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We have studied in detail the electromagnetic dissociation of 28Si projectiles at 14.6
GeV/(cnucleon), interacting with Pb, Sn, Cu, and Al targets. Exclusive cross sections were mea-
sured for several decay channels, including final states involving the emission of protons, neutrons,
and «a particles. Excitation energy distributions for the 1n+27Si and 2p+2°Mg decay channels were
reconstructed with a resolution of 2 MeV, using a constrained kinematic fit. The energy distributions
obtained for 1n+2?7Si are in good agreement with the o(y,n) photoneutron cross sections multiplied
by the virtual photon spectrum obtained in the Weizsidcker-Williams approximation. A search for
the double photon excitation process, based on the dependence of the cross sections on the target

atomic number, was performed.

PACS number(s): 25.70.Mn, 24.30.Cz, 25.75.+r, 27.30.+t

I. INTRODUCTION

The acceleration of heavy ions to relativistic momenta
has opened up the possibility to excite the projectile nu-
clei electromagnetically to energies of tens (even hun-
dreds) of MeV and therefore to study high-lying excita-
tions such as the giant dipole and quadrupole resonances.
The excitation mechanism can be quite well described as
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the absorption of virtual photons produced by the elec-
tromagnetic field of one nucleus (target or projectile) by
the other nucleus [1]. For example, at a beam energy
of = 15 GeV/(cnucleon), heavy targets can generate an
intense field of virtual photons up to 5 photons/MeV at
20 MeV. For a typical transverse area of 10* fm? and a
pulse duration of about 1 fm/c, this implies equivalent
photon densities of approximately 10*6/MeV cm?s, far
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exceeding photon densities available at electron acceler-
ators. The high photon density brings as a consequence
a large cross section for the excitation of resonant states
and thus the possibility to investigate harmonics of the
glant resonances [2].

The use of relativistic heavy ions for the study of elec-
tromagnetic dissociation (EMD) offers a number of ex-
perimental advantages, particularly in the identification
of specific final states. The projectile is incident with en-
ergy Apmn~o (in units with ¢ = 1), where A4, is the num-
ber of nucleons in the projectile, my is the nucleon mass,
and ~, is the Lorentz factor, which is approximately 15
at AGS energies. Because the center-of-mass velocities
in the decaying system are quite low relative to the pro-
jectile velocity, the laboratory energy of a decay product
of mass number A is close to Ampy~,. Thus a measure
of this energy to a fractional precision AE/E ~ 1/A is
adequate to determine A. Since the magnetic deflection
in the spectrometer is proportional to [(4/Z)my~.] ",
a measurement of the deflection angle yields the value of
A/Z for the residual final-state ion. The atomic number
can be directly obtained from a measurement of the spe-
cific energy loss. Combining these measurements, which
are redundant in the case of charged particles, and using
conservation of charge and energy permits unambiguous
identification of a large number of exclusive decay chan-
nels. The E814 apparatus takes advantage of the charac-
teristics of EMD events at relativistic energies to achieve
complete identification on an event-by-event basis for fi-
nal states involving the emission of protons, neutrons,
and a particles.

The cross-section results presented here for the exclu-
sive EMD channels confirm our previous measurements
[3] and extend them to a larger number of decay chan-
nels. For the three decay channels with the highest cross
sections (1p + 27Al, 1n + 27Si, and 2p + 26Mg) we have
carried out a more detailed study which includes a com-
plete kinematic reconstruction event by event. This re-
construction permits a measurement of the final-state en-
ergy (the sum of the threshold energy for the reaction
and the center-of-mass kinetic energies of the final-state
particles) of the system, along with their angular distri-
butions. For the 1p+27Al and 1n+27Si decay channels,
it is possible to compare our cross sections as a function
of energy to photonuclear cross sections [4-6] at energies
where the latter exist, up to about 25 MeV. Also, our
three reconstructed channels correspond to more than
80% of the total EMD cross section, and thus it is mean-
ingful to compare the sum of our measured cross sections
with total photon absorption measurements made with
real photons.

Of particular interest is the possible multiple excitation
of giant dipole resonances (GDR), which could be excited
in relativistic heavy ion collisions through the absorption
of two or more virtual photons of energy E, ~ Egpg.
The first experimental verification of the existence of dou-
ble giant dipole resonances (DGDR) was made in a pion
double charge exchange reaction [7]. Recently, indica-
tions of the population of these states from EMD induced
by beams of very heavy ions produced by the GSI-SIS
accelerator have been reported [8-10]. Surprisingly, the

measured cross sections are larger by a factor of 2 or more
than theoretical predictions [11-16]. In contrast to the
GSI experiments our investigations focus on excitation of
the relatively light nucleus 28Si and we examine the pres-
ence of the DGDR in 28Si in two ways: (a) by examining
the dependence of the cross section on the atomic num-
ber Zr of the target nucleus for decay channels with re-
action Q-value thresholds close to Epgpr ~ 2Egpr and
(b) by searching for an enhancement in the reconstructed
excitation energy distributions near Epgpr. Note that
excitation of the DGDR leads to a Z} component in the
cross section, compared to the dominant Z2 for single
excitation (see below).

The paper is organized as follows. In Sec. II we de-
scribe the apparatus and the trigger used to collect EMD
events. The analysis procedure, including event selection
and reconstruction is discussed in Sec. III. Section IV
contains the results for cross sections and final-state en-
ergy distributions. Conclusions are stated in Sec. V.

