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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 lon CollRlgIC) at Brookhaven National
Laboratory. Electromagnetic dissociation of heavy ions is considered in the framework of the dkeizsa
Williams method and simulated by th&LDIS code. Photoneutron cross sections measured in different experi-
ments and calculated by tleasH 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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. INTRODUCTION overlap. In AuAu and PbPb collisions at such energies many
neutrons can be produced in the ED procEsks Among

The study of a form of strongly interacting matter, the other interesting phenomena, one may expect a complete dis-
so-called quark-gluon plasma, is at the core of current anéhtegration of nuclei induced by the electromagnetic fields of
future experimental programs at the Relativistic Heavy loncollision partnerg6]. This phenomenon is very well known
Collider (RHIC) at Brookhaven National Laboratof8BNL)  in nuclear reactions as “multifragmentatiop8].
[1] and the Large Hadron CollidétHC) at CERN[2]. Al- Several operationgl problems of heavy-ion colliders are
though colliders give well-known advantages compared t¢onnected with the high rate of the ED process. On the one
the fixed target experiments, the kinematics of ultrarelativishand, the ED process reduces the lifetime of heavy-ion
tic heavy-ion collisions at colliders creates certain complicaP€ams in colliders as compared with the proton-proton accel-
tions in the beam monitoring as well as in the identification€rator mode1,2,7]. On the other hand, the process of simul-
of collision events. taneous neutron emission from the collision partners, where

Due to the geometrical factorzzb, whereb is the impact the ED process plays a dominant role, can be useful for

- . luminosity monitoring[9—11].
parameter, the number of central nuclear collisidms Q) is The Iu)|/”ninosity mg[nitorir]lg method based on mutual dis-
relatively very small in the whole set of the collisions with

sociation has several advantad€s-11]. In particular, the
nuclear overlapp<R,; +R; (R, andR, are the nuclear ra- peam-residual-gas interaction events can be strongly sup-
dii). Moreover, m'perlpheral collisions without d|re'ct overlap pressed in favor of the beam-beam events by the condition
of nuclear densitiedh>R; + Ry, one or both nuclei may be that a pair of neutrons should be detected in coincidence by
disintegrated by the long-range electromagnetic forces. Thigach arm of the calorimeter. The cross section of mutual
process of electromagnetic dissociatigBD) is a well-  neutron emission can be calculated in the framework of con-
known phenomenof,4]. The properties of central and pe- ventional theoretical models designed for describing the
ripheral collisions are very different and should be studiecheavy-ion disintegration in peripheral collisions. Corre-
separately. The ED events are less violent than the collisionsponding nuclear data, especially photoneutron emission
with the participation of strong interactions. Namely, the av-cross sections, may be used as numerical input for such cal-
erage particle multiplicities are essentially lowér6] and  culations. Therefore, the neutron counting rates in zero de-
the main part of nucleons and mesons is produced in proje@ree (very forward calorimeters may provide an accurate
tile and target fragmentation regions, very far from the mid-measure for the heavy-ion collider luminosity. _
rapidity region. In the present paper the neutron emission in peripheral
Calculations show[3,5,7 that the ED cross section in coII|S|_ons of uItra_reIanwsuc hea'vy ions is conS|dereq W|_th
collisions of heavy nuclei at the RHIC and LHC by far ex- the aim of providing the theoretical basis for the luminosity

ceeds the dissociation cross section due to the direct nuclegtonitoring method proposed in RefS—11]. The uncertain-
ties in results originating from uncertainties in input nuclear

data and in the theoretical model itself are carefully exam-
ined. A brief review of corresponding photonuclear data is
given with special attention to the publications describing
data evaluation and remeasurement. Model predictions for
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FIG. 1. Electromagnetic excitation of one of the colliding nu-  FIG. 3. Mutual electromagnetic excitation of relativistic nuclei:
clei: first order process. Open and closed circles denote elastic arsbcond order process. Open and closed circles denote elastic and
inelastic vertices, respectively. inelastic vertices, respectively.

the Au and Pb fragmentation cross sections are comparestder onegFig. 3). The latter leading-order process with an
with recent experimental data obtained in fixed target experiexchange of two photons is a classically allowed mechanism.
ments at CERN SPS with the highest energies available thusis considered in the next section where the formalism pre-
far. This serves as an important test before extrapolating owiously used in Ref[5] is extended to the case of mutual
methods to the RHIC and LHC energies. excitation.

II. EQUIVALENT PHOTON APPROACH TO
SIMULTANEOUS ELECTROMAGNETIC DISSOCIATION

B. Second order dissociation processes

Let us consider a collision of heavy ultrarelativistic nuclei
at an impact parametér>R; + R,. The masses and charges
of these nuclei are denoted &s, Z, andA,, Z,, respec-
tively. Hereafter the case of equal nucld,EA,=A, Z;
=7Z,=Z7, andR;=R,=R) is investigated. Nevertheless, in

A. First order dissociation processes

The electromagnetic excitation of one of the collision
partnersA, followed by its dissociation is schematically

shown in Fig. 1. In such a process another parfeemits a e - ;
V0 . some cases the indices are used to show explicitly which of
photon, but remains in the ground state without any nucle iy ;
he collision partners emits or absorbs photons.

excitation. Besides this “classical” process, one can con- ; L -
sider a nonclassical process where the emission of a photc?rr}1 A;;O(;?IS]QE tl?o:r;ﬁt;/y&')?::(g'\évgﬂﬁ;&sb r;i]glté]%?:hﬂ’ ntngleus
is accompanied by the nuclear excitati@ee Fig. 2, par- P

ticularly, the giant resonance excitation. Such a Iowest—orde’?‘1 On A, is treated as the absorption of an equivalent photon

contribution to the simultaneousnutua) excitation of the by the nucleusA, (see F|g_. 1 In the rest frame of th's.

nuclei A, andA, was considered in Ref§12,13. Also the nucleus the §pectrum of V|rtuall photons from the collision

correction to the photon-photon luminosity function due topartnerAl at impact parametdy is expressed as

the inelastic photon emission was considered in Ref] for aZ? %2 1

vy fusion reactions. N, (E,,b)= — _( K2(x)+ — K2(x)
As shown in Refs[12,13 (see also the discussion in Ref. 1 w? B2E,b? Y

[4]), the lowest-order process of simultaneous excitation of

the collision partners has a small cross section. For the casefere « is the fine structure constant=E,b/(yp#c) is an
of interest, i.e., for AuAu and PbPb collisions, the cross secargument of the modified Bessel functions of zero and first
tions for the simultaneous dipole-dipole excitation of suchgrdersk, andK,, g=v/c, andy=(1- %) 2is the Lor-
nuc_;le| are 0.49 and 0.54 mb, respectivilg]. Using arough  entz factor of the moving chargg,. If the Lorentz factor of
estimation of Ref[4], 10 °A? mb, one can get for the same each heavy-ion beam ig,eam then 7=27’t2>eam—1 for the

nuclei 0.39 and 0.43 mb, respectively. From the followingase of collider. Hereafter the natural units are used With
discussion one will see that for heavy nuclei these first order. ._ 1

contributions(Fig. 2) are negligible compared to the second

D

The mean number of photons absorbed by the nudeus

in the collision at impact parametéris defined by
A At
> P>

Emax
mAz(b):fE _ Nzl(Elvb)UAz(El)dElr 2
E,
where the appropriate total photoabsorption cross section
O‘Az(El) is used. ForE,;, one usually takes the neutron

A, A§ emission threshold, while the upper limit of integration is
Emax=y/R. We assume that the probability of multiphoton
FIG. 2. Mutual electromagnetic excitation of relativistic nuclei: absorption is given by the Poisson distribution with the mean
first order process. Closed circle denotes inelastic vertex. multiplicity mAZ(b) defined by Eq(2).
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Following Refs.[5,16,17, we express the cross section Ay A, A
for the electromagnetic dissociation afie of the nuclei due > O > O >
to the absorption of aingle photon (Fig. 1) leading to a
certain dissociation channehs
. E, Es
UED(i)zzwf bdbPp(b), (3)
b
: > '* > *
where the probability of dissociation at impact parambtisr A A2 Az
defined as . i .
FIG. 4. Electromagnetic excitation of a single nucleus: second
Emax order process. Open and closed circles denote elastic and inelastic
PAz(b)ze’mAz(b)f dElNzl(El,b)aAz(El)fAz(El,i), vertices, respectively.
Emin
4

ED,:|: _ EmaxJEmax

andf, (E; i) is the branching ratio for the considered chan- 7™ (ilD) me Ein dE1dEpNin( B+, Eo)
neli in the absorption of a photon with energy on nucleus
A,. The choice of a critical impact parametbg, which
separates the domains of nuclear and electromagnetic inter- ] ] )
actions, will be discussed in Sec. IVD. Let us turn now toWhere the spectral functia;,(E+,E») for mutual dissocia-
the mutual dissociation process shown in Fig. 3. The correlion is introduced,
sponding graph may be constructed from two graphs of the .
single dissociation by interchanging the roles of “emitter” _ —2m(b)
and “absorber” at the secondary photon exchange. Several Alm(E1,Eo) wabcbdbe Nz,(E1DINzZ,(E2.b).
assumptions have to be made to obtain an expression for the (8
mutual dissociation cross section.

