
ities for the variety of fragmentation channels that folio~
the (multiple) excitation. A version of this code that
includes proper treatment of the isospin and parity in-
volved in the nuclear decay has been developed [38], but
was not used here to allow comparison with the calcula-
tions performed [13] for zsSi at AGS energies. We note,
however, that the treatment of isospin and parity may
have a significant effect on calculation of the strengths
for specific final states following EM excitations of the
(single) GDR—especially for lp, 1n, and 1n decays from
the GDR in zsSi.

The use of CASCADE assumes complete mixing of the
produced states into the compound nucleus. The va-

lidity of the application of the statistical model in this
context can be investigated by comparison to available
experimental data. We stress, however, that t,he specific
modelling of the decay step of the reaction does not affect
the strategy, described below and mentioned in Ref. [13],
that can be used to make inferences about the (mult, i-

ple) excitation step in the reaction. The decay probabil-
ities leading to exclusive final states following single and
multiple excitations do not influence the ratios of cross
sections.

IV. RESULTS

where a is the "skin thickness" of a description of the
impact-parameter dependence of the nuclear cross sec-
tion in terms of a Fermi distribution and the radii of
the projectile and target, R~ and Rz, are each given
by R = 1.2A ~ . A complete discussion of the use of
this function in our folding model is beyond the scope
of this paper; we note, however, that as a first approxi-
mation to the transition from peripheral nuclear to pe-
ripheral electromagnetic interactions, implied by Fig. 5,
a skin thickness a 0.5 fm in the above for Xe on
2osPb is appropriate. Using this choice with Eq. (5) in

our folding model leads to partial cross sections that are

In this section, the results of the calculations of the
(multiple) El excit, ation of Xe at a laboratory kinetic
energy of 0.65 GeV/nucleon are presented and compared
to results for lighter projectiles at higher beam energies.
All input parameters not specifically described in Sec. III
are taken from Ref. [13].

The differential cross sections do&" ~/dE for the electr. o-
magnetic excitation of Xe by natural C, Al, Cu, Sn,
Pb, and U targets are shown in Fig. 6. The nth-order
cross sections are peaked at excitation energies given by
nEGDR, similar to the results described in Ref. [13],with
overall shapes that reflect the relative smoothness of the
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FIG. 6. The calculated differential cross sections for first-,
second-, third-, and fourth-order E1 excitations of Xe at a
laboratory kinetic energy of 0.65 GeV/nucleon by C, Al, Cu,
Sn, Pb, and U targets. The fourth-order differential excitation
cross section by C targets is not shown for clarity.

culated threshold Q values for each, are shown in Fig. 8.
The channels in Fig. 8 are labeled by their threshold Q
value for comparison with experimental data for which
the excitation energy E' is not measured.

The ratios obtained by dividing the calculated cross
sections from a 2osPb target by those from a 2C target
when we include the higher-order excitations show an
enhancement of approximately a factor of 10 over that
expected from purely first-order excitations. This en-
hancement decreases to about a factor of 2 when the Pb
target cross sections are divided by those for heavier tar-
gets. This should be compared with results obtained for
the AGS and the SPS [13],where the enhancement in the
Pb/C cross-section ratios is only slightly larger than 10%
at AGS energies, and less than 5% at the SPS.

V. SUMMARY AND CONCLUSIONS

In this paper we have expanded on the results of previ-
ous investigations into the multiple electromagnetic exci-

First Order Excitation only
------ Up to Second Order Excitation
~ --- ~ -- Up to Third Order Excitation

Up to Fourth Order Excitation

I I I I I I I I I I I I I I I I I I I I I I

e Pb)/~(~)

experimental photoabsorption cross section as compared
to those measured for light nuclei.

The cross sections computed using the statistical
model approach for the fragmentation of Xe into ex-
clusive final states following nth-order El excitations are
presented in Table I. The dominant channels are those
involving the evaporation of several neutrons, the pop-
ulation of charged final states occurring with cross sec-
tions that are less than a few microbarns. The sum of
4n~~ - 4k" o64~x ~ M3-"~4iaK~r&~ &UK% &KG.r AYetw

including up to fourth order, purely El, excitations —are
given in Table II. The partial cross sections for absorp-
tions into isoscalar and isovector GQR's obtained using
the parametrizations for the GQR photoabsorption cross
sections based on the systematics of the available exper-
imental data are included with the El excitation cross
sections in Table III. The absorption of (equivalent) pho-
tons into GQR's is thus an important source of fragmen-
tation strength, most importantly for the 1n, 2n, and 3n
decay channels from Xe. The absorption of E2 pho-
tons is of lesser importance for the Xe' ~ Xe+4n
decay channel, which is also visible in Figs. 3 and 4.