II. EXPERIMENTAL SETUP

The experimental setup used in this work is shown
in Fig. 1. The coordinate system is defined as a right-
handed system whose origin is at the target, with the
z axis along the incident beam direction and the y axis
vertical (upward). The detectors in the experiment con-
sist of a beam telescope, which defines acceptable beam
particles, a pair of silicon strip detectors to measure the
horizontal coordinate and angle of the incoming beam
particles at the target, a set of detectors in the target
area to measure the energy and charge multiplicity, two
silicon disks upstream and downstream of the target to
measure the charge of the beam particles or residual ions,
and a forward spectrometer to measure the position, en-
ergy, and charge of the final-state particles. The two
dipole magnets M1 and M2 provide the deflection for the
forward spectrometer. During data taking we operated
these magnets at a field strength of approximately 2 T.
The field integral was 5.957 T m, which provides a de-
flection angle of 60 mrad for 28Si nuclei at the nominal
beam momentum of 14.6 GeV/(cnucleon). The recon-
struction of beam tracks through the forward spectrome-
ter, in which the known magnetic field and the measured
particle trajectories are used to compute an indepen-
dent value of the beam momentum, yields a mean value
of 14.404+0.05 GeV/(cnucleon). The detectors around
the target are sensitive to any activity (i.e., neutral or
charged particles) in the target region and were used as
“veto” detectors to select events that originate from pe-
ripheral collisions. Calorimeters provide an energy mea-
surement over the angular interval 2°-165°, and a sili-
con pad detector measures charged particle multiplicity
over the range of 2°-33.5°. The detectors in the forward
spectrometer, which consist of tracking detectors, ura-
nium calorimeters, and scintillator hodoscopes, provide
momentum, energy and charge measurements for the re-
action products passing through the £12.3 mrad verti-
cal by +18.4 mrad horizontal aperture centered on the
beam axis. To reduce downstream interactions, helium
bags were placed in the regions with large gaps between
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FIG. 1. Diagram of the E814 experimen-
tal setup. The beam enters the experiment
from the left through a hole in the target
calorimeter. Forward-going particles pass
through the participant calorimeter opening
and the magnets M1 and M2 into the forward
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spectrometer. Track positions are measured
in the three tracking chambers DC1, DC2,
and DC3. Charge is measured in the for-
ward scintillator hodoscopes and the energy
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detectors. In addition, an array of scintillation counters
(veto wall) was placed in this region but outside the ge-
ometrical acceptance of the spectrometer to detect and
veto events in which particles were produced through nu-
clear interactions. A detailed description of the detectors
is given elsewhere [3, 17, 18].

The criteria used for the EMD trigger were based on
the selection of events that produce low activity in the
detectors around the target. To reduce the background
and to enhance the data sample with EMD events, the
trigger requires a substantial amount of charge (corre-
sponding to Z > 7) detected in the scintillators in the
region where the heavy fragments are deflected (Z/A4 ~
1/2). In addition, several triggers were implemented re-
quiring different amounts of energy in the region of the
calorimeters that would be struck by protons and neu-
trons.

The recorded EMD data sample consists of two major
parts, namely, single nucleon emission and multinucleon
emission. These data were taken with parallel triggers,
with each trigger appropriately downscaled to enhance
the number of events from decay channels with smaller
cross sections in our data sample. Additionally, triggers
with and without the veto condition were used. Those
with the veto condition produce a sample that is rich in
events from EMD.

In addition to the triggers that select events from elec-
tromagnetic interactions, several other triggers were used
to study trigger efficiency corrections, gain variations,
and other systematic effects. These consist of beam trig-
gers, pretriggers (requiring a certain amount of energy in
the proton or neutron calorimeters), and random triggers
(events with no beam particle present, generated through
arandom pulser). The frequency of these triggers was ad-
justed to give a rate of about 5% of the events taken with
the EMD triggers. Data were taken with natural targets

of Pb, Sn, Cu, and Al, with physical thicknesses of 4.36,
3.35, 2.24, and 1.30 g/cm?, respectively (corresponding
to 4% nuclear interaction lengths for 28Si). In addition,
data were taken with an empty target frame to study
contributions from interactions in materials other than
the target. The total data sample used in this analysis
consists of about 2400000 EMD and peripheral interac-
tion events.

III. DATA ANALYSIS

A. Event selection

The basic criterion for selecting EMD events is based
on the assumption that the electromagnetic processes do
not produce significant activity in the target region. In
EMD events, the projectile absorbs a virtual photon from
the field of the target nucleus and decays by emission of
one or more nucleons with rapidity near that of the in-
cident projectile. Nuclear fragmentation, on the other
hand, results from hard collisions that in most cases pro-
duce particles (e.g., pions) at large angles, which can be
detected by the calorimeters in the target region. There
are, however, also soft nuclear collisions occurring be-
tween the peripheral nucleons from the projectile and
the target, that do not produce signals in detectors in
the target region. Such events cannot be distinguished
from EMD events on an event-by-event basis. It is, how-
ever, possible to subtract the nuclear component from the
measured cross sections [17], because the nuclear and the
electromagnetic cross sections differ in their dependence
on the target mass and charge (see Sec. IV A).

The selection criteria were determined by studying the
background as well as the target region activity produced
by valid beam particles. Valid beam particles were iden-
tified by selecting Z=14 particles that entered the ex-
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periment through the beam scintillator system and the
upstream silicon detector. Requirements were then im-
posed to select only events where the 28Si projectile does
not interact in the target, by measuring the charge and
the momentum at the downstream end of the spectrom-
eter. A valid electromagnetic interaction was assumed
not to produce more activity than a beam particle that
passes through the target without any interaction. The
cuts used in this analysis to select EMD events are listed
in Table I. A detailed description of these cuts is given
elsewhere [17,18]. We do not observe any target depen-
dence in the overall efficiency of these cuts and hence the
same cuts were applied to all targets for the selection of
electromagnetic interactions.

The data analysis was carried out by identifying the
heavy ion fragment and all the projectile light fragments
on an event-by-event basis. Identification of the heavy
ion that belongs to specific decay channels reduces the
background contributions from other decay channels con-
siderably. This was done by measuring its charge and
mass.

The charge of the heavy ion is measured by combin-
ing three separate charge measurements. The measure-
ments are done using the silicon detector placed imme-
diately downstream of the target and two scintillator ho-
doscopes at z = 32 m, oriented perpendicular to each
other (one composed of vertical scintillator plates and
the other of horizontal plates). Consistency between the
charge measurements ensures that the heavy fragment
does not undergo any secondary interaction downstream
of the target. Combining the three measurements pro-
vides an energy loss resolution of 2.5-3.0 %, adequate to
separate different final-state residual ions.

To determine the mass of the heavy fragment we mea-
sure the magnetic rigidity P/Z by reconstructing its tra-
jectory through the magnets. We use position measure-
ments given by the tracking chambers DC1, DC2, and
DC3 [20-22], combined with the incoming beam angle
and position at the target extracted from the beam ver-
tex detector. Our studies show that the residual heavy
ion magnetic rigidity can be reconstructed with a resolu-
tion of 0.5-1.0 %.

