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Mutual heavy ion dissociation in peripheral collisions at ultrarelativistic energies
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We study mutual dissociation of heavy nuclei in peripheral collisions at ultrarelativistic energies. Earlier this
process was proposed for beam luminosity monitoring via simultaneous registration of forward and backward
neutrons in zero degree calorimeters at the Relativistic Heavy Ion Collider~RHIC! at Brookhaven National
Laboratory. Electromagnetic dissociation of heavy ions is considered in the framework of the Weizsa¨cker-
Williams method and simulated by theRELDIS code. Photoneutron cross sections measured in different experi-
ments and calculated by theGNASH code are used as input for the calculations of dissociation cross sections.
The difference in results obtained with different inputs provides a realistic estimation for the systematic
uncertainty of the luminosity monitoring method. Contributions to simultaneous neutron emission due to
grazing nuclear interactions is calculated within the abrasion model. A good description of the CERN SPS
experimental data on Au and Pb dissociation gives confidence in the predictive power of the model for AuAu
and PbPb collisions at the RHIC and the Large Hadron Collider at CERN.
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I. INTRODUCTION

The study of a form of strongly interacting matter, th
so-called quark-gluon plasma, is at the core of current
future experimental programs at the Relativistic Heavy
Collider ~RHIC! at Brookhaven National Laboratory~BNL!
@1# and the Large Hadron Collider~LHC! at CERN@2#. Al-
though colliders give well-known advantages compared
the fixed target experiments, the kinematics of ultrarelativ
tic heavy-ion collisions at colliders creates certain compli
tions in the beam monitoring as well as in the identificati
of collision events.

Due to the geometrical factor 2pb, whereb is the impact
parameter, the number of central nuclear collisions (b'0) is
relatively very small in the whole set of the collisions wi
nuclear overlap,b<R11R2 (R1 andR2 are the nuclear ra
dii!. Moreover, in peripheral collisions without direct overla
of nuclear densities,b.R11R2, one or both nuclei may be
disintegrated by the long-range electromagnetic forces. T
process of electromagnetic dissociation~ED! is a well-
known phenomenon@3,4#. The properties of central and pe
ripheral collisions are very different and should be stud
separately. The ED events are less violent than the collis
with the participation of strong interactions. Namely, the a
erage particle multiplicities are essentially lower@5,6# and
the main part of nucleons and mesons is produced in pro
tile and target fragmentation regions, very far from the m
rapidity region.

Calculations show@3,5,7# that the ED cross section i
collisions of heavy nuclei at the RHIC and LHC by far e
ceeds the dissociation cross section due to the direct nu
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overlap. In AuAu and PbPb collisions at such energies m
neutrons can be produced in the ED process@5#. Among
other interesting phenomena, one may expect a complete
integration of nuclei induced by the electromagnetic fields
collision partners@6#. This phenomenon is very well know
in nuclear reactions as ‘‘multifragmentation’’@8#.

Several operational problems of heavy-ion colliders
connected with the high rate of the ED process. On the
hand, the ED process reduces the lifetime of heavy-
beams in colliders as compared with the proton-proton ac
erator mode@1,2,7#. On the other hand, the process of simu
taneous neutron emission from the collision partners, wh
the ED process plays a dominant role, can be useful
luminosity monitoring@9–11#.

The luminosity monitoring method based on mutual d
sociation has several advantages@9–11#. In particular, the
beam-residual-gas interaction events can be strongly
pressed in favor of the beam-beam events by the condi
that a pair of neutrons should be detected in coincidence
each arm of the calorimeter. The cross section of mut
neutron emission can be calculated in the framework of c
ventional theoretical models designed for describing
heavy-ion disintegration in peripheral collisions. Corr
sponding nuclear data, especially photoneutron emiss
cross sections, may be used as numerical input for such
culations. Therefore, the neutron counting rates in zero
gree ~very forward! calorimeters may provide an accura
measure for the heavy-ion collider luminosity.

In the present paper the neutron emission in periph
collisions of ultrarelativistic heavy ions is considered wi
the aim of providing the theoretical basis for the luminos
monitoring method proposed in Refs.@9–11#. The uncertain-
ties in results originating from uncertainties in input nucle
data and in the theoretical model itself are carefully exa
ined. A brief review of corresponding photonuclear data
given with special attention to the publications describi
data evaluation and remeasurement. Model predictions
©2001 The American Physical Society03-1
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the Au and Pb fragmentation cross sections are comp
with recent experimental data obtained in fixed target exp
ments at CERN SPS with the highest energies available
far. This serves as an important test before extrapolating
methods to the RHIC and LHC energies.

II. EQUIVALENT PHOTON APPROACH TO
SIMULTANEOUS ELECTROMAGNETIC DISSOCIATION

A. First order dissociation processes

The electromagnetic excitation of one of the collisi
partnersA2 followed by its dissociation is schematical
shown in Fig. 1. In such a process another partnerA1 emits a
photon, but remains in the ground state without any nuc
excitation. Besides this ‘‘classical’’ process, one can c
sider a nonclassical process where the emission of a ph
is accompanied by the nuclear excitation~see Fig. 2!, par-
ticularly, the giant resonance excitation. Such a lowest-or
contribution to the simultaneous~mutual! excitation of the
nuclei A1 andA2 was considered in Refs.@12,13#. Also the
correction to the photon-photon luminosity function due
the inelastic photon emission was considered in Ref.@14# for
gg fusion reactions.

As shown in Refs.@12,13# ~see also the discussion in Re
@4#!, the lowest-order process of simultaneous excitation
the collision partners has a small cross section. For the c
of interest, i.e., for AuAu and PbPb collisions, the cross s
tions for the simultaneous dipole-dipole excitation of su
nuclei are 0.49 and 0.54 mb, respectively@12#. Using a rough
estimation of Ref.@4#, 1025A2 mb, one can get for the sam
nuclei 0.39 and 0.43 mb, respectively. From the followi
discussion one will see that for heavy nuclei these first or
contributions~Fig. 2! are negligible compared to the seco

FIG. 1. Electromagnetic excitation of one of the colliding n
clei: first order process. Open and closed circles denote elastic
inelastic vertices, respectively.

FIG. 2. Mutual electromagnetic excitation of relativistic nucle
first order process. Closed circle denotes inelastic vertex.
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order ones~Fig. 3!. The latter leading-order process with a
exchange of two photons is a classically allowed mechani
It is considered in the next section where the formalism p
viously used in Ref.@5# is extended to the case of mutu
excitation.

B. Second order dissociation processes

Let us consider a collision of heavy ultrarelativistic nuc
at an impact parameterb.R11R2. The masses and charge
of these nuclei are denoted asA1 , Z1 and A2 , Z2, respec-
tively. Hereafter the case of equal nuclei (A15A25A, Z1
5Z25Z, andR15R25R) is investigated. Nevertheless, i
some cases the indices are used to show explicitly which
the collision partners emits or absorbs photons.

According to the Weizsa¨cker-Williams method@15#, the
impact of the Lorentz-boosted Coulomb field of the nucle
A1 on A2 is treated as the absorption of an equivalent pho
by the nucleusA2 ~see Fig. 1!. In the rest frame of this
nucleus the spectrum of virtual photons from the collisi
partnerA1 at impact parameterb is expressed as

NZ1
~E1 ,b!5

aZ1
2

p2

x2

b2E1b2 S K1
2~x!1

1

g2
K0

2~x!D . ~1!

Herea is the fine structure constant,x5E1b/(gb\c) is an
argument of the modified Bessel functions of zero and fi
ordersK0 andK1 , b5v/c, andg5(12b2)21/2 is the Lor-
entz factor of the moving chargeZ1. If the Lorentz factor of
each heavy-ion beam isgbeam, theng52gbeam

2 21 for the
case of collider. Hereafter the natural units are used with\
5c51.

The mean number of photons absorbed by the nucleusA2
in the collision at impact parameterb is defined by

mA2
~b!5E

Emin

Emax
NZ1

~E1 ,b!sA2
~E1!dE1 , ~2!

where the appropriate total photoabsorption cross sec
sA2

(E1) is used. ForEmin one usually takes the neutro
emission threshold, while the upper limit of integration
Emax'g/R. We assume that the probability of multiphoto
absorption is given by the Poisson distribution with the me
multiplicity mA2

(b) defined by Eq.~2!.

nd
FIG. 3. Mutual electromagnetic excitation of relativistic nucle

second order process. Open and closed circles denote elastic
inelastic vertices, respectively.
3-2
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MUTUAL HEAVY ION DISSOCIATION IN PERIPHERAL . . . PHYSICAL REVIEW C 64 024903
Following Refs.@5,16,17#, we express the cross sectio
for the electromagnetic dissociation ofoneof the nuclei due
to the absorption of asingle photon ~Fig. 1! leading to a
certain dissociation channeli as

s1
ED~ i !52pE

bc

`

bdbPA2
~b!, ~3!

where the probability of dissociation at impact parameterb is
defined as

PA2
~b!5e2mA2

(b)E
Emin

Emax
dE1NZ1

~E1 ,b!sA2
~E1! f A2

~E1 ,i !,

~4!

and f A2
(E1 ,i ) is the branching ratio for the considered cha

nel i in the absorption of a photon with energyE1 on nucleus
A2. The choice of a critical impact parameterbc , which
separates the domains of nuclear and electromagnetic i
actions, will be discussed in Sec. IV D. Let us turn now
the mutual dissociation process shown in Fig. 3. The co
sponding graph may be constructed from two graphs of
single dissociation by interchanging the roles of ‘‘emitte
and ‘‘absorber’’ at the secondary photon exchange. Sev
assumptions have to be made to obtain an expression fo
mutual dissociation cross section.

