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We have measured the invariant-mass spectrum of the final-state N+p system in the reaction
T( 0, N+p)X at 2.1A GeV with Be, Cu, and U targets (T). Electromagnetic dissociation of the

0 projectile nucleus in the Coulomb field of the target nucleus produces two prominent peaks in
the proton-energy spectrum, one at 9 MeV, from transitions to the ground state of the residual N

nucleus, and the other at 4 MeV, from transitions to excited states. This is corroborated by 7 rays
corresponding to the deexcitation of the ' N nucleus which are in coincidence with the 4-MeV peak
and are suppressed for the 9-MeV peak. Nucleon-nucleus diffractive dissociation makes a significant
contribution to the cross section and results in a peak at 1.5 MeV. Nucleon-nucleon quasielastic
scattering results in a featureless high-energy tail above 20 MeV.

I. INTRODUCTION

A. Ceneral

The electromagnetic dissociation (EMD) of relativistic
heavy ions has been studied in inclusive-projectile [1—6],
exclusive-projectile [7], and target-fragmentation [8] ex-
periments. In these experiments, integrated EMD cross
sections have been measured. Here we report the first
measurement of an exclusive differentia/ EMD cross sec-
tion, via a two-particle coincidence experiment, which
permits us to extract information about the EMD process
in much greater detail. In this investigation we had two
primary objectives: (1) to perform a rigorous test of our
understanding of the EMD process and (2) to determine
the feasibility of utilizing EMD for photonuclear-reaction
studies of both stable and P-unstable nuclei.

Our choice of experimental parameters for meeting
these objectives is a beam of ~ 0 nuclei at 2.1A GeV
initiating the reaction T(~s0, ~5N+p)X for targets (T) of
U, Cu, and Be. The ~sO nucleus has an advantage over
any other as a result of the detailed photonuclear studies
which have been carried out previously for this nucleus
by Caldwell et al. [9, 10]. The measured cross sections
for decays to the ~5N ground state, cr(p, p, ) [11,12], and
to excited states of ~sN;, o(y, p;) [9, 10], enable us to
make a precise prediction of the proton energy spectrum
generated by the EMD process.

As an additional verification of the EMD process, we
used a NaI detector array to measure the deexcitation p
rays from the N fragment. The EMD theory predicts

two peaks in the proton energy spectrum (as measured in
the projectile rest frame). A peak at about 9 MeV proton
energy results from decays of the giant dipole resonance
(GDR) in 0 to the ground state of ~5N, and a peak at
about 4 MeV proton energy results from GDR decays to
excited states at 5—6 MeV in N, which result in lower
proton energies. These excited states in N decay by
emission of a y ray which is in coincidence with a 4-MeV
proton.

B. Kinematics

A detailed description of EMD is given in Ref. [2]. In
this discussion we utilize the notation of inverse kinemat-
ics, in which all of the kinematic variables are calculated
in the rest frame of the projectile-fragment, system. The
basic idea is that the 0 projectile nucleus absorbs a
virtual photon from the Coulomb field of the target nu-
cleus. This virtual photon, which is nearly purely trans-
verse, excites the 0 nucleus to a level with an energy
equal to the virtual photon energy, ~, which then decays
into an N and a proton. The N is produced either
in its ground state or in an excited state with excitation
energy E; which subsequently decays by emitting one or
more p rays.

By measuring the momentum of the projectile-frame
charged particles we are able to reconstruct the invari-
ant mass of the charged-particle final state, M. This is
related to ~ by

M = ~'pp + p~~ = Mo + ~ —E, = Mg + Mp + E',
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II. EXPERIMENTAL SETUP AND ANALYSIS

This experiment was performed at the Lawrence
Berkeley Laboratory (LBL) HISS facility. A complete de-
scription of this facility is given in Ref. [13]. A schematic
diagram of the setup is shown in Fig. 1. The 2.1A
GeV ~sO beam is incident upon a set of plastic scin-
tillation counters (TOFq, TOT, HS, E) and drift chambers
(DCs, DCq) before entering the main vacuum tank of the
HISS magnet and striking the target. The projectile frag-
ments produced in the target continue on through the
1 mx2 m drift chambers and multislat time-of-Right
(TOF) wall. A small 7.6 cm diam plastic scintillation
counter (DS) is used to veto noninteracting beam parti-
cles. A 20 cmx40 cm plastic scintillator (NS) located just
behind the TOF wall was used for the ~ N trigger. The
NS counter was located on the high-rigidity side of the
beam and had a pulse-height threshold set at the mid-

Experimental Setop

TOT
TOF1 DC4

E Nal Array

) Sm

FIG. l. A schematic view of the experimental setup.

where Mo, MN, and Mz are the rest masses of ~sO, ~5N,

and the proton, respectively, 'P& and 'PN are the four-
momenta of the proton and N, and E; is the internal
excitation energy of the N. The excitation energy of the
final state N+p system is

E' = ~+ Q —E, , (2)
where Q is the Q value for the reaction ~sO~~sN+p.