Figure 2 shows the measured charge vs P/Z for heavy
ion fragments. The mass of the fragments can be cal-
culated by the relationship A = (P/Z) x (Z/Pg) where
Pp is the beam momentum per nucleon (8 =~ 1 for these
fragments). We note a clear separation of the different
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FIG. 2. Measured charge vs the reconstructed magnetic
rigidity (P/Z) of the heavy fragments. Each cluster of events
corresponds to a single isotope of a given element.

residual heavy fragments. However, the same residual
heavy ion can be produced in different decay channels
(such as 4p+2n+22Ne and 2p+1a+22Ne), and we need
therefore additional information from the other detectors
to identify specific decay channels.

To identify the decay channels we first select the resid-
ual heavy ion through charge and magnetic rigidity mea-
surements. We then inspect the energy in the proton
and neutron calorimeters as well as the information from
other detectors in the spectrometer. Figure 3(a) shows
the measured energy in the neutron calorimeters vs P/Z
of the heavy ion, for selected events where the heavy ion
is Ne (Z=10). Indicated in the figure are the number of
emitted neutrons corresponding to the energy deposited
in the neutron calorimeters (along the vertical axis) and
the isotope of Ne (along the horizontal axis). We note
that for each Ne isotope, the strongest decay channel has
two neutrons less than expected for pure nucleon emis-
sion. The energy distribution in the proton calorimeters
for these channels is compatible with only two protons
having been emitted, whereas AZ, the difference between
the atomic number of 28Si and the atomic number of the
residual heavy ion, is 4, indicating an o emission. The
magnetic rigidity of the o particles is very close to that
of the heavy fragments accompanying them, which limits
the efficient track reconstruction for these particles.

The vertical and horizontal hodoscopes at the down-
stream end of the spectrometer can give additional in-
formation to corroborate the presence of the a parti-
cle. The a particle was identified by performing a se-

List of cuts used in EMD selection. The events that produce energy and multiplicity

less than or equal to the values listed here for each detector were taken as good EMD events.

Detector system

Cut description Cut

Multiplicity detector
Target scintillators

Charge multiplicity 25
Charge multiplicity 4

Target calorimeter Energy/cell in side walls 20 MeV
Energy/cell in back wall 15 MeV

Participant calorimeter Energy/tower 200 MeV
Total energy 1 GeV

Magnet scintillators Charge multiplicity 5

7w-neut calorimeters Energy/tower 0.5 GeV

Neutron region scintillators Charge multiplicity 3
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FIG. 3. (a) Measured energy in the neutron calorimeters

vs the magnetic rigidity (P/Z) of heavy ion fragments, for
selected events where the heavy ion has Z=10. Indicated are
the number of neutrons detected in the neutron calorimeters
(along the vertical axis) and the isotope of Ne (along the
horizontal axis). (b) Measured charge of the particles near
the heavy fragments, for 2pla events.

lection on the second highest charge (i.e., the highest
charge after identifying the heavy ion) in either the ver-
tical or horizontal scintillation counters. Since the coun-
ters are perpendicular to each other, the region where
the a particle is not identifiable due to the presence of
the heavy ion is limited to an area of about 10x10 cm?.
Figure 3(b) shows the measured charge distribution in
the downstream hodoscope for the second highest charge
in selected 2p+1a+22Ne events. The distribution shows
a peak corresponding to Z=2 particles, indicating the
presence of an a particle. However, the heavy ion some-
times creates § rays that lead to charge misidentification
in the forward scintillators. By examining events in well-
identified channels which do not contain an a particle we
estimate this background to be 8% in the o sample.

The inefficiencies of the selection procedures are eval-
uated using data taken from other less restrictive trigger
conditions (triggers without the veto condition, pretrig-
gers, and beam triggers). The major contributions to the
inefficiency arise from interactions of heavy fragments
occurring downstream of the target and the accidental
rejection of good events by the trigger. The remaining
contributions to the inefficiency come from accidental ve-
toes in the veto wall, off-line selection for good beam
particles, charge identification procedures, cluster algo-
rithms for uranium calorimeters, accidental rejection by
off-line vetoes, and heavy fragment track reconstruction.
A list of estimated efficiency factors used in this analysis
is given in Table II. Some of the efficiency factors are run
dependent and were treated accordingly; only the aver-
age values are shown in the table. A detailed account of
the methods of estimating these efficiency factors is given
elsewhere [17,18].

In addition to the efficiency factors listed in Table II,
the spectrometer has limited acceptance for detection of
a particles from projectile decay. This inefficiency was
estimated using Monte Carlo methods to simulate the
decay of specific channels, and evaluating the number of
events that fall inside the 10x10 cm? area of confusion
with the heavy fragment. This estimate depends on the
excitation energy, since the opening angle between the
heavy ion and the a depends on the energy available for

TABLE II. Estimated efficiencies in the identification of
the EMD decay channel. These efficiency factors, indepen-
dent of each other, are evaluated from data taken with less
restrictive trigger conditions.

Selection criteria

Efficiency (%)

Downstream interactions 70.6 = 1.9
On-line veto detectors 76.9 + 1.4
Veto wall selection 87.5 + 1.8
Good beam definition 84.3 + 2.7
Charge identification 93.2 £ 1.5
Single proton clusters 95.8 + 1.0
Single neutron clusters 90.0 £+ 2.0
Off-line veto detectors 96.3 + 0.5
Track reconstruction 85.2 + 2.5

the decay [18]. For the efficiency estimate we have used
an average value of 5 MeV above the threshold energy,
which yields a value of approximately 70% for the accep-
tance for all channels involving a emission.

Other efficiency factors for complex channels arise from
the performance of the calorimeters in detecting multi-
nucleon events (obtained by combining the single nucleon
efficiencies given in Table II), and from the 2p and 3p
trigger efficiencies. These amount to 95% and 62%, re-
spectively, and are primarily due to the trigger thresholds
imposed on the signals from the calorimeters.

B. Event reconstruction

Reconstructed physical quantities and improved esti-
mates of the track variables were extracted with a recon-
struction program that exploits geometrical and kinemat-
ical constraints. These constraints allow us to combine
the tracking information in an optimal way to determine
the parameters of interest.

In the geometrical fit, the angles of the tracks, the
coordinates of the vertices, and the momenta of the par-
ticles are treated as parameters. Geometrical constraints
are imposed when forming the vertices for separate track
segments. We constrain all outgoing tracks to have the
same (z,y) coordinate at the target and the same z inter-
cept as the incoming beam particle [see Fig. 4(a)]. We are
able then to reconstruct 1p+27Al and 2p+26Mg channels
with three and five geometrical constraints, respectively.
The 1n+27Si system is reconstructed with only one ge-
ometrical constraint, since information on the neutrons
consists of only the position measurement in the down-
stream calorimeters (see below).