First, we suppose that the emitted photon with energyConditionsA;=A,=A andZ;=Z,=Z were used in Eqg7)
E;<E,.y does not change essentially the total enellgy and(8), as it is usually in heavy-ion colliders, and therefore
=yM, of the emitting nucleus, whert, is the nuclear ma (b)=my (b)=m(b). Nevertheless, the dissociation

Xop(Er)op (Ex)fa,(ErDfa (E2i)), (7)

mass. This can be justified by estimating the ratio channels andj may be different for each of the nuclei even
in such a case.
_ Emax~ 1 5) Several remarks may be made concerning E@s.and
En RM,’ (8). Compared to another process of the second order disso-

ciation of a single nucleugee Fig. 4 some points of simi-
which is close to 10* for heavy nuclei. Therefore, the kine- larity may be found. Indeed, expressions given in Refffor

matical conditions for the Secondary phOtOﬂ exchange alfhe Corresponding Cross sectim&D(i) of the second order
very similar to those for the primary one, and there are ngyocess are as follows:

correlations between the energies of the primary and second-

ary photonsg; and E,. In other words, the primary and €D, Emax [ Emax

secondary photon exchanges may be considered as indepen- 3 (l)=f f dE dENo(Ey,Ep) o (Ey)
dent processes even if they take place in the same collision Emin 7 Emin

during_a short-term ov_eflap of thg Lorentz-contracteq Cou- XO—AZ(EZ)fAZ(El!EZai)a 9)
lomb fields of the colliding nuclei. Second, the equivalent

photon spectrum from the excited nucled$ in the nota- "

tions of Fig. 3, is the same as the spectrum from the nucleus NZ(EliEZ):'”'f bdbe ™PIN, (E;,b)N5 (E,,b).

in its ground stateA,. This follows from the fact that at b ' '
ultrarelativistic energies the collision time is much shorter (10
then the characteristic deexcitation time during which a

nucleus changes its initial charge via proton emission or figHowever, there is an important difference in the definitions

sion. of branching ratioszZ(El,i), fAl(Ez,j) compared with

Following these assumptions, one can express the crods, (E1.Ez.i), since the former are for the absorption of two
section for themutualdissociation of nucleA; andA, (Fig. photons bytwo differentnuclei leading to certain dissocia-

3) to channels andj, respectively, as tion channels andj, while the latter is for the absorption of
two photons by ainglenucleus leading to a channielAn-
ED(i[i)— - other difference is due to an additional factor & 2"® in

om (1) ZWchbdbPAl(b)PAz(b)' ® Eq. (7) compared with Eq(9). It comes from the fact that

Eq. (7) contains the product of the Poisson probabilities for
Substituting Eq(4) for each of the nuclei and changing the the single photon absorption for the collision with impact
order of integration, one obtains parameteb,
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A Ay A} A complementary process (NLg) with the excitation of
®; > > another nucleug\, via double photon absorption is equally
possible and has the same cross section.
Another NLO process of mutual dissociation is due to
E, E, E; e_xchange of fo_ur photons (NLg), Fig. 6, and its cross sec-
tion can be written as

A

A 4

Ay A? A’; oEP(NLO,y) =27 f bo|bL “2mab) - (14)

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

Finally, one can calculate the sum of all contributions us-
ing the prescription of Ref.11],

agD(tot)zzwf bdb(1—e Ma(®)2, (15)
P (b)Pa (D) =m2(b)e 2" =2e~"®p(b), (11) e
Since for each of the ions the probability of collision without
while PP (b) =m?(b)e”™®)/2 is the Poisson probability for photon exchange is equal & ™®, Eq. (15) |s evident.
the double photon absorpti§b,16]. Results for partial cross Calculations ofoEP(tot), andot°(LO), oEP(NLO), and
sections of mutual dissociation will be presented and disgross sections for specific dISSOCIatIOH Channg%(i“),
cussed in Sec. VI. with and without NLO corrections, were performed by the
modifiedRELDIS code, which contains now a special simula-
C. Next-to-leading-order processes of mutual dissociation tion mode for the mutual electromagnetic dissociation pro-
ess. Our results for the total dissociation cross sections in
lectromagnetic and nuclear interactions are given in Table I.
hese cross section values are in good agreement with re-
ults of other authors.
The total cross sections for mutual electromagnetic disso-
ciation given in Table | are much lower than the cross sec-
tions for single dissociation. However, even the former val-
pues are found to be comparable to the total nuclear
dissociation cross sections, see Table .

As one can see, the ratios between the first and second
order processes are very different for single and mutual dis-
o % - sociation. The first order dissociation procéasth the ex-

Tm (LO)ZZWI bdbng(b)e™ 2", (120 change of a single photprean be safely neglected in con-
B sidering the mutual dissociation of heavy nuclei at

The second order process, which is shown in Fig. 3 and
considered in Sec. 1B, is the leading-order mechanism o
mutual electromagnetic dissociation. This is confirmed by
the calculations of the corresponding total cross sections for
the leading ordenLO), Fig. 3 and next-to-leading-order
(NLO) processes, Figs. 5 and 6.

Following the assumption that the probability of multi-
photon absorption is given by the Poisson distribution wit
the mean multiplicityma(b) of Eq. (2), one has for the LO
process shown in Fig. 3

Here the case of equal masses and charges of collision paHI_trareIativistic gnergies. :
ners is considered, i.eA,=A,=A andZ;=2Z,=Z. Table | contains also the cross sections for the LO process
For the NLO process with the exchange of three photoné’m °(LO). As one can see, the LO mechanism gives0%
(NLO,), Fig. 5, the total cross section is given by and~60% of theo,, (tot) at RHIC and LHC energies, re-
spectively. The sum of the NLO contributions to the total

ma(b) cross section gives additionally 25—27 %. Therefore, at
UED(NLolz)IZWf bdb——e 2m®) - (13)  RHIC energies, for example, the remaining contribution of
b ~59% (or ~0.2 b) is due to exotic triple excitations.
. Finally, oEP and \V;, written for the LO mutual dissocia-
Ay Ay Al tion process, Eqg7) and(8), can be easily generalized to the
> > case of different NLO processes. However, the resulting
expressions are lengthy and we do not give them here for
brevity’s sake.

A

E, Ey Es Eq
lll. ABRASION MODEL FOR MUTUAL DISSOCIATION IN
NUCLEAR COLLISIONS

>
>

> >
Ay A3 A3

Several nucleons can be abraded from collision partners

FIG. 6. Mutual electromagnetic excitation of relativistic nuclei: in grazing nuclear collisions. We are interested in a situation

next-to-leading-order contribution with two double photon ex- when only few nucleons are removed. This is the case when

change processes. Open and closed circles denote elastic and inelagclear densities overlap weakly and mainly nuclear periph-
tic vertices, respectively. ery is involved in the interaction.
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TABLE I. Total cross sectiongbarn of single and mutual dissociation calculated by HeDIs 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
65+65 AGeV Mutual
AuAu at RHIC electromagnetic 2.5 3.6
Nuclear 7.29
Single 93.2 1.86 95.1
electromagnetic 88
95°
100+100 A GeV Mutual 0.3%10 3¢ 2.6 3.8
AuAu at RHIC electromagnetic 0.4010 34 3.¢
7.29
Nuclear 7.08
Single 212 3 215
electromagnetic 2F4
220°
2.75+2.75A TeV Mutual 0.43%10 3¢ 3.9 6.2
PbPb at LHC electromagnetic 0.840°3¢ 7.158
Nuclear 7.88
*Referencd3]. dReferencd 12].
bReferencd7]. *Referencd 11].

‘Referencd4].