First, we suppose that the emitted photon with ene
E1<Emax does not change essentially the total energyEA
5gMA of the emitting nucleus, whereMA is the nuclear
mass. This can be justified by estimating the ratio

r 5
Emax

EA
'

1

RMA
, ~5!

which is close to 1024 for heavy nuclei. Therefore, the kine
matical conditions for the secondary photon exchange
very similar to those for the primary one, and there are
correlations between the energies of the primary and sec
ary photonsE1 and E2. In other words, the primary an
secondary photon exchanges may be considered as inde
dent processes even if they take place in the same colli
during a short-term overlap of the Lorentz-contracted C
lomb fields of the colliding nuclei. Second, the equivale
photon spectrum from the excited nucleusA2* in the nota-
tions of Fig. 3, is the same as the spectrum from the nuc
in its ground stateA2. This follows from the fact that a
ultrarelativistic energies the collision time is much shor
then the characteristic deexcitation time during which
nucleus changes its initial charge via proton emission or
sion.

Following these assumptions, one can express the c
section for themutualdissociation of nucleiA1 andA2 ~Fig.
3! to channelsi and j, respectively, as

sm
ED~ i u j !52pE

bc

`

bdbPA1
~b!PA2

~b!. ~6!

Substituting Eq.~4! for each of the nuclei and changing th
order of integration, one obtains
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sm
ED~ i u j !5E

Emin

EmaxE
Emin

Emax
dE1dE2Nm~E1 ,E2!

3sA2
~E1!sA1

~E2! f A2
~E1 ,i ! f A1

~E2 , j !, ~7!

where the spectral functionNm(E1 ,E2) for mutual dissocia-
tion is introduced,

Nm~E1 ,E2!52pE
bc

`

bdbe22m(b)NZ1
~E1 ,b!NZ2

~E2 ,b!.

~8!

ConditionsA15A25A andZ15Z25Z were used in Eqs.~7!
and ~8!, as it is usually in heavy-ion colliders, and therefo
mA1

(b)5mA2
(b)5m(b). Nevertheless, the dissociatio

channelsi and j may be different for each of the nuclei eve
in such a case.

Several remarks may be made concerning Eqs.~7! and
~8!. Compared to another process of the second order di
ciation of a single nucleus~see Fig. 4! some points of simi-
larity may be found. Indeed, expressions given in Ref.@5# for
the corresponding cross sections2

ED( i ) of the second order
process are as follows:

s2
ED~ i !5E

Emin

EmaxE
Emin

Emax
dE1dE2N2~E1 ,E2!sA2

~E1!

3sA2
~E2! f A2

~E1 ,E2 ,i !, ~9!

N2~E1 ,E2!5pE
bc

`

bdbe2m(b)NZ1
~E1 ,b!NZ1

~E2 ,b!.

~10!

However, there is an important difference in the definitio
of branching ratiosf A2

(E1 ,i ), f A1
(E2 , j ) compared with

f A2
(E1 ,E2 ,i ), since the former are for the absorption of tw

photons bytwo differentnuclei leading to certain dissocia
tion channelsi and j, while the latter is for the absorption o
two photons by asinglenucleus leading to a channeli. An-
other difference is due to an additional factor of 2e2m(b) in
Eq. ~7! compared with Eq.~9!. It comes from the fact tha
Eq. ~7! contains the product of the Poisson probabilities
the single photon absorption for the collision with impa
parameterb,

FIG. 4. Electromagnetic excitation of a single nucleus: seco
order process. Open and closed circles denote elastic and ine
vertices, respectively.
3-3
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I. A. PSHENICHNOVet al. PHYSICAL REVIEW C 64 024903
PA1
~b!PA2

~b!5m2~b!e22m(b)52e2m(b)PA
(2)~b!, ~11!

while PA
(2)(b)5m2(b)e2m(b)/2 is the Poisson probability fo

the double photon absorption@5,16#. Results for partial cross
sections of mutual dissociation will be presented and d
cussed in Sec. VI.

C. Next-to-leading-order processes of mutual dissociation

The second order process, which is shown in Fig. 3
considered in Sec. II B, is the leading-order mechanism
mutual electromagnetic dissociation. This is confirmed
the calculations of the corresponding total cross sections
the leading order~LO!, Fig. 3 and next-to-leading-orde
~NLO! processes, Figs. 5 and 6.

Following the assumption that the probability of mul
photon absorption is given by the Poisson distribution w
the mean multiplicitymA(b) of Eq. ~2!, one has for the LO
process shown in Fig. 3

sm
ED~LO!52pE

bc

`

bdbmA
2~b!e22mA(b). ~12!

Here the case of equal masses and charges of collision
ners is considered, i.e.,A15A25A andZ15Z25Z.

For the NLO process with the exchange of three phot
(NLO12), Fig. 5, the total cross section is given by

sm
ED~NLO12!52pE

bc

`

bdb
mA

3~b!

2
e22mA(b). ~13!

FIG. 5. Mutual electromagnetic excitation of relativistic nucle
next-to-leading-order contribution with single and double pho
exchange processes. Open and closed circles denote elastic a
elastic vertices, respectively.

FIG. 6. Mutual electromagnetic excitation of relativistic nucle
next-to-leading-order contribution with two double photon e
change processes. Open and closed circles denote elastic and i
tic vertices, respectively.
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A complementary process (NLO21) with the excitation of
another nucleusA2 via double photon absorption is equal
possible and has the same cross section.

Another NLO process of mutual dissociation is due
exchange of four photons (NLO22), Fig. 6, and its cross sec
tion can be written as

sm
ED~NLO22!52pE

bc

`

bdb
mA

4~b!

4
e22mA(b). ~14!

Finally, one can calculate the sum of all contributions u
ing the prescription of Ref.@11#,

sm
ED~ tot!52pE

bc

`

bdb~12e2mA(b)!2. ~15!

Since for each of the ions the probability of collision witho
photon exchange is equal toe2mA(b), Eq. ~15! is evident.

Calculations ofsm
ED(tot), andsm

ED(LO), sm
ED(NLO), and

cross sections for specific dissociation channelssm
ED( i u j ),

with and without NLO corrections, were performed by th
modifiedRELDIS code, which contains now a special simul
tion mode for the mutual electromagnetic dissociation p
cess. Our results for the total dissociation cross section
electromagnetic and nuclear interactions are given in Tab
These cross section values are in good agreement with
sults of other authors.

The total cross sections for mutual electromagnetic dis
ciation given in Table I are much lower than the cross s
tions for single dissociation. However, even the former v
ues are found to be comparable to the total nucl
dissociation cross sections, see Table I.

As one can see, the ratios between the first and sec
order processes are very different for single and mutual
sociation. The first order dissociation process~with the ex-
change of a single photon! can be safely neglected in con
sidering the mutual dissociation of heavy nuclei
ultrarelativistic energies.

Table I contains also the cross sections for the LO proc
sm

ED(LO). As one can see, the LO mechanism gives;70%
and;60% of thesm

ED(tot) at RHIC and LHC energies, re
spectively. The sum of the NLO contributions to the to
cross section gives additionally;25–27 %. Therefore, a
RHIC energies, for example, the remaining contribution
;5% ~or ;0.2 b) is due to exotic triple excitations.

Finally, sm
ED andNm written for the LO mutual dissocia

tion process, Eqs.~7! and~8!, can be easily generalized to th
case of different NLO processes. However, the result
expressions are lengthy and we do not give them here
brevity’s sake.

III. ABRASION MODEL FOR MUTUAL DISSOCIATION IN
NUCLEAR COLLISIONS

Several nucleons can be abraded from collision partn
in grazing nuclear collisions. We are interested in a situat
when only few nucleons are removed. This is the case w
nuclear densities overlap weakly and mainly nuclear peri
ery is involved in the interaction.

n
in-

las-
3-4
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TABLE I. Total cross sections~barn! of single and mutual dissociation calculated by theRELDIS code,
abrasion model, and by other authors for AuAu and PbPb collisions at the RHIC and LHC.