The kinematics in the data analysis are implemented
by performing a kinematically constrained fit. We as-
sume that the decaying 28Si nucleus has the same veloc-
ity as the beam particle. The invariant mass is, however,
increased by the final-state energy, which is the 28Si exci-
tation energy minus the excitation of the heavy fragment.
The final-state energy is introduced as a variable in the
fit.

For a two-body decay, two center-of-mass decay angles
(6* and ¢*) are also introduced as variables, along with
the horizontal slope and intercept of the incoming track.
In this analysis, 6* is defined as the polar angle of the
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plan view side view

(b)
FIG. 4. Diagram illustrating the geometrical and kine-
matic fits. (a) In the geometrical fit the outgoing tracks

and the incoming beam track are required to have a common
horizontal (z) intercept. A common vertical (y) intercept is
required of the outgoing tracks, but the beam track is not
included in the fit, since its vertical coordinates are not mea-
sured. (b) The kinematic fit uses as parameters the center-
of-mass angles ", ¢ ( in the projectile rest frame) and 6y
and ¢, (in the diproton rest frame), along with the excitation
energy of 228i, and the invariant mass of the diproton.

momentum vector of the residual heavy ion with respect
to the beam momentum vector, in the rest frame of the
projectile. This frame is the same as the rest frame of
the excited projectile, since the velocity of the projec-
tile is assumed to be unchanged in the EMD process.
The azimuthal angle ¢* gives the orientation of the de-
cay plane about the beam momentum vector, with ¢*=0
corresponding to the horizontal plane. The masses of the
final-state particles are taken from Ref. [23]. The kine-
matic fit imposes two additional constraints beyond those
required by the geometric fit. They are the conservation
of the z (horizontal) and z (longitudinal) components
of momentum. For the 1p+27Al seven parameters are
needed to describe the collision.

This fitting technique was found to be very useful in re-
constructing the 1n427Si system, in which the measure-
ment of the neutron momentum is poor, but the position
is accurately determined (the calorimetric measurement
of the position leads to an accuracy of =~ 2 cm at the
downstream end of the spectrometer). If the energy mea-
surement is included in the fit we obtain the same number
of constraints for the kinematic fit of the 1n427Si system
as for the 1p+27Al system.

The kinematic reconstruction of the three-body decay
channel 2p+2Mg was carried out as a composite two-
body decay system [see Fig. 4(b)]. For this purpose 28Si is
assumed to decay to a “diproton” +26Mg, and the dipro-
ton decays into two protons. This is done for convenience
in carrying out the kinematic calculations and implies no
assumption about the physical decay process since the

mass of the intermediate state (diproton) is a free pa-
rameter determined from the fit. In the first two-body
decay system, the final-state energy (?8Si excitation en-
ergy minus the excitation energy of 2Mg) is introduced
as a variable in the fit. Other variables are the dipro-
ton energy (diproton invariant mass minus the mass of
the two protons) and the polar and azimuthal angles 6*
and ¢* defined above. In the second two-body decay
system, two additional angles 67 and ¢j, are introduced.
Here 6 is the polar angle of the momentum vector of one
of the protons with respect to the diproton momentum
vector, in the rest frame of the diproton while ¢p is the
azimuthal angle of the diproton decay plane about the
diproton momentum vector, referred to the first decay
plane (28Si decay). The number of additional constraints
imposed by the kinematics for this channel is also 2.

In this analysis we also introduce parameters to ac-
count for the multiple scattering in the horizontal plane.
This is done for both proton and heavy ion tracks. Mul-
tiple scattering for all material seen by the particles is
assumed to be concentrated in the three regions where
significant amounts of material are physically located,
namely, the target, DC1, and DC2 pad planes. The
technique used is the “optimum track fitting method”
described by Lutz [24], in which the “observed” value of
the scattering angle is zero, and the error in the obser-
vation is the calculated rms value of the scattering angle
projected onto a plane. Since each parameter is accompa-
nied by an observation, this method introduces no change
in the number of degrees of freedom of the fit. We also
account for the energy loss resulting from the incoming
and outgoing tracks traversing the target.

Approximately 75% of the events from the three se-
lected decay channels were reconstructed successfully.
The major loss arises from demanding that there be ex-
actly one hit in each counter of the beam vertex detector.
This criterion results in a loss of 15% of the events due
to dead or noisy strips in the detector. Of the remain-
ing 10% of the failures, half are lost due to the failure
to locate enough hits in either DC2 or DC3 in form-
ing the tracks. The other half of the events are lost in
the reconstruction stage, due to the failure of either the
geometrical or kinematic fit to converge. These losses
are small and are not obviously related to any particu-
lar event topology. The distributions of geometrical and
kinematic quantities closely resemble those obtained in
the simulation (described in the next section). There-
fore, we assume that any biases due to reconstruction
inefficiencies are negligible.

IV. RESULTS

A. Cross sections

Cross sections were evaluated for every identified 28Si
decay channel for Pb, Sn, Cu, and Al targets. The results
are shown in Table III. The listed errors are only statis-
tical. The overall cross-section scale is uncertain by 6.5%
due to the systematic errors in the measurements. These
data are corrected for the detection efficiencies discussed
previously and for interactions outside the target, by sub-
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tracting the appropriately scaled rates of events observed
with the empty target frame. Correction for the multiple
interaction background (discussed below) are not made,
but channels in which our estimate of this background
exceeds 5% (for the Pb target) are indicated. The empty
target contributions for Pb, Sn, Cu, and Al targets are
5%, 8%, 15%, and 32%, respectively. Figure 5 shows the
measured cross sections as a function of the target atomic
number Z7. The dependence of the cross section on the
target charge behaves approximately as Z18 for high Z
targets (dashed lines in Fig. 5), as expected for EMD at
AGS energies [25]. The data for the low Z targets show
a deviation from this simple Z1:® dependence. The mult-
inucleon emission channels show a larger deviation than
simple channels.