The cross section for the abrasionahucleons from the R +oo R
projectile (A;,Z,) in a collision with the target4,,Z,) may DiAs)= f_w dzp; As,2), (18
be derived from the Glauber multiple scattering theldr§],

are introduced. In our calculations the nuclear density func-

A, be . . . .
nue 4y — _ a Aj—a tions are approximated by Fermi functions,
o"%a)= a)xzwfo bdb(1—P(b))2P(b)A1~2, pp Yy
(16)
p
p1AT)= ro_r A3 (19
Here P(b) is calculated as the overlap of projectipg(r) 1+ex;{ T()lz)
and targepz(F) densities in the collision with impact param-
eterb,

wherer , is a parameter that defines the nuclear half-density

radiusR,=r,x A3 andd=0.54 fm is the diffuseness pa-
P(B):f d2§D1(§)eXp(—A20NND2(§+ b)), (17 rameter. The choice of the_se and other important parameters

of the model, the integration cutoff parameter and the

total nucleon-nucleofNN) cross sectiomryy, are discussed
where the nuclear thickness functions, in Sec. IVD.
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The above expressions determine only the number of As we will show in Sec. V, the above-mentioned simpli-
nucleons removed from the projectile and do not specify howiications do not lead to noticeable disagreements with experi-
many protons or neutrons were knocked out. Further asmental data when the removal of one, two, or three nucleons
sumptions are needed to determine the charge-to-mass rat® considered. It means that either the above-mentioned
of the residual nucleus and hence the numbers of pratonsphysical effects are negligible, or they compensate for each
and neutrons abraded from the initial nucleusee also the other in peripheral nuclear collisions with the removal of
discussion in Refd.19,20)). only a few nucleons. However, the predictions of the present

In the present work we use the so-called hypergeometricahodel for more central collisions with the removal of many
model [19,20, assuming that each removed projectile nucleons should be taken with care.

nucleon has a4 /A; probability (N;=A;—2Z;) of being a This simple abrasion model can be easily extended to the
neutron, case of mutual dissociation. The cross section for the re-
moval of n; neutrons andz, protons from the projectile
(Zl) ( Nl) (N,Z4) simultaneouslyvith the removal oh, neutrons and
z Z, protons from the targetN,,Z,), (N,=A,—Z,) may be
o"(n,z)= AL a"a). (20 ritten as BT
a

AR 1
In other words this means that there is no correlation at all Zy)\ Ny Z3)\ Ny
between the proton and neutron distributions and the abra- Ay Ay
sion process removes protons and neutrons from the projec- a a
tile nucleus in a random way. (22)
Several physical processes that might be important in
heavy-ion collisions, were neglected in this model. The ex-Since the number of nucleon-nucleon collisions in such a
cited residual nucleus created due to the abrasion procegsocess is assumed to be equalajothe conditionz;+n,
should undergo its deexcitation on the second ablation stepsa=1z,+n, holds.
On this step more neutrons may be emitted via evaporation. Using this condition for the process of mutual dissociation
However, as it was noticed in Rdfl9], the excitation ener- with given numbers of neutrons, andn, removed from the
gies obtained on the abrasion step due to removal of one @rojectile and target nuclei, respectively, one has finally

two nucleons are generally not sufficient for intensive par-

m (N1,z4|ny,2;,) = X o""9a) X

ticle evaporation. Therefore, for the cases of interest, ire., 1 ( Z; (Nz)

and 2n dissociation channels, the ablation step can be ne- nuc nuc Ani+z—-np/iny

glected. Tm (n1|n2)=22 o (Ny,24) Z, N, :
The abrasion of nucleons from projectile and target pro- ' ( 74N )

ceeds via high-energy collisions between nucleons. Nucleon- o (22)

antinucleon pairs may be created in such interactions and

neutrons may be present in these pairs. However, as one C@fere the cross section for the single abrasion process
find in a compilation [21], even at high energies &"'Y(n, z,), given by Eqs(16) and(20), was used.

~100A GeV, the relative rate of such pair production is not
so high, ~5%. Because of this, we do not consider such
processes in calculations of the neutron emission cross
sections.

Knocked-out nucleons can also suffer a final state inter- As shown in Sec. Il, the photonuclear cross sections are
action with spectatorf19]. We believe that this process is used as input data in calculations of the electromagnetic dis-
less important at high energies compared with intermediateociation cross sections. This is verified by the coherent na-
energies of~0.1-1 A GeV. For the latter case the escapeture of the photon emission by the collision partner as a
probability is estimated to bB.,.~0.5—0.75 for peripheral whole. Since these photons represent the Lorentz-boosted
collisions of heavy nucldi22]. The momenta of recoil nucle- Coulomb fields of original nuclei, their virtuality is very
ons may be comparable with the Fermi momentum of intrasmall, Q><1/R?, i.e., these photons are almost real. There-
nuclear nucleons and their angular distribution is very widefore, one can use the photonuclear reaction data obtained in
so that they can be easily captured by one of the spectatorexperiments with real monoenergetic photons and apply the-
The situation is different at high energies, where the transeretical models describing such photonuclear reactions.
verse momenta of collided nucleons are typically large, of The accuracy of the mutual dissociation cross section cal-
the order of 0.5 GeV, and therefore their subsequent captureulation depends heavily on the quality of the data and pa-
is less probable. Other effects like a finite hadronizationrameters used as input. As we found, for example, the mutual
length may further reduce the secondary interaction probabildissociation cross section is more sensitive to the proper
ity. Therefore, we assume that in peripheral collisions at thehoice of the critical impact parametbg and to the input
RHIC and LHC the probability for each of the collided photonuclear cross sections than the single dissociation cross
nucleons to escape the residual nuclei is close to unitysection. The input data and model parameters are discussed
Pesc— 1. in detail in the following sections.

IV. INPUT DATA FOR HEAVY-ION DISSOCIATION
CALCULATIONS

024903-6
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FIG. 7. Photoneutron cross sections for gold. Open and closed. FIG. 8. Photonel_Jtron cross sections for Iead_. Open and closed
circles are, respectively, SacldiRef. [23]) and Livermore(Ref. circles are, respectively, S_acle(Ref. [23]) and Livermore(Ref.
[26)) data rescaled according to RER1]. GNasH code results are [26]) data rescaled according to Ré81]. Crosses, Saratov_ data
presented by solid linerReLDIS results are given by dashed and [32],thsquares, MO.SCIS.W e7valuated daRef. [33]). Other notations
dotted lines for variants with and without inclusion of the dirent 1 &€ '€ Same as in =g. 7.
emission, respectively.
nels such as¥,p), (v,2p) were neglected altogether. Ac-
A. Photoneutron cross sections measured in experiments with ~ ¢ording to Ref.[24], this leads to a small systematic error
real photons ~3-5% in the total photoabsorption cross section mea-

Over the years, the photoneutron cross sections for differsureoI at low energies via the neutron detection.
y ’ P Above the giant resonance region, at <3¥b,

ent nuclei have been measured with monoenergetic photons : .
at Saclay[23—25 and Livermore[26]. Data on different <140 MeV, the quasideuteron mechanism of photon ab-

cross sections obtained in these and other laboratories We§%rptlon_ domn(w)ates. Only average pharactensth; of photon
collected in compilations of Ref§27,28, absorption by?%Pb were measured in Saclg34,25 in this

Concerning the nuclei of interest®’Au and 2%Pb, the ~ €nergy region. Neutron yields,-,io(y,in) and the cross
detailed data were obtained mainly foy,0) and (y,2n)  Sections for emission of at legsteutronsZ;~ o (y.in) were
reactions, while less detailed data exist fop,3n) and ©obtained in addition to the mean value and the width of the
(y,4n) reactions, see Reff23,26]. The measurements were Neutron multiplicity distribution.
performed in the photon energy region<&.,<35 MeV, To the best of our knowledge there are no direct measure-
where the excitation of giant resonances plays a dominarients of neutron emission cross sections and multiplicities at
role, see Figs. 7 and 8. At such energies, the emission df,>30 MeV in photoabsorption ont®’Au. The only at-
charged particles p,d,®He,*He) is suppressed by a high tempt to deduce the average photoneutron multiplicities from
Coulomb barrier of heavy nuclei. Therefore, the sum of parthe experimentally obtained average excitation energies has
tial cross sections for all neutron multiplicities(y,n) been made at 160E,<250 MeV in a model-dependent
+a(y,2n)+ o(v,3n)+o(y,4n) nearly coincides with the way [29].
total photoabsorption cross section. Each of the inclusive For the (y,n) channel the overall agreement between Liv-
cross sectionsr(y,in) for the emission ofi neutrons in- ermore and Saclay data is good. Some inconsistency exists
cludes a small contribution from the channels with chargednly in the giant resonance peak height3% for 1°/Au and
particles ¢,in p), (y,in 2p), ... . At the same time chan- ~20% for 2°Pb) and on the right side of the peak, where
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(v,n) and (y,2n) processes compete with each other, seaeutron cross sections measured in experiments with real
Figs. 7 and 8. Large discrepancies are presentyi2n) photons. Additional information on photoneutron cross sec-
cross sections measured in different experiments, both itions for the whole energy domain of equivalent photons
shape and normalization, up t650% for the?%®Pb target.  (Emin<E,<Emad can be obtained by using theoretical

Several attempts at data evaluation and remeasurement®dels of photoabsorption. This is particularly indispensable
have been made to reduce these discrepancies. Based on thedissociation channels with an emission of many neutrons
observation that the total photoneutron vyieldg y,n) (=3) and charged particlgs,d,t,«, ... .
+20(7y,2n)+30(y,3n) obtained in Livermore and Saclay
experiments agree well, an explanation for the discrepancy B. Evaluation of photoneutron cross sections
was put forward in Ref.30]. It was attributed to the different using the GNASH code
neutron multiplicity sorting procedures adopted in different
laboratories. As was concluded in RES0], the neutron mul-
tiplicity sorting procedure adopted at Saclay was not correc
since some of they,2n) events were interpreted as pairs of
(y,n) events.