The EMD cross section is calculated as the product
of the virtual-photon spectrum, N&((d), and one of the
measured photoproton cross sections, o'(y, p) [9—12],

= ~(~ p)&~(~). (3)

This is related to do/dE& as

de . d~ de

=).~(~ P')&~(~)dE (4)

where i denotes the state in N, and

d~ MN + M„16
de MN 15

in the nonrelativistic limit. E& is the inverse-kinematics
equivalent to the proton energy measured in a normal-
kinematics experiment.

die of the carbon fragment peak. The NaI detector was
a 7 by 7 array of rectangular parallelopipeds each mea-
suring 6.2 x 6.2 x 50 cm . These were aligned with the
long axis pointing at the target. Each element had one
photomultiplier tube on the end away from the target.

A proton coincidence trigger, P, was made with a set
of TOF wall slats in the region corresponding to the
projectile-velocity protons. Signals from each photomul-
tiplier tube at the top and bottom of the scintillator slat
were fed into mean timers. The output signals of the
mean timers were fed into a logic oR unit which gave a
signal which indicated that one or more TOF slats fired
from the region of interest. The primary trigger for this
experiment was TOT TOF ~

- E~o . Eh; - HS . DS . NS P.
This requires that a beam particle be incident upon
the target and that it interact before the DS scintilla-
tor and be in coincidence with the NS scintillator and
with the proton-coincidence logic. The incident beam is
counted as the number of particles satisfying the condi-
tion TOT TOF) E) Eh; HS that occurred during the
live time of the data acquisition system [13].

The incident beam vector and position at the target is
determined from DCs and DC4. The downstream parti-
cle tracks are determined by DCq and DCq and the charge
is measured by pulse height in the TOF wall. The rigid-
ity is determined from a knowledge of the magnetic field
and the trajectory given by the drift chambers. Particle
identification is determined by the rigidity and charge
measurements. In this experiment, because we are fo-
cusing on fragments that are at low velocity in the beam
rest frame, the rigidity distributions of the particles do
not overlap significantly [14], so that time-of-flight infor-
mation is not necessary for particle identification.

We collected proton-energy spectra for U, Cu, Be, and
blank targets. For each of these spectra the reaction
rate is calculated as R)(Ez) = Nq(~5N+ p, Ez)/B, where
N~(' N+ p, E&) is the number of events with an '5N+p
final state with proton energy E& for the target t, and B
is the number of beam particles incident upon the target.
The net target-in rate is calculated as R', = R) —Rb)~k.

The cross sections (da/dE&)(mb/MeV) are calculated
from the net rate as

do (t) R', Ag NA

dE„ fp&d&

where N~ is Avogadro's number and A), f, pq, and dq

are the atomic weight, normalization factor, density, and
thickness of the target, respectively. The differential
cross sections do/dE& for the U, Cu, and Be targets are
shown in Fig. 2.

The normalization factor, f, accounts for the overall
efBciency for reconstructing ~5N+p events. We have cho-
sen the value of f so that

f"~,
E -r. , ~~Ex, =j.(,, p)~, (.)~.(d(r(U) do (Be) )

() ), de de )
=82 mb (7b

[see Eq. (3)], where the parameters for calculating N7(u)
are taken from Ref. [2] and the photonuclear cross section
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o(y, Jt) is from Refs. [9] and [10]. The scaling factor I'&,
which accounts for the different radii of U and Be, is
discussed below.

III. RESULTS AND DISCUSSION

A. Cross sections
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There are two distinct regions in these cross sections,
as pointed out by Webb et al. [15], the peak structure
for Ez & 20 MeV and the smooth high-energy tail for
Ep ) 20 MeV. The high-energy tail can be attributed to a
quasifree nucleon-nucleon (N N) sc-attering process and
is a significant part of single-nucleon knock-out reactions.

The structure in the low-energy region will be the subject
of the remainder of this discussion.