In Fig. 6 we show our measured cross sections (open
circles) and calculated cross sections for a few dom-
inant decay channels for the Pb target. The cross
sections are calculated by taking the product of the
Weizsicker-Williams (WW) virtual photon spectrum and
the measured photonuclear cross sections for the o(vy,p),
o(y,n)+o(v,np), and o(y,a) taken from the literature
[4-6]. There is excellent agreement between our data and
the calculation. Due to the lack of precise measurements
of o(~,2p) cross sections we were unable to calculate the
cross section for the 2p+2¢Mg decay channel.

It is also possible to compare the measured cross sec-
tions with those obtained from calculations based on the
statistical model [26, 27], which is the application of the
Hauser-Feshbach formalism for the description of the de-
cay of excited nuclei. The flux and energy spectrum of
the (equivalent) photons seen by the projectile is assumed
to be described by the WW equations and the total ab-
sorption cross sections are taken to be those measured
using real photons [28-31]. The absorption brings the
nucleus to an excitation energy equaling that of the in-
cident photon, and the subsequent decay proceeds with

the branching ratios given by the code cascip [27]. This
code includes a detailed treatment of the nuclear isospin.
The calculated decay probabilities for specific final states
are significantly influenced by the degree to which isospin
is a conserved quantity during the reaction.

The 1p+27Al channel measured with good statistics
and low systematic errors in these data are, according to
the calculations, quite sensitive to the degree of isospin
mixing in the excited projectile. The calculated Pb tar-
get cross sections change from 875 mb to 650 mb as the
assumed isospin is varied from the pure isospin of the
doorway GDR to the complete isospin mixing of the com-
pound nucleus. The experimentally measured strength
of 67645 mb for this target implies substantial, if not
complete, isospin mixing for this channel, in disagree-
ment with that deduced from the studies with real pho-
tons [28, 31] which favor isospin conserving direct decays.
The a+2*Mg final state is another channel populated by
a single photon from the GDR that is sensitive to the
degree of isospin mixing. The calculated Pb target cross
section for this channel is 13 mb for isospin conservation
and 300 mb for complete isospin mixing. The measured
cross section of 72+32 mb indicates a nearly perfect con-
servation of the isospin, in agreement with measurements
of cross sections performed with real photons. The ori-
gin of this discrepancy is not understood. It might reflect
different combinations from direct and statistical decays
to the two reaction channels considered here.

Our total EMD cross section measured by the interac-
tion of 28Si in a Pb target is 1310490 mb. This value,
which sets an upper bound on the sum of our exclusive
cross sections is obtained by using an unbiased (beam
trigger) event sample. If we add the exclusive cross sec-
tions given in Table III we obtain 1210+85 mb (including
statistical and systematic errors), indicating that our ex-
clusive cross-section measurements account for the mea-
sured total EMD cross section. From the WW calculation
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FIG. 6. Measured EMD cross sections (open circles) com-
pared with the calculated cross sections (solid circles) in the
WW framework.

we expect the total integrated EMD cross section to be
roughly 1600100 mb (using the measured o(v,tot) to-
tal photon absorption cross sections for 0-30 MeV from
[31] and for 30-100 MeV from [32]) which is significantly
higher than our measurements. However, while previous

TABLE IIL

measurements of the total photon absorption cross sec-
tion [33, 34] show approximately the same shape, they
differ by as much as 20% in the overall cross section scale
from those of [31], in closer agreement with our data.

The fragmentation of 28Si at 14.6 GeV/(cnucleon) has
been measured by Brechtmann et al. [32] using plas-
tic nuclear track detectors. Their measurements report
a total charge changing (AZ > 1) EMD cross-section
value of 11904+170 mb for the Pb target. This is consis-
tent with our results if we subtract the 1n and 2n con-
tributions (243 mb) from our total EMD cross section.
The EMD cross sections for the Pb target obtained from
our measurements as a function of AZ are displayed in
Fig. 7 (open circles), along with the results of Brecht-
mann et al. (solid circles). The agreement is excellent.
One should note that in the present work we select events
from EMD on an event-by-event basis whereas in [32] the
total (EMD + nuclear) cross sections are measured and
the EMD and nuclear components are separated using
factorization.

One of the physical processes expected to occur in
EMD is multiphoton excitation, where the projectile ab-
sorbs two or more virtual photons from the same tar-
get nucleus. In the harmonic approximation of nuclear
excitation, the N photon absorption should appear at
roughly N x Egpr and should have a width of approx-
imately %N X I'epr where I'gpr is the width for sin-

Measured exclusive EMD cross sections for channels having protons, neutrons, and

a particles in the final state. The listed errors are only statistical. The overall cross-section scale
is uncertain by 6.5% due to the systematic errors in the measurements. Values shown here do not
contain corrections for the multiple interaction background as discussed in the text, due to our
lack of knowledge of the relevant cross sections. We have made rough estimates of this background
in order to understand its effect on the Zr dependence of the cross sections. Channels where the
estimated background exceeds 5% of the measured cross sections for the Pb target are shown in

parentheses.
Decay -Q Pb Sn Cu Al
channel (MeV) (mb) (mb) (mb) (mb)
2TAl+1p 11.6 676.4+7.6 274.0+4.4 111.0£3.3 31.6+1.2
"Si+1n 17.1 241.0+4.2 100.0+2.0 40.4+1.7 13.114+0.59
28 Al+1pln 24.7 65.1+2.5 27.5+1.4 10.2+1.1 4.04+0.43
26Mg+2p 19.8 73.1140.80 31.70+0.41 12.55+0.16 4.3540.10
2*Mg+2pln 30.9 22.2840.44 9.6610.26 4.49+0.15 2.0040.08
24Mg+2p2n 38.3 5.8240.23 2.7240.14 1.4740.08 0.66+0.04
(?6Si+2n) 30.5 1.9040.11 0.7440.07 0.2740.04 0.1240.02
25A14-2nl1p 36.0 3.45+0.15 1.64+0.09 0.76+0.05 0.34+0.03
(**Na+3p) 34.0 0.5740.05 0.16=+0.02 0.07+0.01 0.04+0.01
(**Na+3pln) 43.0 0.8240.06 0.3910.03 0.154-0.02 0.1040.01
23Na+3p2n 49.9 1.2140.07 0.58+0.04 0.2540.02 0.1340.01
(**Ne+4p) 44.7 0.011+0.006 0.00240.002 - -
(**Ne+4pln) 53.6 0.01640.008 0.00640.005 0.0044-0.003 0.00340.002
(**Ne+4p2n) 58.8 0.109+0.018 0.053+0.011 0.025+0.006 0.015+0.004
21Ne+4p3n 69.1 0.073+0.015 0.050+0.011 0.037-+0.008 0.007+0.003
Mg+l 10.0 72432 58+30 17419 21+16
2Na+1pla 21.7 24.74+1.7 10.24+1.0 5.8340.90 2.00+0.36
BMg+1nla 26.5 3.4140.60 1.60+0.30 0.2440.16 0.1640.07
22Na+1plnla 34.1 7.4+1.0 1.97+0.46 1.6340.51 0.71+0.22
22Ne+2pla 30.5 2.30+0.15 1.2340.09 0.4740.05 0.2640.03
21Ne+2plnla 40.8 2.61+0.15 1.14+0.09 0.660.06 0.27+0.03
20Ne+-2p2nla 47.6 1.1340.10 0.6340.07 0.25+0.03 0.114+0.02
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FIG. 7. Semi-inclusive EMD cross sections for Pb target