In 1987 new measurements were made in Livermaig,
where it was found that the previously reported Livermore
[26] and Saclay{23] results have to be rescaled. As was
recommended in Ref31], the Saclay data of Ref23] for
both *’Au and 2°%Pb nuclei have to be used with the cor-
rection factor of 0.93. We follow this prescription in using
photonuclear cross section data in gELDIS code. How-
ever, such a correction is not widely accepted and the authors =
of Refs.[7,10,11 use uncorrected Saclay data. oA(E;) = oeor(E,)* oon(Ey). 3

Some new {,2n) cross section data were obtained in Ref.whereogpr is given by a Lorentzian curve with parameters
[31] for *¥"Au and 2°%Pb. For the'¥’Au nucleus, ¢,2n) data  taken from GDR systemati¢&8] and corrected according to
are nearly the same as the Saclay2h) data of Ref[31]  Ref.[31]. The latter termoqp is related by a Levinger-type
and the conclusion of Ref30] concerning the neutron mul- model to the experimental deuteron photodisintegration cross
tiplicity sorting procedure seems to be unconfirmed. Unfor-sectiono [36],
tunately, the recent data of R¢81] are available only up to
a few MeV above the ¥,2n) threshold and the findings of
Ref.[30] cannot be completely ruled out. oqn(E,) = LT‘Td(Ey)F(Ey) . (24)

One of the most recent measurements of thagn) cross
section for photoabsorption off®b was performed in Rus- whereN, Z, andA are, respectively, the neutron, proton, and
sia at Saratov Universit}32]. A fine structure of the low- mass number of the corresponding nucleus. The Levinger
energy wing of the giant dipole resonan@@DR) has been parametell is equal to 6.5, andF(E,) is a Pauli-blocking
investigated in detail. The photoneutron cross sections werctor, which reduces the free deuteron cross sectigi )
obtained from the photoneutron yield curves by means of they taking into account the Pauli blocking of the excited neu-
statistical regularization method. tron and proton in the nuclear medium. In RES6], F was

An evaluation of the §,n) cross section for’®®b has derived in the form of a multidimensional integral, approxi-
been made at Moscow State Univerdi88] by applying a mated in the energy range 20-140 MeV by a polynomial
statistical reduction method. Because of systematic unceexpression,
tainties in calibration and normalization, the general charac-
teristics of the measuredy(n) cross sectiorithe energy in-  F(E,)=8.3714<1072—9.8343< 10 °E,+4.1222
tegrated cross sections, weighted-mean valaes different _ _ _
ingdifferent measurement$33,24,2@. In the reduction x10 4Ei_3'4762>< 10 6E37+9'3537X 10 gE‘;’
method of Ref.[33] the renormalization corrections were (25)
introduced for both the energy and the cross section scales in
order to obtain the best agreement between the general ch&nd by an exponential one outside the considered energy
acteristics of the ¢,n) cross section measured in different range,
experiments.

The data obtained in Refg32,33 for the (y,n) reaction _ |exp(=73.3E,), E, <20 MeV,
on the2%%Pp target are also plotted in Fig. 8. Good agreement F(E) = exp(—24.2E.), E.,> 140 MeV.

. . Y Y
with rescaled Saclay data of R423] is found up to the
(7,2n) threshold. Unfortunately, they(2n) reaction was be- Thus,F(E,) tends to zero iE,, goes to zero, and to unity if

One of the two photonuclear reaction models used in the
present work is thesNAsH code[34]. It is very precise in
describing low-energy neutron emission dg2&], however,
it can be used only up to the pion production threshold at
E,=<140 MeV. Within this model the photoabsorption pro-
cess is modeled through the excitation of the giant dipole
resonancg GDR) at lower energies and the quasideuteron
(QD) mechanism at higher energies.

The photoabsorption cross section in the whole energy
range from the threshold for neutron emission up to 140
MeV is thus written in the fornj35]

yond the scope of investigations in Ref82,33. E, goes to infinity and is continuous with E@®5) at 20 and
It is evident from our consideration that the calculations140 MeV|[35].
of electromagnetic dissociation of ultrarelativisti¢’/Au and Finally, the experimental deuteron photodisintegration

208h nuclei cannot be based exclusively on the photocross section is given by a simple parametrization,
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o4(E,) = 61.2(E7—2.224)3’2/E3 , (26) Above the pion production threshold,&{=140 MeV, a
universal behaviorr,(E,) = A is observedsee Ref[38] for
. . . . the latest experimental datal his means that the total pho-
whereE,, is expressed in MeV, as in the previous formulas, . .
Y toabsorption cross section per bound nucleggE.)/A has
and oy in mb. A .
r1’;\Imost the same energy dependence for light, medium-

Due to the correlation between intranuclear nucleons irf""" h ah lei | dPb atl
the absorption on a quasideuteron pair, the initial particle!V€!9ht, and heavy nuclei C, Al, Cu, Sn, and Pb, at least up to
~3 GeV. Therefore, having the data for one nucleus, one

hole configuration is assumed to bpIh rather than p2h, Ey : i '
see Ref[35]. In the GNASH code the initial interaction char- €&n calculate the cross section for other nuclei. However, in
acterized by the total cross section of E(@3)—(25) is fol-  this energy region the universal curvg(E,)/A is very dif-
lowed by the preequilibrium emission of fast nucleons deferent from the values extrapolated from the cross sections
scribed by the exciton modd34,35. Finally, when the on free nucleons4o,,+No,,)/A, which are deduced from
nuclear system comes to equilibrium, sequential evaporatioproton and deuteron dafa8]. At E,>3 GeV the universal
of particles is considered within the Hauser-Feshbaclbehavior breaks down, and the rawq(E,)/A for lead is
formalism[35]. 20-25 % lower than for carbof89,4Q due to the nuclear
GNASH code results for ¢,n), (y,2n), and (y,3n) cross  shadowing effect. In order to approximate the total photo-
sections are shown in Figs. 7 and 8 f6f'Au and **Pb  nuclear cross sections Bt,>3 GeV we used recent results
nuclei, respectively. Calculations describgif) and (y,3n)  obtained within the framework of the Glauber-Gribov scat-
data very well. Taking into account existing disagreementsering theory and the generalized vector dominance model
between the results of different measurements )  [39,40. Such calculations describe well the general trend of
cross sections, one can concl_ude that ¢hesH resultz?) fall experimental data obtained for high-energy photon absorp-
in between the Sacld23] and Livermore datf26] for Pb  tjon although the data have very large uncertaintieg at
and very close to Livermore data fd?’Au, which seems to >10 GeV.
be satisfactory for both cases. T_herefore, one can use in Eq. By comparing Table Il of Ref[5] and Table I of the
(7). the pho_tonuclear cross sections(E,) and b_ranchmg present paper one can find minor differences in the total ED
ratios f(E, i) calculatgd b_y th@'?’N/.\SH code to es_tlmqtg the cross sections due to using different parametrizations of
mutu_al electromagnetic dls_souat|on cross secm’jﬁg 1) oa(E,)/A atE, >3 GeV. Compared with the total ED cross
The '”f'“er?ce of a constraif, <Epa,=140 MeV will be sectioyns, the syingle or double neutron emission cross sections
discussed in Sec. V. are even less affected by the choice of the parametrization.
TheRELDIS code performs the Monte Carlo simulation of
C. Neutron emission simulated by cascade and evaporation ~ the mutual dissociation process according to the following
codes steps. First, a pair of the energies andE, of the photons

. . o exchanged between the colliding nuclei is selected according
Branching ratios for neutron emission in photonuclear re-

actionsf(E, ,i) can be calculated by means of the extendec}0 th? spectral funCt'OWm(El’EZ)' Second, t.he photoab—
S . : orption process is generated in both nuclei leading to the
cascade-evaporation-fission-multifragmentation model o . . : . .

; ) . ormation of excited residual nuclei. Third, the deexcitation
photonuclear_reactlor[§7] in the whole range Of equivalent of both of the thermalized residual nuclei is simulated
phaton energies. Some dgtans of_the calc_ulatlon method aza?ccording to the statistical evaporation-fission-multifrag-
well as numerous comparisons with experimental data use .