First Second All
Dissociation order order contri-

process butions

Single
electromagnetic 82 1.78 83.8

65165 A GeV Mutual
AuAu at RHIC electromagnetic 2.5 3.6

Nuclear 7.29

Single 93.2 1.86 95.1
electromagnetic 88a

95b

1001100 A GeV Mutual 0.3931023 c 2.6 3.8
AuAu at RHIC electromagnetic 0.4931023 d 3.9e

7.29
Nuclear 7.09e

Single 212 3 215
electromagnetic 214a

220b

2.7512.75A TeV Mutual 0.4331023 c 3.9 6.2
PbPb at LHC electromagnetic 0.5431023 d 7.15e

Nuclear 7.88

aReference@3#. dReference@12#.
bReference@7#. eReference@11#.
cReference@4#.
-

nc-

sity
-
ters
The cross section for the abrasion ofa nucleons from the
projectile (A1 ,Z1) in a collision with the target (A2 ,Z2) may
be derived from the Glauber multiple scattering theory@18#,

snuc~a!5S A1

a D32pE
0

bc
bdb~12P~b!!aP~b!A12a.

~16!

Here P(bW ) is calculated as the overlap of projectiler1(rW)
and targetr2(rW) densities in the collision with impact param
eterb,

P~bW !5E d2sWD1~sW !exp~2A2sNND2~sW1bW !!, ~17!

where the nuclear thickness functions,
02490
D1,2~sW !5E
2`

1`

dzr1,2~sW,z! , ~18!

are introduced. In our calculations the nuclear density fu
tions are approximated by Fermi functions,

r1,2~r !5
ro

11expS r 2r oA1,2
1/3

d D , ~19!

wherer o is a parameter that defines the nuclear half-den
radiusRo5r o3A1/3, andd50.54 fm is the diffuseness pa
rameter. The choice of these and other important parame
of the model, the integration cutoff parameterbc and the
total nucleon-nucleon~NN! cross sectionsNN , are discussed
in Sec. IV D.
3-5
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The above expressions determine only the number
nucleons removed from the projectile and do not specify h
many protons or neutrons were knocked out. Further
sumptions are needed to determine the charge-to-mass
of the residual nucleus and hence the numbers of protoz
and neutronsn abraded from the initial nucleus~see also the
discussion in Refs.@19,20#!.

In the present work we use the so-called hypergeometr
model @19,20#, assuming that each removed project
nucleon has aN1 /A1 probability (N15A12Z1) of being a
neutron,

snuc~n,z!5

S Z1

z D S N1

n D
S A1

a D snuc~a!. ~20!

In other words this means that there is no correlation at
between the proton and neutron distributions and the a
sion process removes protons and neutrons from the pro
tile nucleus in a random way.

Several physical processes that might be importan
heavy-ion collisions, were neglected in this model. The
cited residual nucleus created due to the abrasion pro
should undergo its deexcitation on the second ablation s
On this step more neutrons may be emitted via evaporat
However, as it was noticed in Ref.@19#, the excitation ener-
gies obtained on the abrasion step due to removal of on
two nucleons are generally not sufficient for intensive p
ticle evaporation. Therefore, for the cases of interest, i.e.,n
and 2n dissociation channels, the ablation step can be
glected.

The abrasion of nucleons from projectile and target p
ceeds via high-energy collisions between nucleons. Nucle
antinucleon pairs may be created in such interactions
neutrons may be present in these pairs. However, as one
find in a compilation @21#, even at high energie
;100A GeV, the relative rate of such pair production is n
so high, ;5%. Because of this, we do not consider su
processes in calculations of the neutron emission c
sections.

Knocked-out nucleons can also suffer a final state in
action with spectators@19#. We believe that this process
less important at high energies compared with intermed
energies of;0.121 A GeV. For the latter case the esca
probability is estimated to bePesc;0.520.75 for peripheral
collisions of heavy nuclei@22#. The momenta of recoil nucle
ons may be comparable with the Fermi momentum of in
nuclear nucleons and their angular distribution is very w
so that they can be easily captured by one of the specta
The situation is different at high energies, where the tra
verse momenta of collided nucleons are typically large,
the order of 0.5 GeV, and therefore their subsequent cap
is less probable. Other effects like a finite hadronizat
length may further reduce the secondary interaction proba
ity. Therefore, we assume that in peripheral collisions at
RHIC and LHC the probability for each of the collide
nucleons to escape the residual nuclei is close to un
Pesc;1.
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As we will show in Sec. V, the above-mentioned simp
fications do not lead to noticeable disagreements with exp
mental data when the removal of one, two, or three nucle
is considered. It means that either the above-mentio
physical effects are negligible, or they compensate for e
other in peripheral nuclear collisions with the removal
only a few nucleons. However, the predictions of the pres
model for more central collisions with the removal of ma
nucleons should be taken with care.

This simple abrasion model can be easily extended to
case of mutual dissociation. The cross section for the
moval of n1 neutrons andz1 protons from the projectile
(N1 ,Z1) simultaneouslywith the removal ofn2 neutrons and
z2 protons from the target (N2 ,Z2), (N25A22Z2) may be
written as

sm
nuc~n1 ,z1un2 ,z2!5

S Z1

z1
D S N1

n1
D

S A1

a D 3snuc~a!3

S Z2

z2
D S N2

n2
D

S A2

a D .

~21!

Since the number of nucleon-nucleon collisions in such
process is assumed to be equal toa, the conditionz11n1
5a5z21n2 holds.

Using this condition for the process of mutual dissociati
with given numbers of neutronsn1 andn2 removed from the
projectile and target nuclei, respectively, one has finally

sm
nuc~n1un2!5(

z1

snuc~n1 ,z1!
S Z2

n11z12n2
D S N2

n2
D

S Z21N2

z11n1
D .

~22!

Here the cross section for the single abrasion proc
snuc(n1 ,z1), given by Eqs.~16! and ~20!, was used.

IV. INPUT DATA FOR HEAVY-ION DISSOCIATION
CALCULATIONS

As shown in Sec. II, the photonuclear cross sections
used as input data in calculations of the electromagnetic
sociation cross sections. This is verified by the coherent
ture of the photon emission by the collision partner as
whole. Since these photons represent the Lorentz-boo
Coulomb fields of original nuclei, their virtuality is very
small, Q2<1/R2, i.e., these photons are almost real. The
fore, one can use the photonuclear reaction data obtaine
experiments with real monoenergetic photons and apply
oretical models describing such photonuclear reactions.

The accuracy of the mutual dissociation cross section
culation depends heavily on the quality of the data and
rameters used as input. As we found, for example, the mu
dissociation cross section is more sensitive to the pro
choice of the critical impact parameterbc and to the input
photonuclear cross sections than the single dissociation c
section. The input data and model parameters are discu
in detail in the following sections.
3-6
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MUTUAL HEAVY ION DISSOCIATION IN PERIPHERAL . . . PHYSICAL REVIEW C 64 024903
A. Photoneutron cross sections measured in experiments with
real photons

Over the years, the photoneutron cross sections for dif
ent nuclei have been measured with monoenergetic pho
at Saclay@23–25# and Livermore@26#. Data on different
cross sections obtained in these and other laboratories
collected in compilations of Refs.@27,28#.

Concerning the nuclei of interest,197Au and 208Pb, the
detailed data were obtained mainly for (g,n) and (g,2n)
reactions, while less detailed data exist for (g,3n) and
(g,4n) reactions, see Refs.@23,26#. The measurements wer
performed in the photon energy region 6<Eg<35 MeV,
where the excitation of giant resonances plays a domin
role, see Figs. 7 and 8. At such energies, the emissio
charged particles (p,d,3He,4He) is suppressed by a hig
Coulomb barrier of heavy nuclei. Therefore, the sum of p
tial cross sections for all neutron multiplicitiess(g,n)
1s(g,2n)1s(g,3n)1s(g,4n) nearly coincides with the
total photoabsorption cross section. Each of the inclus
cross sectionss(g,in) for the emission ofi neutrons in-
cludes a small contribution from the channels with charg
particles (g,in p), (g,in 2p), . . . . At the same time chan

FIG. 7. Photoneutron cross sections for gold. Open and clo
circles are, respectively, Saclay~Ref. @23#! and Livermore~Ref.
@26#! data rescaled according to Ref.@31#. GNASH code results are
presented by solid line.RELDIS results are given by dashed an
dotted lines for variants with and without inclusion of the direct 1n
emission, respectively.
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nels such as (g,p), (g,2p) were neglected altogether. Ac
cording to Ref.@24#, this leads to a small systematic err
;325 % in the total photoabsorption cross section m
sured at low energies via the neutron detection.

Above the giant resonance region, at 35<Eg

<140 MeV, the quasideuteron mechanism of photon
sorption dominates. Only average characteristics of pho
absorption by208Pb were measured in Saclay@24,25# in this
energy region. Neutron yields( i>1is(g,in) and the cross
sections for emission of at leastj neutrons( i> js(g,in) were
obtained in addition to the mean value and the width of
neutron multiplicity distribution.