The ratios of the differential nth-order cross sections
for the Coulomb fragmentation of Xe predicted by our
calculations are shown in Fig. 7. The ratios of cross sec-
tions into identified final states, the Xe ~ 1n, 2n,
3n, and 4n+ ~Xe decay channels, labeled by the cal-
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the excitation of Xe at a laboratory kinetic energy of 0.65
GeV/nucleon obtained from the calculation for Pb targets di-
vided by C, Al, Cu, and Sn targets for each order of excitation
up to fourth order.
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TABLE I. The cross sections predicted by the folding model of Ref. [13]for purely first-, second-,
third-, and fourth-order E'1 excitation and subsequent statistical decay of Xe at a laboratory
kinetic energy of 0.65 GeV/nucleon.

First order
Final state a(C)

(mb)
a (Al) cr (Cu)
(mb) (mb)

a(Sn)
(mb)

o (Pb)
(mb)

o(U)
(mb)

Xe+1n
Xe+2n
Xe+3n
Xe+4n

8.0
14.4
23.0
29.4

13.7
6.6

0.15
0.04

5G.4
26.1

0.54
0.13

234.2
103.4
1.9

0.40

582.0
245.5
3.9
0.76

1279.5
513.2
7.3
1.3

1520.9
601.4

8.2
1.4

Final state

Xe+1n
' 'Xe+2n

Xe+3n
Xe+4n

-q
(MeV)

8.0
14.4
23.0
29.4

a(C)
(~b)

0.03
4.7
11.2
1.7

Second order
a(A1) a(Cu)
(pb) (mb)

0.5 0.008
72.2 1.1
164.1 2.4
24.1 0.33

o(Sn)
(mb)

0.048
6.4
13.0
1.6

o (Pb)
(mb)

0.24
29.1
56.0
6.6

o(U)
(mb)

0.33
40.6
76.8
8.8

Final state

"'Xe+ln
"'Xe+2n

Xe+3n
Xe+4n

—q
(MeV)

8.0
14.4
23.0
29.4

a(C)
(nb)

0.0
0.019

1.G
9.9

Third
a(A1)
(nb)

0.0
1.1

91.9
528.8

order
a(Cu)
(~b)
0.0

0.06
5.2

28.4

o(Sn)
(~b)
0.0
0.88
67.6

347.3

a(Pb)
(mb)

0.0
0.009
0.63
3.1

a(U)
(mb)

0.0
0.014

1.0
4.9

Final state

'"Xe+ln
Xe+2n

'"Xe+3n
'"Xe+4n

—Q
(MeV)

8.0
14.4
23.0
29.4

Ir(C)
(nb)

0.0
0.0
0.0
0.0

Fourth order
Ir(A1) a(Cu)
(nb) (nb)

0.0 0.0
0.0 0.0
0.0 0.48

0.18 36.5

a(Sn)
(nb)

0.0
0.02
14.6

1055.9

o (Pb)
(~b)
0.0
0.0
0.30
20.3

Ir(U)
(~b)
0.0
0.0

0.57
38.8

TABLE II. The total cross sections predicted by the folding model of Ref. [13] for up to
fourth-order El excitation and subsequent statistical decay of Xe at a laboratory kinetic en-
ergy of 0.65 GeV/nucleon.

Final state

"'Xe+ln
"4xe+2n

Xe+3n
Xe+4n

—q
(MeV)

8.0
14.4
23.0
29.4

o(C)
(mb)

13.7
6.6

0.16
0.04

a(AI)
(mb)

5G.4
26.2
0.70
0.15

IT(C11)

(mb)

234.2
107.6
4.3
0.76

o(Sn)
(mb)

582.0
251.9
17.0
2.8

a(Pb)
(mb)

1279.7
542.4
63.9
10.9

a(U)
(mb)

1521.2
642. 1

86.0
15.2

TABLE III. The total cross sections predicted by the folding model of Ref [13] for up . to
fourth-order El and first-order E2 excitation, which includes excitations of isoscalar and isovec-
tor GQR's, and subsequent statistical decay of Xe at a laboratory kinetic energy of 0.65
GeV/nucleon.