Webb et al. attributed the low-energy peak seen in
the ~2C(~2C, ~~B+Jt)X and ~H(~2C, ~~B+p)X reactions to
a combination of nucleon-nucleus (N A)-diffractive scat-
t, ering and an excitation process. For highly charged tar-
get nuclei, we expect a significant contribution resulting
from the EMD process. It is clear from Fig. 2 that the
low-energy cross section increases dramatically from Be
to Cu to U. One can clearly see three peaks in the low-
energy structure for the Cu and U targets, at 1.5, 4, and
9 MeV. The 4- and 9-MeV peaks are directly attributable
to EMD. We attribute the 1.5-MeV peak to N-A diffrac-
tive scattering, which is most significant for the U target.

In our earlier studies of the EMD process [2, 16] we
verified the applicability of the factorization of inclu-
sive fragmentation cross sections to permit the separa-
tion of electromagnetic and direct nuclear processes. In
the present work we extend this concept and assume that
N-N diffractive scattering and the EMD process are inco-
herent. This assumption permits us to subtract the (N-
N) difFractive-scattering part of the cross section from
the total cross section, leaving a combination of EMD
and N-A diffractive scattering.

The method we have chosen to approximate the sub-
traction of the (N N) part i-s to subtract the measured
cross section for the Be target, scaled appropriately, from
that for the Cu and U targets. That is,
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do, „b(U) dt's(U) do(Be)
de de de

where

J'[do(U)/d E„]dE~
j[da (Be)/de] de (9)

B. EMD and the W-A. component

and the range of integration is 30& E& (50 MeV. The
scaling factors we derive are I'c„——1.82 + 0.25 and
I U ——2.47+ 0.34. These are nearly equal to the val-
ues one expects from the target-radius dependence [16],
which lends confidence to this procedure. The resulting
do, „b/dE& spec.tra for the U and Cu targets are shown
in Fig. 3.
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After performing the subtraction described above we
hypothesize that EMD and N-A diffractive dissociation
are the only processes contributing to do, „b/dE„andwe
assume that these processes do not interfere with each
other. In this case, for the U target we get

do;„b(U) do, (U) do~~(U) do~~(Be)
de de de dEI,

(10)
Proton Energy (MeV)

FIG. 2. The measured exclusive fragmentation cross sec-
tion as a function of proton energy for U, Cu, and Be targets.
The proton energy is measured in the projectile-fragment rest
frame.

We have applied the diffractive dissociation theory of
Bertulani and Bauer [17] to describe the N AdifFractive-
dissociation cross sections, doNA/dE&.

For this we use Eq. (3.1) of Ref. [17] and identify the
following quantities. Q is the magnitude of the three-
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FIG. 5. The contributions of the difFerent terms on the
right-hand side in Eq. (11). EMD denotes first term, U de-
notes second term, Be denotes the third term, and U-cue
denotes combined second and third terms.
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Figure 4 shows the result of fitting the U target data
with the following equation:

FIG. 3. The Be-subtracted cross sections (do, „b/dEp).for
U and Cu targets.
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momentum transfer, q is the momentum of the proton
relative to the N, and R is the radius of the target
nucleus. This experiment has good resolution for the rel-
ative momentum, q, but lacks resolution for the momen-
tum transfer, Q. For our analysis we make the assump-
tion that Q = q which implies that the momentum trans-
fer in the diR'ractive dissociation process is completely
absorbed by the proton. This is in agreement with the

where a, b, and RU are the fitting parameters and we
have set RBe —1.2A ~ = 2.50 fm. Figure 5 shows the
contributions of the difFerent terms in Eq. (11). The fit
is insensitive to the radius for Be but the radius for the
U target is important. The results of the fit are shown
in Table I.

The normalization we have used for the cross sec-
tions would lead to the result of fit parameter a = 1
if EMD would completely describe the cross section
da, „b(U)/dEp. The fitted value for a leads us to the
conclusion that N-A diA'ractive dissociation contributes
about 8'%%uo to this cross section.

We expect that the value of RU determined in this fit
should agree with what one expects from the minimum
impact parameter used for the END calculations (see
Ref. [2]). The minimum impact parameter is calculated
as bm;„= Ro r(U) + Ro r( 0) —d, where the overlap
parameter d = —1.5 fm is a result of Ref. [2]. If we
naively associate half of the overlap with each nucleus,

TABLE I. Fit parameters from Eq. (11) for Ep ( 30 MeV.

Fitting results for the U target

2 I »» I s s s s I s s s s I
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s I s s s s
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FIG. 4. The result of fitting Eq. (11) to the Be-subtracted
U target cross section.