To the best of our knowledge there are no direct meas
ments of neutron emission cross sections and multiplicitie
Eg.30 MeV in photoabsorption on197Au. The only at-
tempt to deduce the average photoneutron multiplicities fr
the experimentally obtained average excitation energies
been made at 160<Eg<250 MeV in a model-dependen
way @29#.

For the (g,n) channel the overall agreement between L
ermore and Saclay data is good. Some inconsistency e
only in the giant resonance peak height (;3% for 197Au and
;20% for 208Pb) and on the right side of the peak, whe

d FIG. 8. Photoneutron cross sections for lead. Open and clo
circles are, respectively, Saclay~Ref. @23#! and Livermore~Ref.
@26#! data rescaled according to Ref.@31#. Crosses, Saratov dat
@32#; squares, Moscow evaluated data~Ref. @33#!. Other notations
are the same as in Fig. 7.
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I. A. PSHENICHNOVet al. PHYSICAL REVIEW C 64 024903
(g,n) and (g,2n) processes compete with each other, s
Figs. 7 and 8. Large discrepancies are present in (g,2n)
cross sections measured in different experiments, both
shape and normalization, up to;50% for the 208Pb target.

Several attempts at data evaluation and remeasurem
have been made to reduce these discrepancies. Based o
observation that the total photoneutron yieldss(g,n)
12s(g,2n)13s(g,3n) obtained in Livermore and Sacla
experiments agree well, an explanation for the discrepa
was put forward in Ref.@30#. It was attributed to the differen
neutron multiplicity sorting procedures adopted in differe
laboratories. As was concluded in Ref.@30#, the neutron mul-
tiplicity sorting procedure adopted at Saclay was not corr
since some of the (g,2n) events were interpreted as pairs
(g,n) events.

In 1987 new measurements were made in Livermore@31#,
where it was found that the previously reported Livermo
@26# and Saclay@23# results have to be rescaled. As w
recommended in Ref.@31#, the Saclay data of Ref.@23# for
both 197Au and 208Pb nuclei have to be used with the co
rection factor of 0.93. We follow this prescription in usin
photonuclear cross section data in ourRELDIS code. How-
ever, such a correction is not widely accepted and the aut
of Refs.@7,10,11# use uncorrected Saclay data.

Some new (g,2n) cross section data were obtained in R
@31# for 197Au and 208Pb. For the197Au nucleus, (g,2n) data
are nearly the same as the Saclay (g,2n) data of Ref.@31#
and the conclusion of Ref.@30# concerning the neutron mul
tiplicity sorting procedure seems to be unconfirmed. Unf
tunately, the recent data of Ref.@31# are available only up to
a few MeV above the (g,2n) threshold and the findings o
Ref. @30# cannot be completely ruled out.

One of the most recent measurements of the (g,n) cross
section for photoabsorption on208Pb was performed in Rus
sia at Saratov University@32#. A fine structure of the low-
energy wing of the giant dipole resonance~GDR! has been
investigated in detail. The photoneutron cross sections w
obtained from the photoneutron yield curves by means of
statistical regularization method.

An evaluation of the (g,n) cross section for208Pb has
been made at Moscow State University@33# by applying a
statistical reduction method. Because of systematic un
tainties in calibration and normalization, the general char
teristics of the measured (g,n) cross section~the energy in-
tegrated cross sections, weighted-mean values! are different
in different measurements@23,24,26#. In the reduction
method of Ref.@33# the renormalization corrections wer
introduced for both the energy and the cross section scale
order to obtain the best agreement between the general
acteristics of the (g,n) cross section measured in differe
experiments.

The data obtained in Refs.@32,33# for the (g,n) reaction
on the208Pb target are also plotted in Fig. 8. Good agreem
with rescaled Saclay data of Ref.@23# is found up to the
(g,2n) threshold. Unfortunately, the (g,2n) reaction was be-
yond the scope of investigations in Refs.@32,33#.

It is evident from our consideration that the calculatio
of electromagnetic dissociation of ultrarelativistic197Au and
208Pb nuclei cannot be based exclusively on the pho
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neutron cross sections measured in experiments with
photons. Additional information on photoneutron cross s
tions for the whole energy domain of equivalent photo
(Emin<Eg<Emax) can be obtained by using theoretic
models of photoabsorption. This is particularly indispensa
for dissociation channels with an emission of many neutr
(>3) and charged particlesp,d,t,a, . . . .

B. Evaluation of photoneutron cross sections
using the GNASH code

One of the two photonuclear reaction models used in
present work is theGNASH code @34#. It is very precise in
describing low-energy neutron emission data@35#, however,
it can be used only up to the pion production threshold
Eg<140 MeV. Within this model the photoabsorption pr
cess is modeled through the excitation of the giant dip
resonance~GDR! at lower energies and the quasideuter
~QD! mechanism at higher energies.

The photoabsorption cross section in the whole ene
range from the threshold for neutron emission up to 1
MeV is thus written in the form@35#

sA~Eg! 5 sGDR~Eg!1sQD~Eg! , ~23!

wheresGDR is given by a Lorentzian curve with paramete
taken from GDR systematics@28# and corrected according t
Ref. @31#. The latter termsQD is related by a Levinger-type
model to the experimental deuteron photodisintegration cr
sectionsd @36#,

sQD~Eg! 5 L
NZ

A
sd~Eg!F~Eg! , ~24!

whereN, Z, andA are, respectively, the neutron, proton, a
mass number of the corresponding nucleus. The Levin
parameterL is equal to 6.5, andF(Eg) is a Pauli-blocking
factor, which reduces the free deuteron cross sectionsd(Eg)
by taking into account the Pauli blocking of the excited ne
tron and proton in the nuclear medium. In Ref.@36#, F was
derived in the form of a multidimensional integral, approx
mated in the energy range 20–140 MeV by a polynom
expression,

F~Eg!58.37143102229.834331023Eg14.1222

31024Eg
223.476231026Eg

319.353731029Eg
4 ,

~25!

and by an exponential one outside the considered en
range,

F~Eg! 5 H exp~273.3/Eg!, Eg , 20 MeV,

exp~224.2/Eg!, Eg . 140 MeV.

Thus,F(Eg) tends to zero ifEg goes to zero, and to unity i
Eg goes to infinity and is continuous with Eq.~25! at 20 and
140 MeV @35#.

Finally, the experimental deuteron photodisintegrati
cross section is given by a simple parametrization,
3-8
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MUTUAL HEAVY ION DISSOCIATION IN PERIPHERAL . . . PHYSICAL REVIEW C 64 024903
sd~Eg! 5 61.2~Eg22.224!3/2/Eg
3 , ~26!

whereEg is expressed in MeV, as in the previous formula
andsd in mb.

Due to the correlation between intranuclear nucleons
the absorption on a quasideuteron pair, the initial partic
hole configuration is assumed to be 2p1h rather than 2p2h,
see Ref.@35#. In theGNASH code the initial interaction char
acterized by the total cross section of Eqs.~23!–~25! is fol-
lowed by the preequilibrium emission of fast nucleons d
scribed by the exciton model@34,35#. Finally, when the
nuclear system comes to equilibrium, sequential evapora
of particles is considered within the Hauser-Feshb
formalism @35#.

GNASH code results for (g,n), (g,2n), and (g,3n) cross
sections are shown in Figs. 7 and 8 for197Au and 208Pb
nuclei, respectively. Calculations describe (g,n) and (g,3n)
data very well. Taking into account existing disagreeme
between the results of different measurements of (g,2n)
cross sections, one can conclude that theGNASH results fall
in between the Saclay@23# and Livermore data@26# for 208Pb
and very close to Livermore data for197Au, which seems to
be satisfactory for both cases. Therefore, one can use in
~7! the photonuclear cross sectionssA(Eg) and branching
ratios f (Eg ,i ) calculated by theGNASH code to estimate the
mutual electromagnetic dissociation cross sectionsm

ED( i u j ).
The influence of a constraintEg,Emax5140 MeV will be
discussed in Sec. VI.

C. Neutron emission simulated by cascade and evaporation
codes

Branching ratios for neutron emission in photonuclear
actionsf (Eg ,i ) can be calculated by means of the extend
cascade-evaporation-fission-multifragmentation model
photonuclear reactions@37# in the whole range of equivalen
photon energies. Some details of the calculation method
well as numerous comparisons with experimental data u
for the model verification were given in Refs.@5,6,37#. Here
we describe only the general calculation scheme along w
the modifications and advancements made in the model s
the time when the works@5,6,37# were published.

In the RELDIS model the values of the total photoabsor
tion cross section to be used in Eq.~7! are taken from cor-
responding approximations of experimental data. In the G
region the Lorentz curve fits were used for this purpose w
parameters from Ref.@27# corrected according to the pre
scription of Ref.@31#, as described in Sec. IV A. Above th
GDR region, where the quasideuteron absorption comes
play, the total cross section is taken from the quasideute
model of Ref.@24#,

sQD~Eg!5k
NZ

A
sd

exch~Eg!. ~27!