measured in this experiment (open circles) compared to inclu-
sive charge-changing (AZ = Zgag — Zproj) EMD cross sections
measured with emulsions (solid circles) [32].

gle photon absorption [14]. For our beam energy and
for Si projectiles interacting on a Pb target, the ex-
pected energy-integrated ratio of two-photon absorption
to single photon absorption is roughly 5% in the region
Ecpr > 30 MeV (we expect the two-photon excitation
to peak near 40 MeV since the single photon absorption
occurs approximately at 20 MeV), which indicates the re-
quired sensitivity to observe DGDR in our experimental
situation. The simplest approach to look for signatures
from the DGDR excitation in energy-integrated cross sec-
tions is to look for deviations from the Z}® behavior [14].
If two photons are absorbed by the projectile, the cross
section should display a target dependence close to Z7.
If the one-photon processes are competing with the two-
photon processes, the dependence would be intermediate
between Z1® and Z3.

To test the existence of multiphoton excitations we ex-
tract the Z7 dependence (exponent) of the EMD cross
sections for all the available decay channels, using the
following parametrization for the cross sections:

o=ax (A% + A% —8) +bx 2% (1)

with a=1/3, §=0, and a, b, and c free parameters. The
exponent of Z7 was extracted by fitting the parameters
in the formula using cross sections for Pb, Sn, Cu, and
Al targets. To test the sensitivity of our results to the
assumed form of the nuclear term in the above equation
we have varied the quantities o and §. For values of «
between % and —:23— and values of 6 between 0 and 2, the
variation of c is within its statistical errors.

One possible background to the two-photon process
could originate from the absorption of two single pho-
tons from different target nuclei, which could contribute
to an increase in the exponent. We estimate this back-
ground using the assumption that the nucleon removal
cross sections are the same whether it is the first or the
second interaction in the target material. That is, after
the first interaction the residual nucleus will behave in
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subsequent interactions as the original projectile. The
measured cross sections are corrected for this multiple
interaction background and refit in order to obtain the
corrected values for the exponents. The exponents ex-
tracted for several decay channels with the smallest sta-
tistical and systematic errors are shown in Fig. 8 as a
function of the @ value for the reaction. Within errors it
is seen that all values of the exponent are consistent with
a value of 1.8, as expected for single photon excitation.
A comparison of the exponents for the 1p and 2p emis-
sion processes can be used to set an upper limit on the
DGDR amplitude. Because the 1p excitation energy dis-
tribution is dominated by the GDR, which is suppressed
in the 2p channel due to its higher threshold, the pres-
ence of DGDR should result in a larger value of ¢ for
the 2p channel. For the 2p+2¢Mg channel we find ¢ =
1.80+0.03, while for the 1p+27Al channel we find ¢ =
1.85+0.04, yielding Ac = —0.05+0.05, consistent with
zero. To understand the relationship between the val-
ues of the exponent ¢ and the DGDR amplitude we have
used the fit to Eq. (1), increasing all of our cross sec-
tions by a term proportional to Z% and refitting for the
value of ¢. For a DGDR contribution which increases
the Pb target cross section by 10% we find that the ex-
ponent increases by Ac = 0.14, which would have been
detectable at the 30 level in this experiment. Thus, we
conclude that our data exclude at the 95% confidence
level, a DGDR contribution to the 2p channel of 10% for
the Pb target, consistent with the theoretical predictions
[14]. Recent data for EMD of 3*¢Xe show DGDR am-
plitude at a level of approximately twice the expected
values [9]. At AGS energies the virtual photon spec-
trum drops less rapidly with the photon energy than at
lower beam energies, such that at E, ~ 40 MeV, where
the double photon processes are expected to be seen, the
single photon processes are expected to dominate [15].
Also the GDR in the relatively light nucleus 28Si is con-
siderably fragmented and its width is larger than that of
130X e, which may lead to an even wider, harder to detect
DGDR. We note that a small nonzero value of Ac was
observed for decay channels with @ > 25 MeV listed in
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FIG. 8. Values of the exponent of Zr in Eq. (1) found

from fitting the data given in Table III for the decay channels
with the smallest statistical and systematic errors (after cor-
recting for the double interaction background as discussed in
the text), as a function of the Q value of the reaction. The de-
cay channel 3p+2°Na is eliminated from this plot for reasons
discussed in the text.
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Table III from an independent analysis performed on the
same data set [35]. Given the systematic errors for those
channels arising mainly from the two-step background,
the two analyses are consistent.

B. Final-state energy

Excitation energy distributions measured in relativistic
collisions between heavy ions can produce valuable infor-
mation for the understanding of nuclear structure and for
searching for structures excited by higher order processes.
For this purpose we reconstruct the final-state energy dis-
tributions for the 1p+27Al, 1n+27Si, and 2p+26Mg decay
channels of 28Si, excited through electromagnetic inter-
actions. The results for the 1p+27 Al reconstruction were
reported previously [17, 19].

The reliability of the programs used in the reconstruc-
tion was tested by using simulated events. The positions
of the tracks for known kinematic conditions were sim-
ulated in all of the detection planes of the experimental
apparatus. The uncertainties of the position measure-
ments and the effects that arise from multiple scattering
are included in the simulation to smear the track loca-
tions at each detection plane. We simulated multiple
scattering in the air and in other materials in the path of
the tracks, including the target and the material in the
various detectors. In addition, the response of the neu-
tron calorimeter energy distribution was included in the
simulation, to study the 1n+27Si channel. For this chan-
nel the energy measurements of the neutron calorimeters
play an essential role. In the study of the 2p+26Mg chan-
nel, the simulation was used extensively to develop spe-
cific pattern recognition methods for the proton tracks,
where an additional complication arises due to the very
small opening angle between the tracks. This occurs be-
cause the protons are emitted with a very low kinetic
energy in the rest frame of the projectile.