> ; ) mentation mode[8].
for the mpdel verification were given In Refs.6,37. Here .. The evaporation of neutrons from an excited residual
we describe only the general calculation scheme along with . . . :
. . . compoundlike nucleus is the main process responsible for
the modifications and advancements made in the model sing
the time when the workg5,6,37 were published.

In the RELDIS model the values of the total photoabsorp-

Re (y,n), (y,2n), (v,3n) channels of photoabsorption. The
quality of the description of such channels is very important
for precise calculations of neutron emission in the mutual

tion cross section to be used in E@) are taken from cor- - .
. S ; issociation process. In the present paper the standard Weis-
responding approximations of experimental data. In the GD ) i ) o
Skopf evaporation scheme is udé] with several modifica-

rzg:r?]é?;sl‘?rrgmz;gg%f'éi:’:’:éfegsggcg)rmzls fourtﬁzservgltqions taking into account the microscopic effects of nuclear
P i 9 P structure in the nuclear mass and level density formulas.

scription of Ref.[31], as described in Sec. IV A. Above the %uch effects reveal themselves in the noticeable difference
GDR region, where the quasideuteron absorption comes int bto~10—15 MeV for heavy closed-shell nuclei. between

play, the total cross section is taken from the quasideuteroﬁ1 . )
e values of the nuclear mass measured in experiments and

model of Ref[24], those predicted by the macroscopic liquid-drop model.
Moreover, this difference in mass, the so-called shell cor-
o-QD(Ey)=kTU§X°'KEy). (27) rection, and the level density parameter are strongly corre-
lated. For closed-shell nuclei the actual values of the level
density parameter are essentially lower than the average val-
Here oﬁXCh is the meson exchange part of the cross sectiomies expressed a&/8—A/10 MeV !, and these values de-
for the deuteron photodisintegratiopd—np, andk is an  pend noticeably on the excitation energy. Proper accounting
empirical constanf24]. for these effects, as well as pairing effects, is important at
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TABLE II. Cross sectiongbarn for ®’Au dissociation induced by 188GeV Pb beams. Theoretical
results are obtained by theeLDIS code and abrasion model. Experimental data are taken from[B4f.
RELDIS results without direct & emission are given in parentheses.

o5P(>i) + o 50(i) " Y(i) All contributions
Dissociation
channel
Experi- RELDIS Experi- Abrasion Experi- Theory

ment code ment model ment
i=1n 26.4+4.0 26.96 0.30.1 0.43 26.74.0 27.39
197Au—1%€Au+n (25.09 (25.52
i=2n 4.6-0.7 4.57 0.130.04 0.13 4.70.7 4.70
197Au—1%Au+2n (6.39 (6.52

low excitationsE* ~10 MeV, i.e. in the region wherenl ~ devoted to the measurements of the neutron spectra in pho-
and 2 photoemission processes occur. toabsorption on the same nuclei. An excess of fast neutrons
The above-mentioned shell effects are most pronounced &kinetic energy=4 MeV) with respect to the predictions of
low excitation energies, but almost disappear MGt the statistical evaporation model has been demonstrated and
>50 MeV, see Ref[20] for details. Several phenomeno- attributed to the direct emission.
logical systematics of the level density parameter were pro- In Ref. [44] a nonstatistical contribution in an excited
posed to account for such behavior, see Refé—43. Our  2Pb nucleus with 18 E* <30 MeV was successfully ex-
calculations are based on results of Rd8] where all exist-  tracted. Out of this region the nonstatistical contribution was
ing data on the level densities, decay widths, and lifetimes ofound to be negligible. In our calculations we used the total
excited nuclei have been analyzed in the framework of thdractions of the nonstatistical neutron emission from Au and
statistical model. Pb nuclei asP%"=0.31 and 0.26, respectively, evaluated
However, the creation and subsequent decay of an excitefiom experimental data in Ref23]. Such values are in line
compound nucleus formed after the photoabsorption in thaith modern theoretical expectatiofi$8] that the ratio of
GDR region is not the only process responsible for the neuintensities of the direct and statistical neutron emission from
tron emission. Indeed, a giant resonance is a coherent supgrhotoexcited GDR in thé®®Pb nucleus is about 0.1. In the
position of (one-particle-one-hojelplh excitations. A par- RELDIS code the emission angl€s of nonstatistical fast pho-
ticle or a hole can interact with another nucleon and create toneutrons are generated according to the approximation
2p2h state. Further spreading top3h states etc. finally W(®)=A+Bsir?®, which is found in Ref[47]. We as-
leads to a statistically equilibrated system, the compoundumed that the directrl emission takes place at<fE*
nucleus. Instead of such evolution to equilibrium, a collec-<22 MeV. .
tive 1plh state can decay directly by the emission of one Since the adopteﬂﬂ” values have some uncertainties, we
nucleon leading to a low-lying hole state in the residualhave investigated the sensitivity of results to these values. A
nucleus, see, for instance, R¢#4]. After such direct b part of the calculations was made wiil'" =0, i.e. without
emission, the emission of a second neutron is generally imaccounting for direct emission, see Figs. 7 and 8 and Table
possible, even though the initial photon energy exceeds thg. As shown in Fig. 7, the ¢,2n) cross sections on gold
2n emission threshold. In such a way the,Zn) channelis  calculated by th&EeLDIS code withP¢"=0.31 are very close
suppressed in comparison with the pure statistical decay. to Saclay measuremenf&3], while Livermore result§26]
Although the GDR state in thé”Pb nucleus decays are petter described wiA®" = 0. Therefore the difference in
mainly statistically, the existence <_)f direct neutron emission.,|culation results obtained Wiﬂhgirzo and Pﬁirzosl re-
has been clearly demonstrat_ed in REAS]. 'I_'he ProcessS  fiects the level of experimental uncertainties.
whereby a fast nucleon is emitted and the final state of the
207Pp nucleus is left with low excitation energg3 MeV
was identified in this experimen#é5]. Evidence of direct
neutron emission in photoabsorption on Au and Pb nuclei Since the nucleon-nucleon interaction has an isovector
was given in Ref[23] based on the analysis of competition component, the interference of nuclear and electromagnetic
between h and Zh emission channels. This was an indepen-amplitudes cannot be excluded. Such interference terms were
dent confirmation of the findings of earlier work46,47 considered in Refl22] and found to be small. Even for the

D. Choice of cutoff parameter and nuclear density distributions
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197Au nucleus colliding with heavy targets the interferencesimilar as it was found for “sharp-cutoff” and “soft-sphere”
correction to the single neutron removal cross section wagodels of Ref[49]. Second, for heavy nuclei the difference
found to be less than 0.5-0.6 % of the corresponding nucledretween reasonable valuesh® , bg"®, andb, turns out to

or electromagnetic contributions. Following this result,be less than 1 fm. As a result, the last nuclear-plus-
nuclear and electromagnetic parts of the dissociation crosglectromagnetic term of E29) turns out to be small. Third,
section may be safely treated separately. In other words, ongith Eg. (30) one can study the nuclear and electromagnetic
can add probabilities instead of coherent summation of ameontributions separately. Therefore, independent parametri-
plitudes. zations may be found in experiments for the nuclear and

Let us consider how the probabilities of the nuclear ancelectromagnetic parts"“® ando=P. This is useful for study-
electromagnetic contributions should be added to obtain th#g nuclear and electromagnetic dissociation at ultrarelativ-
total dissociation probability. At grazing impact parametersistic colliders, where the products of nuclear and electromag-
relativistic nuclei are partly transparent to each other. Hardhetic interactions populate very different rapidity regions,
NN collisions may be absent altogether in the case of a peaamely the central rapidity region and close to the beam
ripheral event with a weak overlap of diffuse nuclear sur-rapidity, respectively.
faces, while the electromagnetic interaction may take place In the present paper the traditional form given by Bf)
in this event leading to the electromagnetic dissociationis adopted with a common impact parameter cutnfffor
Generally, at a grazing collision either the nuclear or electronuclear and electromagnetic contributions. At relativistic en-
magnetic interaction, or even both of them, may occur. As arergies, according to the widely used Benesh-Cook-Vary
example of the latter case, a single neutron-neutron collisioBCV) parametrization of Ref.22], b, is estimated as
in the participant zone may lead to the neutron removal,
while a photon may be emitted and absorbed by charged be=Rec AT+ AP~ Xge AT 3+ A 9] (3D
spectators in the same event.