Here sd
exch is the meson exchange part of the cross sec

for the deuteron photodisintegrationgd→np, and k is an
empirical constant@24#.
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Above the pion production threshold, atEg>140 MeV, a
universal behaviorsA(Eg)}A is observed~see Ref.@38# for
the latest experimental data!. This means that the total pho
toabsorption cross section per bound nucleonsA(Eg)/A has
almost the same energy dependence for light, mediu
weight, and heavy nuclei C, Al, Cu, Sn, and Pb, at least up
Eg;3 GeV. Therefore, having the data for one nucleus, o
can calculate the cross section for other nuclei. However
this energy region the universal curvesA(Eg)/A is very dif-
ferent from the values extrapolated from the cross secti
on free nucleons (Zsgp1Nsgn)/A, which are deduced from
proton and deuteron data@38#. At Eg.3 GeV the universal
behavior breaks down, and the ratiosA(Eg)/A for lead is
20–25 % lower than for carbon@39,40# due to the nuclear
shadowing effect. In order to approximate the total pho
nuclear cross sections atEg.3 GeV we used recent result
obtained within the framework of the Glauber-Gribov sc
tering theory and the generalized vector dominance mo
@39,40#. Such calculations describe well the general trend
experimental data obtained for high-energy photon abso
tion, although the data have very large uncertainties atEg

.10 GeV.
By comparing Table II of Ref.@5# and Table I of the

present paper one can find minor differences in the total
cross sections due to using different parametrizations
sA(Eg)/A at Eg.3 GeV. Compared with the total ED cros
sections, the single or double neutron emission cross sec
are even less affected by the choice of the parametrizati

The RELDIS code performs the Monte Carlo simulation
the mutual dissociation process according to the follow
steps. First, a pair of the energiesE1 andE2 of the photons
exchanged between the colliding nuclei is selected accord
to the spectral functionNm(E1 ,E2). Second, the photoab
sorption process is generated in both nuclei leading to
formation of excited residual nuclei. Third, the deexcitati
of both of the thermalized residual nuclei is simulat
according to the statistical evaporation-fission-multifra
mentation model@8#.

The evaporation of neutrons from an excited resid
compoundlike nucleus is the main process responsible
the (g,n), (g,2n), (g,3n) channels of photoabsorption. Th
quality of the description of such channels is very importa
for precise calculations of neutron emission in the mut
dissociation process. In the present paper the standard W
skopf evaporation scheme is used@8# with several modifica-
tions taking into account the microscopic effects of nucle
structure in the nuclear mass and level density formu
Such effects reveal themselves in the noticeable differen
up to;10215 MeV for heavy closed-shell nuclei, betwee
the values of the nuclear mass measured in experiments
those predicted by the macroscopic liquid-drop model.

Moreover, this difference in mass, the so-called shell c
rection, and the level density parameter are strongly co
lated. For closed-shell nuclei the actual values of the le
density parameter are essentially lower than the average
ues expressed asA/82A/10 MeV21, and these values de
pend noticeably on the excitation energy. Proper accoun
for these effects, as well as pairing effects, is important
3-9
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TABLE II. Cross sections~barn! for 197Au dissociation induced by 158A GeV Pb beams. Theoretica
results are obtained by theRELDIS code and abrasion model. Experimental data are taken from Ref.@54#.
RELDIS results without direct 1n emission are given in parentheses.

s1
ED( i )1s2

ED( i ) snuc( i ) All contributions
Dissociation

channel
Experi- RELDIS Experi- Abrasion Experi- Theory
ment code ment model ment

i 51n 26.464.0 26.96 0.360.1 0.43 26.764.0 27.39
197Au→196Au1n ~25.09! ~25.52!

i 52n 4.660.7 4.57 0.1360.04 0.13 4.760.7 4.70
197Au→195Au12n ~6.39! ~6.52!
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low excitationsE* ;10 MeV, i.e. in the region where 1n
and 2n photoemission processes occur.

The above-mentioned shell effects are most pronounce
low excitation energies, but almost disappear atE*
.50 MeV, see Ref.@20# for details. Several phenomeno
logical systematics of the level density parameter were p
posed to account for such behavior, see Refs.@41–43#. Our
calculations are based on results of Ref.@43# where all exist-
ing data on the level densities, decay widths, and lifetime
excited nuclei have been analyzed in the framework of
statistical model.

However, the creation and subsequent decay of an exc
compound nucleus formed after the photoabsorption in
GDR region is not the only process responsible for the n
tron emission. Indeed, a giant resonance is a coherent su
position of ~one-particle-one-hole! 1p1h excitations. A par-
ticle or a hole can interact with another nucleon and crea
2p2h state. Further spreading to 3p3h states etc. finally
leads to a statistically equilibrated system, the compo
nucleus. Instead of such evolution to equilibrium, a colle
tive 1p1h state can decay directly by the emission of o
nucleon leading to a low-lying hole state in the residu
nucleus, see, for instance, Ref.@44#. After such direct 1n
emission, the emission of a second neutron is generally
possible, even though the initial photon energy exceeds
2n emission threshold. In such a way the (g,2n) channel is
suppressed in comparison with the pure statistical decay

Although the GDR state in the208Pb nucleus decay
mainly statistically, the existence of direct neutron emiss
has been clearly demonstrated in Ref.@45#. The process
whereby a fast nucleon is emitted and the final state of
207Pb nucleus is left with low excitation energy<3 MeV
was identified in this experiment@45#. Evidence of direct
neutron emission in photoabsorption on Au and Pb nu
was given in Ref.@23# based on the analysis of competitio
between 1n and 2n emission channels. This was an indepe
dent confirmation of the findings of earlier works@46,47#
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devoted to the measurements of the neutron spectra in
toabsorption on the same nuclei. An excess of fast neutr
~kinetic energy>4 MeV) with respect to the predictions o
the statistical evaporation model has been demonstrated
attributed to the direct emission.

In Ref. @44# a nonstatistical contribution in an excite
208Pb nucleus with 10,E* ,30 MeV was successfully ex
tracted. Out of this region the nonstatistical contribution w
found to be negligible. In our calculations we used the to
fractions of the nonstatistical neutron emission from Au a
Pb nuclei asPn

dir50.31 and 0.26, respectively, evaluate
from experimental data in Ref.@23#. Such values are in line
with modern theoretical expectations@48# that the ratio of
intensities of the direct and statistical neutron emission fr
photoexcited GDR in the208Pb nucleus is about;0.1. In the
RELDIS code the emission anglesQ of nonstatistical fast pho-
toneutrons are generated according to the approxima
W(Q)5A1Bsin2 Q, which is found in Ref.@47#. We as-
sumed that the direct 1n emission takes place at 7<E*
<22 MeV.

Since the adoptedPn
dir values have some uncertainties, w

have investigated the sensitivity of results to these value
part of the calculations was made withPn

dir50, i.e. without
accounting for direct emission, see Figs. 7 and 8 and Ta
II. As shown in Fig. 7, the (g,2n) cross sections on gold
calculated by theRELDIS code withPn

dir50.31 are very close
to Saclay measurements@23#, while Livermore results@26#
are better described withPn

dir50. Therefore the difference in
calculation results obtained withPn

dir50 andPn
dir50.31 re-

flects the level of experimental uncertainties.

D. Choice of cutoff parameter and nuclear density distributions

Since the nucleon-nucleon interaction has an isove
component, the interference of nuclear and electromagn
amplitudes cannot be excluded. Such interference terms w
considered in Ref.@22# and found to be small. Even for th
3-10
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MUTUAL HEAVY ION DISSOCIATION IN PERIPHERAL . . . PHYSICAL REVIEW C 64 024903
197Au nucleus colliding with heavy targets the interferen
correction to the single neutron removal cross section
found to be less than 0.5–0.6 % of the corresponding nuc
or electromagnetic contributions. Following this resu
nuclear and electromagnetic parts of the dissociation c
section may be safely treated separately. In other words,
can add probabilities instead of coherent summation of
plitudes.

Let us consider how the probabilities of the nuclear a
electromagnetic contributions should be added to obtain
total dissociation probability. At grazing impact paramete
relativistic nuclei are partly transparent to each other. H
NN collisions may be absent altogether in the case of a
ripheral event with a weak overlap of diffuse nuclear s
faces, while the electromagnetic interaction may take pl
in this event leading to the electromagnetic dissociati
Generally, at a grazing collision either the nuclear or elec
magnetic interaction, or even both of them, may occur. As
example of the latter case, a single neutron-neutron collis
in the participant zone may lead to the neutron remov
while a photon may be emitted and absorbed by char
spectators in the same event.