The simulation also allows a study of various factors
that affect the resolution of the reconstructed quanti-
ties. These arise mainly from the detector resolution and
by multiple scattering (for example, in the air) not ac-
counted for by the optimum track fitting method. We
estimate an energy resolution of the reconstructed final-
state energy of 1 MeV for the 1p+27Al and 2 MeV for the
1n+27Si and 2p+25Mg channels in the data taken with
a Pb target. An estimate of the systematic errors in the
final-state energy scale is also obtained from the simula-
tion code. They arise from uncertainties in the beam mo-
mentum, the field strength, the effective magnetic length
of the spectrometer magnets, and the detector alignment
constants. The estimated systematic error is less than
0.5 MeV.

Figure 9 shows the reconstructed final-state energy dis-
tributions for the 1n+27Si and 2p+2Mg decay channels
obtained for four different targets. The normalization
for these data was chosen so that the integral of each of
the distributions yields the cross sections shown in Table
III, thereby correcting for the reconstruction inefficien-
cies discussed in Sec. IIIB. The arrows in the figure
indicate the kinematic thresholds of the reactions. In
the 1n data, the tail out to high energies (> 40 MeV)
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FIG. 9. Reconstructed final-state energy distributions for

Pb, Sn, Cu, and Al targets. The arrows indicate the kine-
matic thresholds of the decay. (a) 1n+27Si. The solid curves
are obtained from o(<,n) experimental data multiplied by the
virtual photon spectrum and simulated through our appara-
tus. See [17] for similar comparisons with o(v,p) data. (b)
2p+2°Mg.

is a result of our limited resolution in the measurement
of the neutron energy. The distributions shown are cor-
rected for interactions outside of the target by subtract-
ing the appropriately scaled distribution obtained with
the empty target frame. As with the integrated cross-
section measurements, the distributions for the heavier
targets should not be significantly contaminated by pe-
ripheral nuclear interaction events. The nuclear contam-
ination can reach 40-50 % for the Al target and the back-
ground level can vary over the excitation spectrum [17].
In Figs. 10(a), 10(b), and 10(c) we show, on the same
scale, the reconstructed final-state energy distributions
for 1p, 1n, and 2p emission channels induced by the Pb
target. The distributions clearly show that these three
decay channels are strongly influenced by excitation of
the GDR in 8Si. Due to the reaction thresholds, only
the higher energy part of the resonance is seen for the 1n
and 2p channels.

To compare our measured final-state energy distribu-
tions with the available data on 28Si photonuclear reac-
tions [4-6] we have incorporated an event generator in
our simulation code. It produces events having an ex-
citation energy distribution given by the product of the
photonuclear cross sections and the virtual photon spec-
trum. These events are then reconstructed with the same
code used for real events. The results so obtained for the
1n+27Si channel are shown in Fig. 9 (solid curve).
meaningful comparison can only be made for excitation
energy < 24.6 MeV, since above 24.6 MeV the available
data on (v,n) include contributions from (v,pn) chan-
nel. The experimental and the calculated distributions



51 ELECTROMAGNETIC DISSOCIATION OF RELATIVISTIC %Si 875

80 - (a) 1p+7 Al A
#
60 [ + N
i 4
40 | 4 ]
= 4
2
o) 20 + “ 1
E A
Lu A A
Q 0 LA A“I“‘AAIAAAAAI
S ol ® 4 1n+7'Si
© 0%
10 + o Q:QDOO 1
ODOOQDO
L 1 17ETP0I0000g)
10 [ (o) .: 2p+26Mg i
]
0

0 10 20 30 40 50 60
Energy (MeV)

FIG. 10. Reconstructed final-state energy distributions
for (a) 1p+27Al, (b) 1n+27Si, and (c) 2p+2*Mg decay chan-
nels for the Pb target.

agree well in this region. For the Pb target we measure
in the energy region from 17.0-24.5 MeV an integrated
cross section value of 132 + 12 mb whereas the calcula-
tion gives 152 + 20 mb. The excess of the measured cross
sections compared to the calculations, especially for light
targets, is probably due to the nuclear component in the
measured cross sections. From the fitting procedure dis-
cussed in Sec. IV A we estimate that the nuclear contam-
ination in the measured cross sections changes from 3%
to 40% between the Pb and Al targets, in agreement with
the trend observed in Fig. 9.

The cross sections measured for 1p, 1n, and 2p emis-
sion channels induced by the Pb target sum to about
1000 mb, which represents roughly 80% of the measured
total EMD cross section. This permits a comparison
between the sum of our reconstructed final-state energy
distributions with the measurements of total photon ab-
sorption cross sections [31, 32]. This is shown in Fig. 11
where the thin curve corresponds to the total photon ab-
sorption spectrum multiplied by the WW virtual photon
spectrum and the thick curve is the thin curve convo-
luted with a Gaussian of 0=2 MeV. Although we mea-
sure only 80% of the total cross section in these three
channels (solid circles) they reproduce the shape of the
total EMD cross section quite well. As mentioned above,
values of the total photon absorption cross section simi-
lar in shape but 20% lower than the data used here have
also been reported. We emphasize here that the distri-
butions from the photonuclear reactions are of excitation
energies in 28Si, but our reconstructed distributions are
of “final-state energy”—the excitation energy of 28Si mi-
nus the excitation energy of the residual heavy ion after
the decay. For the 1p emission channel [3], it was shown
that the final-state energy distribution is broadened and
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FIG. 11. Sum of the cross sections for the three recon-

structed decay channels (solid circles) compared to the mea-
sured total photon absorption cross section of 2Si. The thin
curve corresponds to the total photon absorption spectrum
multiplied by the WW virtual photon spectrum, and the thick
curve is the thin curve folded with a Gaussian of 0=2 MeV
to simulate the effect of the experimental resolution. As dis-

" cussed in the text, values of the absolute cross section for

o(7,tot) 20% lower than those used here have also been re-
ported.

“stretched” toward the low energy side compared to the
excitation energy spectrum, which is qualitatively ob-
served in Fig. 11.