Therefore, in a detailed theoretical model a smooth tranJ h€ valuesRgcy=1.34 fm andXgcy=0.75 were found
sition from purely nuclear collisions &<R;+ R, to elec- from a fit to Glaubgr—type calculations of the total nuclear
tromagnetic collisions &> R, + R, should take place. Such Féaction cross sectiorig2]. _ _

a kind of transition was considered in a “soft-sphere” model __1he evidence in favor of the. choice according to the
of Ref. [49]. A similar approach was adopted in RéL1], BCV parametrization was given in Ref&0,51], which we

where the cross section for at least one type of dissociatiof€ntion among others. As argued in RES1], using the
either nuclear, electromagnetic, or both, was written as CV parametrization one can perfectly describe experimen-
tal data on fragment angular distributions which are very

B % e £ e €D sensitive tob,.
U—Zﬂfo bdb(P"(b)+P="(b) =P " (b)P="(b)), For calculations within the abrasion model we used the
(28) following values for the total nucleon-nucleon cross section
given in Ref.[52]: oyy=40, 50, and 90 mb at SPS, RHIC,
whereP"U¢(b) and PEP(b) are, respectively, the probabili- and LHC energies, respectively. Some problems are con-
ties of the nuclear and electromagnetic dissociations at aected with the choice of the nuclear density parameRgrs
given impact parametds. Putting explicitly the integration =r,xAY andd=0.54 fm, see Sec. lIl. Only the nuclear
limits for each term, one obtains charge distributions are measured in electron scattering ex-
periments, while the neutron densities are available only
from calculations. We used,=1.14 fm as an average value
between the proton and neutron distributions similar to one
used in Ref[11]. The total nuclear reaction cross sections
calculated with these, and d values within the abrasion
model are in good agreement with the approximation of ex-
perimental data found in Reff22]. Numerical results show-
Here the impact parameter cutoff valug¥'® andbE® were  Ing the sensitivity of the nuclear and mutual electromagnetic
used for the nuclear and electromagnetic interactions, respefliSsociation cross sections to the variations of the above-
tively. However, due to several reasons a more simple exdiscussed parameters are given in Sec. VI.
pression is widely usefB, 4],

a:zwfb° bdbP““C(b)+2wf _ bdbPE(b)
0 b

—zwfb;D bdbP"(b)PEO(by). (29)
b

4

V. COMPARISON WITH CERN SPS DATA

be o
— ~ED nuc_ nuc ED
gmota Zﬂfo bdbP (b)+277fbcbdbp (b), The calculated charge changing cross sections of the

(300  singledissociation of 158 GeV 2°*Pb ions are given in Fig.
9. The LO mechanism with a single photon exchange, Fig. 1,
where a single cutoff parametbr was chosen abE°<b,  and the NLO mechanism with a double photon exchange,
<b“¢. The first reason is that with the latter condition oneFig. 4, were taken into account.

can effectively reduce the first and second terms of (£§). Each proton removal process can be accompanied by neu-
without subtracting the third nuclear-plus-electromagnetidron loss as well. The calculated cross sections giverZfor
term. Numerical results based on E¢&9) and(30) become =82 correspond to the interaction where only neutrons are
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T TABLE lIl. Mutual electromagnetic dissociation cross sections
? F E for AuAu collisions at the RHICX and Y denote any patrticle,
104k 158A GeV PbPb , except neutrorjsD means any diss_ociation chann(_el. (_:alculation
<k E results are given(a) for the leading-order contribution only
“glos; 77777 _ and (b) for the sum of leading-order and next-to-leading-order

re. E contributions.

10°E 3

F P E Cross

T R R B B B B B section (@ (b)

70 72 74 76 78 80 82 (mb) LO LO+NLO

A

FIG. 9. Charge changing cross sections of A5&eV 2%Ph
ions on the Pb target.. The dashed- and dotted-line histogrgms are oEP(1nX|1nY) 612 659
the RELDIS and abrasion model results for electromagnetic and
nuclear contributions, respectively. The solid-line histogram pre-
sents the sum of both contributions. Points are experimental data
from Ref.[53].

65+65 AGeV oEP(1nX| D) 1244 1502

AuAu at RHIC oEP(2nX| D) 330 446

emitted. However, experimental data are absent for this
channel. As one can see, the electromagnetic contribution oEP(3nX| D) 148 274
dominates for the processes with removal of one, two, and
three protons where good agreement with the experimental
data of Ref[53] is found.

Another important check of the model becomes possible ED
with recent experimental data for Au fragmentation by ul- om (1nX1nY) 607 652
trarelativistic Pb ion$54]. In this case the neutron emission
is investigated directly. The experimental exclusive cross
sections for emission of one or two neutrons are compared
with theory in Table II. Also in this case the contributions
from the LO and NLO processes, Figs. 1 and 4, were taken
into account.

The calculations were made with and without accounting
for the direct neutron emission process, i.e. vitH'=0.31

and pgir:o, respect_ively. Th? resuits Wim_ﬁ"_:o,31 are in At the RHIC, zero degredvery forward calorimeters
better agreement with experiment and this is especially tr”?ZDC) for each beam are located after the magnets and they

for the 2n emission channel. Therefore, we use this value inare well designed for the neutron registrat[@-11]. There-

furEPﬁr caIcOLIJ_Ia}[_Uons. f the abrasi del Iso i ({ore, in the following we consider mainly semi-inclusive mu-
€ predictions of the abrasion model are also N 900G, neytron emission cross sectiomg(i|j), wherei andj

agreement with datgb4]. Therefore, our choice of the criti- denote corresponding channelaX, 2nX, 3nX Be-
cal impact parametds, is justified by such a comparison. As sides the emission of a given number o’f neuirons, such dis-

was stressed in Sec. Il, the interaction of knocked-out nuclezqiation channels contain any number of other particles de-
ons with spectators and the spectator deexcitation Processiiad asx or Y. Protons can be found most often amongst

. o the particles emitted along with neutrons. The proton emis-
model aimed at considering only a few nucleon removal pro-

cesses. Such good agreement indicates that a simple abrasSion rates predicted by tieLDIS code were found (o be in
' %Peement with the data on Pb dissociafi68], see Sec. V.
model proposed for describing the data~al—-10A GeV (58]

) _ Therefore we believe that our model is accurate in estimating
can be used successfully at much higher energies as well. o (InX|1nY), o (1nX|2nY), and o,(2nX|2nY) cross
VI. MUTUAL DISSOCIATION OF 7Au AND 2%%p IONS sections. - L
: If the dissociation channel of one of the collision partners
AT THE RHIC AND LHC in mutual dissociation is not exactly known, one can define

On the basis of the successful verifications at lower enerinclusive mutual dissociation cross sectioas,(1nX|D),
gies described in Sec. V, the model can now be extrapolate@im(2nX|D), ando(3nX|D), etc. In such notation® de-
to RHIC and LHC energies. In a collider, the mutual heavy-hotes an arbitrary dissociation mode of one of the nuclei.
ion dissociation process takes place at the crossing point of The cross sections for some specific channels of mutual
two beams. Downstream from this point the dissociatiordissociation at RHIC energies are given in Table Ill. Com-
products can be separated by the magnetic field according fared to the total cross sections, the relative contributions of
their Z/A ratio. Protons and nuclear fragments move close tg\LO processes are very different for theE%r oss sections of
the beam trajectories, while free neutrons leave the bearhn, 2n, and 3 emissions. As one can noie,,”(1nX|1nY)
pipe after a dipole magnet. has a small NLO correction; 7%, while oE°(3nX|D) be-

100+100AGeV  oEP(1nX|D) 1257 1518
AuAu at RHIC aEP(2nX| D) 341 461

oEP(3nX| D) 155 284
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TABLE IV. Sensitivity of the partial mutual electromagnetic dissociation cross sections to the variation of
probability of the direct neutron emission in tha mhannelPﬁir to the input photonuclear cross sections and
to the corrections for next-to-leading-order processes. Results obtainedswitit and RELDIS codes are
given for 100+100 A GeV AuAu collisions. Recommended values are presented in boldface. The prediction
of Ref. [11] for o£P(1n|1n) is given for comparison.