Therefore, in a detailed theoretical model a smooth tr
sition from purely nuclear collisions atb!R11R2 to elec-
tromagnetic collisions atb@R11R2 should take place. Suc
a kind of transition was considered in a ‘‘soft-sphere’’ mod
of Ref. @49#. A similar approach was adopted in Ref.@11#,
where the cross section for at least one type of dissociat
either nuclear, electromagnetic, or both, was written as

s52pE
0

`

bdb~P nuc~b!1P ED~b!2P nuc~b!P ED~b!!,

~28!

whereP nuc(b) andP ED(b) are, respectively, the probabil
ties of the nuclear and electromagnetic dissociations a
given impact parameterb. Putting explicitly the integration
limits for each term, one obtains

s52pE
0

bc
nuc

bdbP nuc~b!12pE
bc

ED

`

bdbP ED~b!

22pE
bc

ED

bc
nuc

bdbP nuc~b!P ED~b!. ~29!

Here the impact parameter cutoff valuesbc
nuc andbc

ED were
used for the nuclear and electromagnetic interactions, res
tively. However, due to several reasons a more simple
pression is widely used@3,4#,

s5sED1snuc52pE
0

bc
bdbP nuc~b!12pE

bc

`

bdbP ED~b!,

~30!

where a single cutoff parameterbc was chosen asbc
ED,bc

,bc
nuc . The first reason is that with the latter condition o

can effectively reduce the first and second terms of Eq.~29!
without subtracting the third nuclear-plus-electromagne
term. Numerical results based on Eqs.~29! and~30! become
02490
s
ar
,
ss
ne
-

d
e

s
d
e-
-
e
.
-
n
n
l,
d

-

l

n,

a

c-
x-

c

similar as it was found for ‘‘sharp-cutoff’’ and ‘‘soft-sphere
models of Ref.@49#. Second, for heavy nuclei the differenc
between reasonable values ofbc

ED , bc
nuc , andbc turns out to

be less than 1 fm. As a result, the last nuclear-pl
electromagnetic term of Eq.~29! turns out to be small. Third
with Eq. ~30! one can study the nuclear and electromagne
contributions separately. Therefore, independent param
zations may be found in experiments for the nuclear a
electromagnetic partssnuc andsED. This is useful for study-
ing nuclear and electromagnetic dissociation at ultrarela
istic colliders, where the products of nuclear and electrom
netic interactions populate very different rapidity region
namely the central rapidity region and close to the be
rapidity, respectively.

In the present paper the traditional form given by Eq.~30!
is adopted with a common impact parameter cutoffbc for
nuclear and electromagnetic contributions. At relativistic e
ergies, according to the widely used Benesh-Cook-V
~BCV! parametrization of Ref.@22#, bc is estimated as

bc5RBCV@A1
1/31A2

1/32XBCV~A1
21/31A2

21/3!#. ~31!

The valuesRBCV51.34 fm and XBCV50.75 were found
from a fit to Glauber-type calculations of the total nucle
reaction cross sections@22#.

The evidence in favor of thebc choice according to the
BCV parametrization was given in Refs.@50,51#, which we
mention among others. As argued in Ref.@51#, using the
BCV parametrization one can perfectly describe experim
tal data on fragment angular distributions which are ve
sensitive tobc .

For calculations within the abrasion model we used
following values for the total nucleon-nucleon cross sect
given in Ref.@52#: sNN540, 50, and 90 mb at SPS, RHIC
and LHC energies, respectively. Some problems are c
nected with the choice of the nuclear density parametersRo
5r o3A1/3 and d50.54 fm, see Sec. III. Only the nuclea
charge distributions are measured in electron scattering
periments, while the neutron densities are available o
from calculations. We usedr o51.14 fm as an average valu
between the proton and neutron distributions similar to o
used in Ref.@11#. The total nuclear reaction cross sectio
calculated with theser o and d values within the abrasion
model are in good agreement with the approximation of
perimental data found in Ref.@22#. Numerical results show-
ing the sensitivity of the nuclear and mutual electromagne
dissociation cross sections to the variations of the abo
discussed parameters are given in Sec. VI.

V. COMPARISON WITH CERN SPS DATA

The calculated charge changing cross sections of
singledissociation of 158A GeV 208Pb ions are given in Fig.
9. The LO mechanism with a single photon exchange, Fig
and the NLO mechanism with a double photon exchan
Fig. 4, were taken into account.

Each proton removal process can be accompanied by
tron loss as well. The calculated cross sections given foZ
582 correspond to the interaction where only neutrons
3-11
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emitted. However, experimental data are absent for
channel. As one can see, the electromagnetic contribu
dominates for the processes with removal of one, two,
three protons where good agreement with the experime
data of Ref.@53# is found.

Another important check of the model becomes poss
with recent experimental data for Au fragmentation by
trarelativistic Pb ions@54#. In this case the neutron emissio
is investigated directly. The experimental exclusive cro
sections for emission of one or two neutrons are compa
with theory in Table II. Also in this case the contribution
from the LO and NLO processes, Figs. 1 and 4, were ta
into account.

The calculations were made with and without account
for the direct neutron emission process, i.e. withPn

dir50.31
andPn

dir50, respectively. The results withPn
dir50.31 are in

better agreement with experiment and this is especially
for the 2n emission channel. Therefore, we use this value
further calculations.

The predictions of the abrasion model are also in go
agreement with data@54#. Therefore, our choice of the criti
cal impact parameterbc is justified by such a comparison. A
was stressed in Sec. III, the interaction of knocked-out nu
ons with spectators and the spectator deexcitation pro
themselves were neglected in this version of the abra
model aimed at considering only a few nucleon removal p
cesses. Such good agreement indicates that a simple abr
model proposed for describing the data at;1 –10A GeV
can be used successfully at much higher energies as we

VI. MUTUAL DISSOCIATION OF 197Au AND 208Pb IONS
AT THE RHIC AND LHC

On the basis of the successful verifications at lower en
gies described in Sec. V, the model can now be extrapol
to RHIC and LHC energies. In a collider, the mutual heav
ion dissociation process takes place at the crossing poin
two beams. Downstream from this point the dissociat
products can be separated by the magnetic field accordin
their Z/A ratio. Protons and nuclear fragments move close
the beam trajectories, while free neutrons leave the be
pipe after a dipole magnet.

FIG. 9. Charge changing cross sections of 158A GeV 208Pb
ions on the Pb target. The dashed- and dotted-line histogram
the RELDIS and abrasion model results for electromagnetic a
nuclear contributions, respectively. The solid-line histogram p
sents the sum of both contributions. Points are experimental
from Ref. @53#.
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At the RHIC, zero degree~very forward! calorimeters
~ZDC! for each beam are located after the magnets and
are well designed for the neutron registration@9–11#. There-
fore, in the following we consider mainly semi-inclusive m
tual neutron emission cross sectionssm( i u j ), wherei and j
denote corresponding channels 1nX, 2nX, 3nX, . . . . Be-
sides the emission of a given number of neutrons, such
sociation channels contain any number of other particles
noted asX or Y. Protons can be found most often among
the particles emitted along with neutrons. The proton em
sion rates predicted by theRELDIS code were found to be in
agreement with the data on Pb dissociation@53#, see Sec. V.
Therefore we believe that our model is accurate in estima
sm(1nXu1nY), sm(1nXu2nY), and sm(2nXu2nY) cross
sections.

If the dissociation channel of one of the collision partne
in mutual dissociation is not exactly known, one can defi
inclusive mutual dissociation cross sectionssm(1nXuD),
sm(2nXuD), andsm(3nXuD), etc. In such notationsD de-
notes an arbitrary dissociation mode of one of the nuclei

The cross sections for some specific channels of mu
dissociation at RHIC energies are given in Table III. Co
pared to the total cross sections, the relative contribution
NLO processes are very different for the cross sections
1n, 2n, and 3n emissions. As one can note,sm

ED(1nXu1nY)
has a small NLO correction,;7%, whilesm

ED(3nXuD) be-

re
d
-
ta

TABLE III. Mutual electromagnetic dissociation cross sectio
for AuAu collisions at the RHIC.X and Y denote any particle,
except neutrons.D means any dissociation channel. Calculati
results are given~a! for the leading-order contribution only
and ~b! for the sum of leading-order and next-to-leading-ord
contributions.

Cross
section ~a! ~b!

~mb! LO LO1NLO

sm
ED(1nXu1nY) 612 659

65165 A GeV sm
ED(1nXuD) 1244 1502

AuAu at RHIC sm
ED(2nXuD) 330 446

sm
ED(3nXuD) 148 274

sm
ED(1nXu1nY) 607 652

1001100 A GeV sm
ED(1nXuD) 1257 1518

AuAu at RHIC sm
ED(2nXuD) 341 461

sm
ED(3nXuD) 155 284
3-12
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TABLE IV. Sensitivity of the partial mutual electromagnetic dissociation cross sections to the variati
probability of the direct neutron emission in the 1n channelPn

dir to the input photonuclear cross sections a
to the corrections for next-to-leading-order processes. Results obtained withGNASH and RELDIS codes are
given for 1001100A GeV AuAu collisions. Recommended values are presented in boldface. The pred
of Ref. @11# for sm

ED(1nu1n) is given for comparison.