Parameter

b

Rv
y /DOF

Value
0.915 + 0.019
(1.91 + 0.17) x 10
8.90 + 0.22 fm
1.9
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we get RU ——Ro ~ + 0,75 fm=8. 67 fm. The agreement
between this value and the result of fitting the present
measurements verifies our assumption that da, „b'/dE& is
the sum of EMD and N-A diffractive dissociation.

The limited statistics for the Cu target data do not
permit a detailed analysis as was performed for the U

target data. However, the Cu cross section shown in Fig.
3 is consistent with the expected ZT dependence [2] of
the EMD process.

C. N decay g rays
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The EMD theory predicts that the 9-MeV peak is due
to excitation of the GDR in ~sO followed by decay di-

rectly to the ground state of N, and that the 4-MeV
peak results primarily from GDR decays to excited states
in N.

As a consistency check of the EMD process we posi-
tioned a 49-element NaI detector at 5' relative to the
beam direction (in the laboratory), which could detect
p rays from the decay of excited states in N. The solid
angle acceptance of this detector was 5.5 msr (in t, he lab-
oratory). With the kinematic focusing for 2.1A GeV frag-
ments, this solid angle corresponds to a 1% acceptance
for N y rays which are emitted isotropically.

Figure 6 shows the pulse-height spectrum we ob-
tained with the NaI detector in coincidence with the
~sO~~5N+p reactions. A 6.3-MeV y ray from N gets
Doppler shifted by a factor of 6 in the laboratory and
therefore deposits about 38 MeV in the NaI detector.
One sees that there is a broad structure in this range of
the pulse-height spectrum. The energy calibration of the
NaI detector was obtained from observation of cosmic-ray
muons. This spectrum is shown in Fig, 7.

Figure 8 shows the N+p excitation energy spectrum
for the U target with and without a requirement on the
NaI pulse height. The solid circles represents those events
in which the NaI detector registered a pulse in the range
from 25 to 60 MeV. There is a clear peak at 4 MeV for
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Energy in Nal Array (MeV)

events with photons and a strong suppression of the 9-
MeV peak. This is exactly what we expect for the EMD
process.

IV. CONCLUSIONS

We have measured the proton-energy spectra in the
reaction T(ts0, ~5N+p)X for the targets (T) U, Cu, and
Be at 2.1A GeV. In agreement with Webb et al. [15]
we find that there is a featureless high-energy tail for
F& ) 20 MeV, which we attribute to nucleon-nucleon
quasielastic scattering. Below 20 MeV the cross section
is dominated by the electromagnetic dissociation process,

FIG. 7. The energy calibration spectrum for the NaI ar-
ray using comsic-ray muons. This corresponds to the energy
deposited in one cell.
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FIG. 6. Laboratory photon energy spectrum in the NaI
detector for all N+p events.

'
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FIG. 8. The crosses show the total excitation energy spec-
trum for the U target and the solid circles the same spectrum
from events for which the NaI detector registered a pulse be-
tween 25 and 60 MeV. The two curves are normalized to the
same area for the 4-Mev peak. Note that the excitation en-
ergy is approximately 16/15 times the proton energy.
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for high-Z targets. An additional point of confirmation
is the near absence of p rays for events corresponding to
the Ez —9 MeV peak, because the 9-MeV peak results
from the giant dipole resonance in 0 decaying directly
to the ground state in N.

We have clearly demonstrated that nucleon-nucleus
difI'ractive dissociation has a significant contribution
(about 8% for the present case) to the cross section and
must be considered in order to have a complete under-
standing of the differential cross section do/dE„

It has been pointed out many times [2, 18, 19] that
application of EMD measurements to P-unstable nuclei
would be very valuable for several reasons, not the least
of which is that it would make possible the systematic de-
lineation of the properties of the giant dipole resonance
for nuclei ranging from one to several nucleons removed
from the valley of P stability. The question has been
whether beams of P-unstable nuclei could be produced
that are intense enough to make possible such studies.
In the present work, we had to reduce the 0 beam in-

tensity at the Bevalac from its normal value by a factor of
10 in order to achieve counting rates nearly free from

pile-up. Thus, we have clearly shown with these exclu-
sive cross-section measurements that the EMD process
can be exploited to yield exciting possibilities for study-
ing photonuclear reactions for both stable and P-unstable
nuclei, and thus to open up a new and potentially very
fruitful field of nuclear physics.
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