Final state

'"Xe+ln
' 'Xe+2n

Xe+3n
'"Xe+4n

—Q
(MeV)

8.0
14.4
23.0
29.4

a(C)
(mb)
17.8
8.0

0.43
0.06

a(AI)
(mb)
72.0
31.2
1.7

0.22

o (Cu)
(mb)
294.7
123.1
7.6
0.97

a(Sn)
(mb)
726.7
293.8
24. 1

3.2

a(Pb)
(mb)

1597.2
629.1
77.6
11.7

o(U)
(mb)

1900.3
743.8
101.9
16.0
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FIG. 8. The ratios of partial cross sections into the 1n, 2n,
3n, and 4n decay channels of Xe projectiles at laboratory
kinetic energies of 0.65 GeV/nucleon. Here, the partial cross
sections, obtained by the calculation, for Pb targets are di-
vided by C, Al, Cu, and Sn targets for each order of excitation
up to fourth order.

tation of GDR states in relativistic nuclei. Three physi-
cal processes also contribute to the cross sections —first-
order El, GQR, and nuclear excitations —imposing a
strong "background" atop the predicted multistep GDR
excitation strengths.

The strength of first-order El excitations leading to
excitation energies E' 2EGDR, where double-GDR ex-
citations are predicted to occur, is suppressed by the use
of beam energies on the order of 1 GeV/nucleon. How-

ever, two other processes become increasingly important
at low beam energies, from the Bevalac or SIS accelera-
tors, for example, as compared to higher beam energies
available from the AGS or SPS.

The excitation and decay of giant quadrupole reso-
nances, in particular the isovector GQR, contributes frag-
mentation strength in the same region of excitation en-

ergy covered by multiple El excitations. These GQR
absorptions provide non-negligible decay strength into
exclusive final-state channels, so great care is required
if the search for multiple excitations is to occur by the

inspection of experimentally measured dissociation cross
sections alone.

In addition, excitations resulting from peripheral nu-

clear interactions are most important relative to electro-
magnetic excitations of any order at low beam energies.
The quality of the separation of the electromagnetic and
nuclear components, a matter demanding consideration
both during the on-line data collection and in the final
analysis, is of crucial importance for the isolation of mul-

tiple electromagnetic excitations.
Considerable insight into the character of measured ex-

perimental data is obtained by the formation of the ra-
tios of either exclusive partial cross sections or differential
cross sections measured for projectile excitations by two
different target species. These ratios of cross sections
measured using targets of very different charges are sen-
sitive indicators of the presence of multiple excitations
whether they involve purely El photons, purely E2 pho-
tons, or some combination of El and E2 photons, but
are suppressed by fragmentation strength resulting from
nuclear interactions. Thus, while our estimates indicate
that the integrated strength of isoscalar and isovector
GQR excitations exceeds that expected for double-GDR
excitations, such strength does not interfere with any ex-
perimental assessment of the presence of multiple GDR
excitations involving cross-section ratios.

At low projectile energies, the overall electromagnetic
excitation cross sections are small, especially with respect
to the essentially beam-energy-independent strength of
peripheral nuclear interactions. The nuclear component
may well dominate the event sample at low beam ener-
gies to such an extent that no firm statement concerning
the presence of multiple electromagnetic excitations will
be possible. The number spectra of E2 (equivalent) pho-
tons exceeds that for E1 photons at low beam energies,
so GQR excitations provide sizable absorption strength
in this case. Higher beam energies have the advantage
of larger overall electromagnetic excitation strengths, es-
pecially relative to nuclear excitations, as well as weaker
spectra of E2 photons relative to El photons and the ad-
vantages in event characterization provided by stronger
kinematic focusing, but suffer from relatively smaller en-
hancements in cross-section ratios.

For a given beam energy, the excitation of heavy pro-
jectiles like Xe leads to larger overall cross sections
as compared to those for light ones like zsSi, due to the
lower mean position of the GDR in heavy nuclei cou-
pled with the 1/E» dependence of the various spectra of
(equivalent) photons. For this reason, the total higher-
order excitation cross sections are also larger than those
for light nuclei. However, the possibility of the measure-
ment of very large amplitude collective final states that
may result from the absorption of several photons in the
GDR is more promising in light nuclei [19].

Experimental verification of the occurrence of multi-
step electromagnetic excitations in relativistic nucleus-
nucleus collisions would allow exciting new investigations
into the character of atomic nuclei following the mea-
surement of their response to the extreme conditions im-
posed by multiple excitations. In addition, if the exis-
tence of multiple GDR states can be experimentally ver-
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ified, they might provide an efBcient mechanism for the
production of final states of many neutrons with little
relative temperatur- opening the door for renewed in-
vestigations [13, 24] into possibly bound or metastable
multineutron [39] systems.
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