E,<24 MeV E,<140 MeV Full range of,
LO LO LO+NLO
Cross section
(mb) RELDIS GNASH RELDIS RELDIS RELDIS
PR"=0 PR"=0 PR"=0 Ph'=0.31
aEP(AnX|1nY) 437 430 467 549 652
445
oEP(1nX|2nY) 205 221 262 439 388
+oEP(2nX|1nY)
oEP(2nX|2nY) 21 28 38 87 60
aEP(LMN) 663 679 767 1075 1100
3Referencd 11].

comes almost twice as large as its LO value if the NLO[5,37] itself. Additionally, in the latter model we used two
correction is included. This is due to the fact that the NLOdifferent values for the probability of the direct neutron
processes shown in Figs. 5 and 6 include nuclear excitatiosmission in the h channeI,Pﬁ”.
due to double photon absorption and, particularly, the double Besides the variations of the cross sections for emission
GDR excitation process. Since the average GDR energy fasf one or two neutrons, the variations of a cumulative value,
Au and Pb nuclei is about 13-14 MeV, the double GDRthe low multiplicity neutron(LMN) emission cross section
excitation introduces, on average, 26—28 MeV excitationdefined as
which is above the 8 emission threshold.
Therefore, as a rule,lland 2n emission cross sections
are less affected by including NLO corrections rather than Tn(LMN)=0y(1nX|InY) +or(1nX2nY)
3n cross sections. The double GDR excitation process is a +om(2nX/1nY)+ om(2nX|2nY)
well-known phenomenon studied in low- and intermediate-
energy heavy-ion collisions, see, for example, R&b]. ) )
However, nothing is known about the multiple photon exci-Was eyaluated for several subregions of equivalent photon
tations of heavy ions at ultrarelativistic energies, where th&nergiese, <24 MeV, E,<140 MeV, and for the full
key question is to what extent the distribution of probabilitiesfange. In the latter case the NLO processes were taken into
for multiple excitations follows the Poisson distributithe ~ &ccount along with the LO mutual dissociation process.
harmonic picture of excitations Thgrefore, the importance of NLO corrections can be also
In order to estimate the rates of multiple excitations, in-estimated from Table IV.
cluding those well above the giant resonance region, the ra- By examining Table IV, one can draw several conclu-
tios ot2(2nX|D)/oEP(1nX|1nY) and &E°(3nX|D)/ sions. First, the semi-inclusive cross  section
oEP(1nX|1nY) should be measured at the RHIC. Such meaZm (InX|1nY)=437 mb calculated for the photoabsorp-
surements do not require a preliminary determination of thdion in the gElgnt resonance region is very close to the exclu-
collider luminosity. As it follows from Table Ill, the above- Sive valueo,"(1n[1n)=445 mb obtained in Ref11] with
mentioned ratios are remarkably reduced if the multiple exthe same conditionE, <24 MeV. Second, the calculations
citations, and hence the NLO processes, are suppressed Based on the photonuclear cross sections predicted by the
mutual electromagnetic dissociation at the RHIC. GNAsH code are very close to tiReLDIs results for the pho-
There remains still some freedom in choosing several paton energy regiorE, <140 MeV. The difference between
rameters of our model. To check the sensitivity of our pre-the RELDIS results forE, <24 MeV andE,<140 MeV is
dictions to their variations we performed the calculations forexplained by the contribution of the quasideuteron photoab-
a reasonable span of input parameters. SOFptiOﬂ mechanism to thenland 2n emissions. Third, the
Table IV demonstrates the sensitivity of the mutual elec-alculations that take into account the quasideuteron photo-
tromagnetic dissociation cross sections to the photonucle@bsorption and photoreactions above the pion production
cross sections used as the input. In order to demonstrate sutiifeshold give about 25% enhancementfiP(1nX|1nY) if
sensitivity we used two different models to calculate suchthe whole energy region of equivalent photons is considered
cross sections, namely, tleAsH code[34] and the photo- and the NLO corrections are properly taken into account. At
nuclear reaction model implemented in tRk&LDIS code the same time, the cross sectionernD(lnX|2nY)
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TABLE V. Sensitivity of the mutual dissociation cross section in nuclear interactions to the variation of
ther, parameter of the nuclear density distribution. Results of the abrasion model are given farQDA
GeV AuAu collisions. Recommended values are given in boldface.

Abrasion model
Cross section

(mb)
ro=1.09 ro=1.12 ro=1.14 r,=1.16
R,=6.34 fm R,=6.52 fm R,=6.63 fm R,=6.75 fm
ap{(1nX|1nY) 361 364 371 382
ap'{(1nX|2nY) 241 232 224 226
+o'Y2nX|1nY)
o"U%(2nX|2nY) 148 147 142 139
ap'(LMN) 750 743 737 747

and o°(2nX|2nY) increase up to two and four times, ther, parameter in the nuclear density distribution, Bf).
respectively, compared with the values calculated at thdhe parameters of neutron density distributions are not well
GDR region. determined and this table demonstrates possible ambiguities

The cross sections for these dissociation channels afi@ nuclear dissociation cross sections caused by this fact. The
large and such channels can be easily measured in expedross section variations are smaller in Table V compared to
ments. Although the LO process of photoabsorption in theTable IV, about 3—8 %. A small decrease in theparameter
GDR region gives an important contribution, the wholeleads to a decrease in correlatea-ln emission, but, on the
range of the equivalent photon energies should be consictontrary, it leads to an increase im-Bn and 2h-2n emis-
ered. Also the contributions from the NLO processes shoul&ion. However, the LNM cross sectior'(LMN) turns out
be taken into account to obtain the realistic values of theo be more stable, within & 2% variation, compared to the
dissociation cross sections. cross sections for specific channels.

One more conclusion follows from the results presented The sensitivity of the dissociation cross section in grazing
in Table IV. Calculations witiPy" =0 andP3"=0.31 give a nuclear collisions to the variations of the total nucleon-
10-40 % difference in specific dissociation cross sectionsaucleon cross section is investigated in Table VI. The varia-
but the values of the LMN cross sectiotf,"(LMN) practi-  tions of theayy in the range of 40—60 mb have only a small
cally coincide. This cross section is very highE°(LMN) effect, within 4%, on the cross sections of the specific neu-
~1100 mb, and thus can be used for luminosity monitoringiron emission channels. Since such variations have different
As was shown above in Sec. IVA, an inevitable systematicsigns, the influence on the cumulative valw'(LMN) is
error of ~5% should be assigned to this value due to unceriess noticeable, below 2%.
tainties in the photoneutron cross sections measured in ex- The cross sections given in Tables V and VI for grazing
periments. nuclear collisions were found to be lower compared with the

Table V shows the sensitivity of the mutual dissociationelectromagnetic dissociation cross sections of Table IV.
cross section in grazing nuclear collisions to the variations oMoreover, it should be stressed that only a part of the neu-

TABLE VI. Sensitivity of the mutual dissociation cross section in nuclear interactions to the variation of
the total nucleon-nucleon cross sectiey . The results of the abrasion model are given for £000 A
GeV AuAu collisions. Recommended values are given in boldface.

Abrasion model
Cross section

(mb)
oyn=40 mb onn=50 mb oyn=60 mb
a™(1nX|1nY) 370 371 374
o™(1nX|2nY) 233 224 222
+op'Y2nX|1nY)
aM(2nX|2nY) 148 142 138
oMY(LMN) 751 737 734
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TABLE VII. Sensitivity of the mutual dissociation cross section in electromagnetic and nuclear interac-
tions to the critical impact parametbg . The results of th&keLbis code and abrasion model are given for
100+100 A GeV AuAu collisions. Recommended values are given in boldface.

RBCV: 127 RBCV: 134 RBCV: 141
Cross section b,=14.45 fm b,=15.25 fm b.=16.05 fm
(mb)
aEP(1nX|1nY) 677 652 629
oEP(1nX|2nY) 417 388 374
+aEP(2nX|1nY)
oEP(2nX|2nY) 62 60 57
aEP(LMN) 1156 1100 1060
am'(1nX|1nY) 379 371 390
a'%(1nX|2nY) 240 224 259
+o'Y2nX|1nY)
am'’(2nX|2nY) 141 142 151
aM'(LMN) 760 737 800
aEP(LMN) 1916 1837 1860
+oDY(LMN)

trons in grazing nuclear collisions is emitted at the forwardwhere such cross sections were found to dﬁD(LMN)
or backward angles covered by the ZDC'’s. Therefore, an. 1378 mp andr""(LMN)=755 mb. For both RHIC and

exact relation between nuclear and electromagnetic dissociay - cases the overall uncertainty of the,(LMN) calcula-
tion channels in each heavy-ion experiment should be onl¥.