Eg<24 MeV Eg<140 MeV Full range ofEg

LO LO LO1NLO

Cross section
~mb! RELDIS GNASH RELDIS RELDIS RELDIS

Pn
dir50 Pn

dir50 Pn
dir50 Pn

dir50.31

sm
ED(1nXu1nY) 437 430 467 549 652

445a

sm
ED(1nXu2nY) 205 221 262 439 388

1sm
ED(2nXu1nY)

sm
ED(2nXu2nY) 21 28 38 87 60

sm
ED(LMN) 663 679 767 1075 1100

aReference@11#.
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comes almost twice as large as its LO value if the NL
correction is included. This is due to the fact that the NL
processes shown in Figs. 5 and 6 include nuclear excita
due to double photon absorption and, particularly, the dou
GDR excitation process. Since the average GDR energy
Au and Pb nuclei is about 13–14 MeV, the double GD
excitation introduces, on average, 26–28 MeV excitati
which is above the 3n emission threshold.

Therefore, as a rule, 1n and 2n emission cross section
are less affected by including NLO corrections rather th
3n cross sections. The double GDR excitation process
well-known phenomenon studied in low- and intermedia
energy heavy-ion collisions, see, for example, Ref.@55#.
However, nothing is known about the multiple photon ex
tations of heavy ions at ultrarelativistic energies, where
key question is to what extent the distribution of probabilit
for multiple excitations follows the Poisson distribution~the
harmonic picture of excitations!.

In order to estimate the rates of multiple excitations,
cluding those well above the giant resonance region, the
tios sm

ED(2nXuD)/sm
ED(1nXu1nY) and sm

ED(3nXuD)/
sm

ED(1nXu1nY) should be measured at the RHIC. Such m
surements do not require a preliminary determination of
collider luminosity. As it follows from Table III, the above
mentioned ratios are remarkably reduced if the multiple
citations, and hence the NLO processes, are suppress
mutual electromagnetic dissociation at the RHIC.

There remains still some freedom in choosing several
rameters of our model. To check the sensitivity of our p
dictions to their variations we performed the calculations
a reasonable span of input parameters.

Table IV demonstrates the sensitivity of the mutual el
tromagnetic dissociation cross sections to the photonuc
cross sections used as the input. In order to demonstrate
sensitivity we used two different models to calculate su
cross sections, namely, theGNASH code@34# and the photo-
nuclear reaction model implemented in theRELDIS code
02490
n
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@5,37# itself. Additionally, in the latter model we used tw
different values for the probability of the direct neutro
emission in the 1n channel,Pn

dir .
Besides the variations of the cross sections for emiss

of one or two neutrons, the variations of a cumulative val
the low multiplicity neutron~LMN ! emission cross section
defined as

sm~LMN!5sm~1nXu1nY!1sm~1nXu2nY!

1sm~2nXu1nY!1sm~2nXu2nY!

was evaluated for several subregions of equivalent pho
energiesEg,24 MeV, Eg,140 MeV, and for the full
range. In the latter case the NLO processes were taken
account along with the LO mutual dissociation proce
Therefore, the importance of NLO corrections can be a
estimated from Table IV.

By examining Table IV, one can draw several conc
sions. First, the semi-inclusive cross secti
sm

ED(1nXu1nY)5437 mb calculated for the photoabsor
tion in the giant resonance region is very close to the exc
sive valuesm

ED(1nu1n)5445 mb obtained in Ref.@11# with
the same condition,Eg,24 MeV. Second, the calculation
based on the photonuclear cross sections predicted by
GNASH code are very close to theRELDIS results for the pho-
ton energy regionEg,140 MeV. The difference betwee
the RELDIS results forEg,24 MeV andEg,140 MeV is
explained by the contribution of the quasideuteron photo
sorption mechanism to the 1n and 2n emissions. Third, the
calculations that take into account the quasideuteron ph
absorption and photoreactions above the pion produc
threshold give about 25% enhancement insm

ED(1nXu1nY) if
the whole energy region of equivalent photons is conside
and the NLO corrections are properly taken into account.
the same time, the cross sectionssm

ED(1nXu2nY)
3-13
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TABLE V. Sensitivity of the mutual dissociation cross section in nuclear interactions to the variati
the r o parameter of the nuclear density distribution. Results of the abrasion model are given for 1001100A
GeV AuAu collisions. Recommended values are given in boldface.

Abrasion model
Cross section

~mb!

r o51.09 r o51.12 r o51.14 r o51.16
Ro56.34 fm Ro56.52 fm Ro56.63 fm Ro56.75 fm

sm
nuc(1nXu1nY) 361 364 371 382

sm
nuc(1nXu2nY) 241 232 224 226
1sm

nuc(2nXu1nY)
sm

nuc(2nXu2nY) 148 147 142 139
sm

nuc(LMN) 750 743 737 747
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and sm
ED(2nXu2nY) increase up to two and four times

respectively, compared with the values calculated at
GDR region.

The cross sections for these dissociation channels
large and such channels can be easily measured in ex
ments. Although the LO process of photoabsorption in
GDR region gives an important contribution, the who
range of the equivalent photon energies should be con
ered. Also the contributions from the NLO processes sho
be taken into account to obtain the realistic values of
dissociation cross sections.

One more conclusion follows from the results presen
in Table IV. Calculations withPn

dir50 andPn
dir50.31 give a

10–40 % difference in specific dissociation cross sectio
but the values of the LMN cross sectionsm

ED(LMN) practi-
cally coincide. This cross section is very high,sm

ED(LMN)
;1100 mb, and thus can be used for luminosity monitori
As was shown above in Sec. IV A, an inevitable systema
error of;5% should be assigned to this value due to unc
tainties in the photoneutron cross sections measured in
periments.

Table V shows the sensitivity of the mutual dissociati
cross section in grazing nuclear collisions to the variations
02490
e

re
ri-

e

d-
ld
e

d

s,

.
c
r-
x-

f

the r o parameter in the nuclear density distribution, Eq.~19!.
The parameters of neutron density distributions are not w
determined and this table demonstrates possible ambigu
in nuclear dissociation cross sections caused by this fact.
cross section variations are smaller in Table V compared
Table IV, about 3–8 %. A small decrease in ther o parameter
leads to a decrease in correlated 1n-1n emission, but, on the
contrary, it leads to an increase in 1n-2n and 2n-2n emis-
sion. However, the LNM cross sectionsm

nuc(LMN) turns out
to be more stable, within a;2% variation, compared to the
cross sections for specific channels.

The sensitivity of the dissociation cross section in graz
nuclear collisions to the variations of the total nucleo
nucleon cross section is investigated in Table VI. The va
tions of thesNN in the range of 40–60 mb have only a sma
effect, within 4%, on the cross sections of the specific n
tron emission channels. Since such variations have diffe
signs, the influence on the cumulative valuesm

nuc(LMN) is
less noticeable, below 2%.

The cross sections given in Tables V and VI for grazi
nuclear collisions were found to be lower compared with
electromagnetic dissociation cross sections of Table
Moreover, it should be stressed that only a part of the n
n of
TABLE VI. Sensitivity of the mutual dissociation cross section in nuclear interactions to the variatio
the total nucleon-nucleon cross sectionsNN . The results of the abrasion model are given for 1001100 A
GeV AuAu collisions. Recommended values are given in boldface.

Abrasion model
Cross section

~mb!

sNN540 mb sNN550 mb sNN560 mb

sm
nuc(1nXu1nY) 370 371 374

sm
nuc(1nXu2nY) 233 224 222
1sm

nuc(2nXu1nY)
sm

nuc(2nXu2nY) 148 142 138
sm

nuc(LMN) 751 737 734
3-14
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TABLE VII. Sensitivity of the mutual dissociation cross section in electromagnetic and nuclear int
tions to the critical impact parameterbc . The results of theRELDIS code and abrasion model are given f
1001100 A GeV AuAu collisions. Recommended values are given in boldface.

RBCV51.27 RBCV51.34 RBCV51.41
Cross section bc514.45 fm bc515.25 fm bc516.05 fm

~mb!

sm
ED(1nXu1nY) 677 652 629

sm
ED(1nXu2nY) 417 388 374
1sm

ED(2nXu1nY)
sm

ED(2nXu2nY) 62 60 57
sm

ED(LMN) 1156 1100 1060

sm
nuc(1nXu1nY) 379 371 390

sm
nuc(1nXu2nY) 240 224 259
1sm

nuc(2nXu1nY)
sm

nuc(2nXu2nY) 141 142 151
sm

nuc(LMN) 760 737 800

sm
ED(LMN) 1916 1837 1860
1sm

nuc(LMN)
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QD
mi-
trons in grazing nuclear collisions is emitted at the forwa
or backward angles covered by the ZDC’s. Therefore,
exact relation between nuclear and electromagnetic disso
tion channels in each heavy-ion experiment should be o
obtained by taking into account detection acceptances
trigger conditions of the corresponding experimental setu

Table VII demonstrates the sensitivity of the mutual d
sociation cross section in electromagnetic and nuclear in
actions to the impact parameter cutoffbc . This is an impor-
tant input parameter, which has a noticeable influence on
final result. By changing this parameter by 5%, within t
range of 14.5–16 fm, one obtains the variations of the e
tromagnetic dissociation cross sections within 3–8 %. S
variations ofbc shift the point, which delimits the regions o
nuclear and electromagnetic interactions, below or above
domain where the overlap of diffuse nuclear boundar
takes place. In other words, assuming firstbc'bc

ED and then
bc'bc

nuc and considering the difference in final results, o
can prove the possibility to use Eq.~30! instead of Eq.~29!.