In Fig. 12 we show the angular distributions from the
2p emission channel induced by the Pb target. Here 6*
and ¢* are the polar and azimuthal angles of 2Mg in the
projectile frame and 6, and ¢y are the angles of the pro-
tons in the diproton frame. Within statistics they show a
nearly flat distribution for cosf#* and for ¢*, indicating an
approximately isotropic emission. In particular, as was
already noted for the 1p emission channel [3], no prefer-
ence is seen for emission perpendicular to the beam axis,
as suggested by Bertulani and Baur [13]. In Fig. 12(a) we
show for comparison the dependence predicted by their
calculation for spinless projectiles and fragments (solid
line). For the 1n emission channel we were unable to
extract the center-of-mass angular distributions due to
limited energy and position resolution (for track recon-
struction) in the calorimeters.

To complete this discussion we show in Fig. 13(a) the
kinetic energy distribution of one of the protons in the
rest frame of the projectile from the 2p+2Mg decay
channel. For comparison we show in Figs. 13(b) and
13(c) the kinetic energy of the protons from the 1p+27Al
decay channel and the neutrons from the 1n+27Si de-
cay channel, respectively. We see that both the distribu-
tions for the protons in 2p+26Mg and for the neutrons
in 1n+27Si are peaked at very low values of kinetic en-
ergy. This reflects the fact that these channels mainly
come from the GDR of 28Si (see Fig. 10), and in view of
the reaction thresholds, very little energy is left for the
emitted particles. The low kinetic energy of the protons
in the 2p channel causes them to be emitted with a very
small opening angle, demanding special reconstruction
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FIG. 12. Angular distributions for the
2p+2°Mg channel. (a) Polar angle of the
26Mg momentum vector with respect to the
beam momentum vector, in the rest frame
of the 28Si projectile. (b) Azimuthal angle
of the decay plane about the beam momen-

tum vector in the first two-body decay sys-
tem, 28Si — “diproton” +2*Mg (see text). (c)
Polar angle of the momentum vector of the

360

protons with respect to the momentum vec-
tor of the diproton, in the rest frame of the
diproton (see text). (d) Azimuthal angle of
the proton decay plane about the diproton
momentum vector. The solid line represents
the predicted dependence for spinless projec-
tiles and fragments [13] and the dashed lines
are drawn at the mean values of the distribu-
tions.
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techniques (see Sec. III B).

Excitation of the DGDR is expected to produce an en-
hancement in the measured excitation energy spectrum
since the DGDR contribution increase as ~ Z%. No such
enhancement is visible in our spectra. From the mea-
surements of the integrated EMD cross sections we set
an upper limit of 10% (for the Pb target) on the fraction
of the cross section due to the two-photon process in the
2p channel. We do not set a similar limit from the shape
of the excitation energy distribution since a Gaussian of
this amplitude with the expected parameters (centered at
40 MeV with a width of about 20 MeV) would not stand
out from the tail of the spectrum due to single photon
excitation. We conclude that the sensitivity of DGDR
in the excitation energy distribution is inferior to that
found from the Zr dependence.
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FIG. 13. Kinetic energy (T) of the protons emitted in
(a) 2p+**Mg and (b) 1p+27Al, and neutrons emitted in (c)
1n+27Si, in the rest frame of the projectile.

By taking the ratios of the excitation spectra for dif-
ferent targets we can obtain the Zr dependence of par-
tial cross sections as a function of energy. This is a dif-
ferent way to search for the two-photon excitation. In
Figs. 14(a) and 14(b) we show the ratios for Pb/Sn and
Pb/Al (solid circles). We have added the 1p+27Al and
2p+26Mg decay channels to increase the statistics (due to
limited resolution in the reconstruction, the 1n427Si de-
cay channel was not used here). The short-dashed lines
in the figure correspond to the calculated ratios of the
WW photon spectrum and thus correspond to the ratio
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FIG. 14. Ratio of excitation energy spectra. The long-

dashed lines represent the expected ratio for pure nuclear be-
havior. The short-dashed lines represent the ratio obtained
with WW photon spectra for pure single photon EMD behav-
ior. (a) Pb/Sn. (b) Pb/AL



51 ELECTROMAGNETIC DISSOCIATION OF RELATIVISTIC *Si 877

expected for pure single photon excitation. The long-
dashed lines correspond to the ratio for pure nuclear
contributions [b = 0 in Eq. (1)]. The data indicate a
substantial increase in the nuclear contribution for the
Al target. No enhancement around 40 MeV is evident.
Rather, the ratios for Pb/Sn, where the nuclear back-
ground is small, show a behavior in close agreement with
single photon absorption.

V. CONCLUSIONS

We have presented new results on exclusive cross-
section measurements for a large number of decay
channels from the electromagnetic dissociation of 14.6
GeV/(cnucleon) 28Si. Our enriched sample of EMD
events permits extraction of cross sections down to the
microbarn level. The sum of our exclusive cross-section
values agrees with our measurement of the total EMD
cross section obtained from untriggered events and with
the inclusive results from emulsion experiments.

The dependence of the cross sections on the target
atomic number Zr is consistent with the expected value
of Z%8. No enhancement of the exponent was observed
for channels with @ values around 40 MeV as expected
for two-photon excitation. From our data we can set an
upper limit of 10% for the DGDR contribution to the Pb
target cross section for the 2p4-26Mg decay channel.

We have reconstructed the final-state energy distribu-
tions for the 1n+27Si and 2p+26Mg emission channels
with a resolution of the order of 2 MeV. These data com-

plement similar data obtained previously on the 1p+27Al
channel. The 1n data are well described by the product
of the experimental cross section o(vy,n) with the calcu-
lated virtual photon spectrum. A similar comparison for
the 2p channel cannot be made, due to the lack of pre-
cise experimental data for the cross section o(v,2p). For
this channel the measured proton angular distributions
are consistent with isotropic emission. The sum of the
cross sections for the 1p, 1n, and 2p channels account
for close to 80% of the total EMD cross section. The
corresponding energy distribution is in good agreement
with the measured o(y,tot) cross section multiplied by
the WW virtual photon spectrum. These data clearly
demonstrate that the EMD proceeds mainly by the ex-
citation of the GDR in 28Si. Our experiment shows that
it is possible at these very high energies to reconstruct
the excitation energy of excited projectiles with a suffi-
ciently good energy resolution to study the structure of
the inelastically scattered nuclei.
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