. e . h i he level of 5-7 %.
obtained by taking into account detection acceptances ancljo n method may be estimated to be at the level of 5 °

) - : ; The condition for heavy-ion dissociation to be mutual
trigger conditions of the correspond_lr']g' experimental Sew.p'leads to some specific features for nuclear and electromag-
Table VII demonstrates the sensitivity of the mutual dis-

sociation cross section in electromagnetic and nuclear intepet'c_ mteractlo_ns. The f(_)rm_e r |nt_erz_1ct|on causes mainly sym-
actions to the impact parameter cutbff. This is an impor- metric or qua5|symmetr!c d|s§o§|at|qn. The latter makes very
tant input parameter, which has a noticeable influence on therobable asymmetric dissociation like (X|5nY) or even
final result. By changing this parameter by 5%, within the(1nX|10nY). This feature is shown in Figs. 10 and 11 where
range of 14.5—16 fm, one obtains the variations of the e|ecthe cross sections with one, two, or three neutrons in one arm
tromagnetic dissociation cross sections within 3—8 %. Suclef the ZDC setup are presented. As one can see,
variations ofb shift the point, which delimits the regions of (1nX|10nY) dissociation is almost absent in nuclear colli-
nuclear and electromagnetic interactions, below or above thgions. This is not true for electromagnetic dissociation where
domain where the overlap of diffuse nuclear boundarieshe number of (hX|10nY) events is approximately 1-5 %
takes place. In other words, assuming first=bSP and then  of the main dissociation channel fX|1nY).
b.~b0“¢ and considering the difference in final results, one In theRELDIS model nuclei undergo dissociation indepen-
can prove the possibility to use E@O) instead of Eq(29).  dently of each other in the electromagnetic fields. Therefore
For example, if the cutoff valub, becomes higher, all the there is no correlation between the numbers of neutnops,
ED cross sectionsri1n, 1n-2n, 2n-2n, and U,ED(LM N) andn, emitted by each of the nuclei, and asymmetric disso-
become lower. The variations of the nuclear cross sectionsiations are possible along with symmetric ones. The ex-
are more noticeable and have the opposite trend: such croeg€me case of asymmetric dissociation is, of course, the
sections become higher by 5-15 %. Finally, as one can see gingle dissociation process. The nuclear dissociation consid-
Table VII, o,(LMN) variations for both types of interac- ered in the framework of the abrasion model has different
tions are weaker than the variations of the correspondingharacteristic features. Namely, the numbers of emitted neu-
individual cross SeCtionS, within 3-8 %, while the sum trons and protons are correlated due to the Condiﬁpn
om (LMN) + o '(LMN) is altered by 1-4 % only. +n;=2,+n,, see Sec. lll, and nuclear dissociation is al-
Concluding the investigation of the sensitivity of the final ways mutual. The latter condition was also adopted in Ref.
results to the model parameters, one can note that for AuA[11].
collisions at the RHICsEP(LMN)=1100 mb and espe- The main results of our study are presented in Figs. 12
cially o' (LMN) =737 mb are more stable with respect to and 13. They show the electromagnetic and nuclear dissocia-
such variations in comparison with the individual cross section cross sections. Sincenland 2h emissions in electro-
tions o,(1nX|1NnY), on(1nX|2nY), and others. The same magnetic collisions are enhanced due to the GDR and QD
tendency was found for PbPb collisions at LHC energiesabsorption mechanisms, the corresponding strips are promi-
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FIG. 10. Mutual electromagnetio”(i|j) (top) and nuclear FIG. 11. The same as in Fig. 10, but for 2475.75A TeV PbPb
ahV%(i|j) (bottom) dissociation cross sections for neutron emissioncollisions at the LHC.
in 100+100A GeV AuAu collisions at the RHIC. The cross section
values forj=1nX, 2nX, and X are given by the solid, dashed, fixed target experiments. In the year 2000 the Relativistic
and dotted histograms, respectively. Heavy lon Collider(RHIC) became operational at BNL and

nent in the plots. Simultaneous GDR excitation in both of the*Mong o.th_er. experiments the electromagneuc_d|ssou_at|on of
. : . ; ._ultrarelativistic heavy ions can now be investigated in col-
nuclei is a dominant process leading to the mutual dissoci

Yider kinematics by means of the zero degree calorimeters

on bt LTl oy o ¢ bt o ! it TS L TES L TS
2070 ’ P jon dissociation process.

The rest is provided mainly by asymmetric processes, when .
one of the nuclei is excited in a GDR state, while another In the present paper the equivalent photon method and the

. brasion model for grazing nuclear collisions were extended
nucleus absorbs a photon with the energy above the GD.%) the case of mutual dissociation of collision partners. Our

region, which leads to emission of many neutrons. As S€eN Mumerical results for the total heavy-ion dissociation cross
Figs. 12 and 13, the probabilities of the simultaneous emis- _ . .
sections are very close to the results of related studies, see

sion of th.re.e ahd more peutrons are small and such processﬁéfs.[&?,lﬂ. Restricting ourselves to the domain of equiva-
with participation of high-energy photons are dlstnbutedlem photon energies below 24 MeV, where only the giant

over the large area in the plots. N . . . I
9 P resonance excitations are possible in electromagnetic disso-

For the sake of completeness the cross sections of thglation, we obtained the cross section of correlatedlh

mutual dissociation without neutrons emitted from one or mission close to that of Ref11]. However, as we have

both of the collision partners are also included. The rates o . . > .
ound, at collider energies the neutron emission process in

such processes, when mainly the proton emission takes I L X
. . mutual electromagnetic dissociation is not entirely exhausted

place, are small. This is another difference between the elec- : o i
. ) L . y the simultaneous excitation and decay of the giant reso-
tromagnetic and nuclear dissociations. The nuclear interac:

tion events. when onlv a proton is removed from one or both 211C€S in both of the colliding nuclei. Apart from the mutual
. yap . DR excitation, asymmetric processes with the GDR exci-
of the nuclei, are very probable, see Figs. 12 and 13.

tation in one of the nuclei accompanied by a photonuclear
reaction in the other nucleus are very probable. A wide set of
photonuclear reactions should be taken into account to obtain
Since its experimental discovery, the process of electroa realistic estimation of the mutual dissociation rate.
magnetic dissociation of heavy ions has been studied only in As we found, the cross sections of emission of two and

VIl. CONCLUSIONS
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FIG. 12. Mutual dissociation cross sectiofmab) for neutron FIG. 13. Same as in Fig. 12, but for 2.:¥3.75 ATeV PbPb
emission {,j=0nX,InX,...,1MX) due to electromagnetic collisions at LHC.
oEP(i]j) (top panel and nuclear""%(i|j) (bottom paneldissocia-
tion in 100+100 A GeV AuAu collisions at the RHIC. a virtual photon is large, and hence, two or more photons can

be absorbed by each of the collision partners.
especially three neutrons in mutual dissociation are very sen- We have examined the reliability of our results by study-
sitive to the presence of the next-to-leading-order processeésg their sensitivity to the variation of input data and param-
where a collision partngor even both of the nucleabsorbs  eters. Trying to answer a key question of whether the mutual
a pair of photons in a collision event. The contribution of dissociation cross section can be calculated with high accu-
multiple photon absorption processes to the teiafjleelec-  racy, we have critically reviewed our model assumptions and
tromagnetic dissociation cross section at ultrarelativistic enthe results of previous theoretical and experimental studies
ergies is 1-2 % only. This is very different from the case ofof photonuclear reactions and heavy-ion dissociation pro-
mutual electromagnetic dissociation where 30-40 % ofcesses.
events are due to multiple photon absorption. Indeed, the The ambiguity in the calculations of thendln correlated
main part of mutual dissociation events takes place in closemission cross section along(1nX|1nY), is found to be up
collisions with smallb=b., where the probability to absorb to 15%. This is mainly due to the difference in the values of
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the photoneutron cross sections measured in different experipns. The identification of such mutual dissociation events
ments. However, the ambiguity is lower,5—7 %, if the  and counting their rates in both arms of ZDC along with the
sum of one and two neutron emission channelscalculation results of the present paper can provide a basis
a(1InX[1nY)+20(1nX|2nY)+o(2nX|2nY) is consid- for an absolute luminosity calibration at the RHIC. Similar
ered. Therefore, it is a kind of cumulative neutron emissionmethods can be used for the ALICE heavy ion experiment
rate that should be used as the luminosity measure at colli¢s7] planned at the future Large Hadron Collid&HC) to

ers. be built at CERN.
We have found several distinctive features of the mutual

electromagnetic dissociation process, which are helpful for
its experimental identification. Beside the enhancement of
1n and n emission channels, the electromagnetic interac-
tion leads to very asymmetric mutual dissociation channels We are grateful to A.J. Baltz, C.A. Bertulani, A.S.
where only one neutron is lost by one collision partner whileBotvina, M.B. Chadwick, G. Dellacasa, G. Giacomelli, J.J.
many neutrons are lost by another partner. Such a dissoci&aardh@e, A.S. lljinov, A.B. Kurepin, and M. Murray for
tion pattern is very unlikely in grazing nuclear collisions useful discussions. Special thanks are due to S.N. White who
with participation of the strong nuclear forces. pointed our attention to the subject of the paper and encour-

The correlated emission of one or two neutrons in bothaged us in the present study. I.A.P. thanks ENEA and the
the forward and backward directions without any additionalNiels Bohr Institute for their warm hospitality and financial
particles in the midrapidity region can be used as a clear sigaupport. I.N.M. acknowledges the support of the Niels Bohr
of the electromagnetic dissociation of ultrarelativistic heavylnstitute and Grant No. RFBR-00-15-96590.
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