For example, if the cutoff valuebc becomes higher, all the
ED cross sections 1n-1n, 1n-2n, 2n-2n, and sm

ED(LMN)
become lower. The variations of the nuclear cross sect
are more noticeable and have the opposite trend: such c
sections become higher by 5–15 %. Finally, as one can se
Table VII, sm(LMN) variations for both types of interac
tions are weaker than the variations of the correspond
individual cross sections, within 3–8 %, while the su
sm

ED(LMN)1sm
nuc(LMN) is altered by 1–4 % only.

Concluding the investigation of the sensitivity of the fin
results to the model parameters, one can note that for A
collisions at the RHICsm

ED(LMN)51100 mb and espe
cially sm

nuc(LMN)5737 mb are more stable with respect
such variations in comparison with the individual cross s
tions sm(1nXu1nY), sm(1nXu2nY), and others. The sam
tendency was found for PbPb collisions at LHC energ
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where such cross sections were found to besm
ED(LMN)

51378 mb andsm
nuc(LMN)5755 mb. For both RHIC and

LHC cases the overall uncertainty of thesm(LMN) calcula-
tion method may be estimated to be at the level of 5–7 %

The condition for heavy-ion dissociation to be mutu
leads to some specific features for nuclear and electrom
netic interactions. The former interaction causes mainly sy
metric or quasisymmetric dissociation. The latter makes v
probable asymmetric dissociation like (1nXu5nY) or even
(1nXu10nY). This feature is shown in Figs. 10 and 11 whe
the cross sections with one, two, or three neutrons in one
of the ZDC setup are presented. As one can s
(1nXu10nY) dissociation is almost absent in nuclear col
sions. This is not true for electromagnetic dissociation wh
the number of (1nXu10nY) events is approximately 1–5 %
of the main dissociation channel (1nXu1nY).

In the RELDIS model nuclei undergo dissociation indepe
dently of each other in the electromagnetic fields. Theref
there is no correlation between the numbers of neutronsn1

andn2 emitted by each of the nuclei, and asymmetric dis
ciations are possible along with symmetric ones. The
treme case of asymmetric dissociation is, of course,
single dissociation process. The nuclear dissociation con
ered in the framework of the abrasion model has differ
characteristic features. Namely, the numbers of emitted n
trons and protons are correlated due to the conditionz1
1n15z21n2, see Sec. III, and nuclear dissociation is a
ways mutual. The latter condition was also adopted in R
@11#.

The main results of our study are presented in Figs.
and 13. They show the electromagnetic and nuclear disso
tion cross sections. Since 1n and 2n emissions in electro-
magnetic collisions are enhanced due to the GDR and
absorption mechanisms, the corresponding strips are pro
3-15
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nent in the plots. Simultaneous GDR excitation in both of
nuclei is a dominant process leading to the mutual disso
tion, but it is responsible only for a part of the total mutu
dissociation cross section,;18% at the RHIC, for example
The rest is provided mainly by asymmetric processes, w
one of the nuclei is excited in a GDR state, while anoth
nucleus absorbs a photon with the energy above the G
region, which leads to emission of many neutrons. As see
Figs. 12 and 13, the probabilities of the simultaneous em
sion of three and more neutrons are small and such proce
with participation of high-energy photons are distribut
over the large area in the plots.

For the sake of completeness the cross sections of
mutual dissociation without neutrons emitted from one
both of the collision partners are also included. The rates
such processes, when mainly the proton emission ta
place, are small. This is another difference between the e
tromagnetic and nuclear dissociations. The nuclear inte
tion events, when only a proton is removed from one or b
of the nuclei, are very probable, see Figs. 12 and 13.

VII. CONCLUSIONS

Since its experimental discovery, the process of elec
magnetic dissociation of heavy ions has been studied on

FIG. 10. Mutual electromagneticsm
ED( i u j ) ~top! and nuclear

sm
nuc( i u j ) ~bottom! dissociation cross sections for neutron emiss

in 1001100A GeV AuAu collisions at the RHIC. The cross sectio
values for j 51nX, 2nX, and 3nX are given by the solid, dashed
and dotted histograms, respectively.
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fixed target experiments. In the year 2000 the Relativis
Heavy Ion Collider~RHIC! became operational at BNL an
among other experiments the electromagnetic dissociatio
ultrarelativistic heavy ions can now be investigated in c
lider kinematics by means of the zero degree calorime
~ZDC! @56#. This makes possible the study the mutual hea
ion dissociation process.

In the present paper the equivalent photon method and
abrasion model for grazing nuclear collisions were exten
to the case of mutual dissociation of collision partners. O
numerical results for the total heavy-ion dissociation cro
sections are very close to the results of related studies,
Refs.@3,7,11#. Restricting ourselves to the domain of equiv
lent photon energies below 24 MeV, where only the gia
resonance excitations are possible in electromagnetic di
ciation, we obtained the cross section of correlated 1n-1n
emission close to that of Ref.@11#. However, as we have
found, at collider energies the neutron emission proces
mutual electromagnetic dissociation is not entirely exhaus
by the simultaneous excitation and decay of the giant re
nances in both of the colliding nuclei. Apart from the mutu
GDR excitation, asymmetric processes with the GDR ex
tation in one of the nuclei accompanied by a photonucl
reaction in the other nucleus are very probable. A wide se
photonuclear reactions should be taken into account to ob
a realistic estimation of the mutual dissociation rate.

As we found, the cross sections of emission of two a

FIG. 11. The same as in Fig. 10, but for 2.7512.75A TeV PbPb
collisions at the LHC.
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especially three neutrons in mutual dissociation are very s
sitive to the presence of the next-to-leading-order proce
where a collision partner~or even both of the nuclei! absorbs
a pair of photons in a collision event. The contribution
multiple photon absorption processes to the totalsingleelec-
tromagnetic dissociation cross section at ultrarelativistic
ergies is 1–2 % only. This is very different from the case
mutual electromagnetic dissociation where 30–40 %
events are due to multiple photon absorption. Indeed,
main part of mutual dissociation events takes place in cl
collisions with smallb>bc , where the probability to absor

FIG. 12. Mutual dissociation cross sections~mb! for neutron
emission (i , j 50nX,1nX, . . . ,19nX) due to electromagnetic
sm

ED( i u j ) ~top panel! and nuclearsm
nuc( i u j ) ~bottom panel! dissocia-

tion in 1001100 A GeV AuAu collisions at the RHIC.
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a virtual photon is large, and hence, two or more photons
be absorbed by each of the collision partners.

We have examined the reliability of our results by stud
ing their sensitivity to the variation of input data and para
eters. Trying to answer a key question of whether the mu
dissociation cross section can be calculated with high ac
racy, we have critically reviewed our model assumptions a
the results of previous theoretical and experimental stud
of photonuclear reactions and heavy-ion dissociation p
cesses.

The ambiguity in the calculations of the 1n-1n correlated
emission cross section alone,s(1nXu1nY), is found to be up
to 15%. This is mainly due to the difference in the values

FIG. 13. Same as in Fig. 12, but for 2.7512.75 A TeV PbPb
collisions at LHC.
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the photoneutron cross sections measured in different ex
ments. However, the ambiguity is lower,;527 %, if the
sum of one and two neutron emission chann
s(1nXu1nY)12s(1nXu2nY)1s(2nXu2nY) is consid-
ered. Therefore, it is a kind of cumulative neutron emiss
rate that should be used as the luminosity measure at co
ers.

We have found several distinctive features of the mut
electromagnetic dissociation process, which are helpful
its experimental identification. Beside the enhancemen
1n and 2n emission channels, the electromagnetic inter
tion leads to very asymmetric mutual dissociation chann
where only one neutron is lost by one collision partner wh
many neutrons are lost by another partner. Such a disso
tion pattern is very unlikely in grazing nuclear collision
with participation of the strong nuclear forces.

The correlated emission of one or two neutrons in b
the forward and backward directions without any additio
particles in the midrapidity region can be used as a clear
of the electromagnetic dissociation of ultrarelativistic hea
er
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ions. The identification of such mutual dissociation eve
and counting their rates in both arms of ZDC along with t
calculation results of the present paper can provide a b
for an absolute luminosity calibration at the RHIC. Simil
methods can be used for the ALICE heavy ion experim
@57# planned at the future Large Hadron Collider~LHC! to
be built at CERN.
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