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Electromagnetic excitation of nuclei and neutron evaporation in ultrarelativistic
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We present a new approach for calculating the electromagnetic excitation of nuclei as well as probabilities
of emission and different distributions of neutrons from decays of excited nuclear systems for ultrarelativistic,
ultraperipheral heavy ion collisions. Excitation functions for y + Pb — Pb* and y + Au — Au* are parametrized
using physics-motivated components: the excitation of giant resonances, quasideuteron absorption mechanism,
excitation of nucleon resonances, as well as high-energy dissociation of protons and neutrons. Neutron emission
(up to ten neutrons) from low-energy excitations of 2Pb and '°7 Au is modeled in terms of the Hauser-Feshbach
formalism. The probabilities of a given number of neutrons are calculated as a function of excitation energy
in a Monte Carlo code GEMINI++. These probabilities are parametrized by smooth analytical functions. The
results are compared to appropriate data for the y Pb — Pb* — kn and y Au — Au* — kn reaction. As an
example, the approach is used for calculating electromagnetic excitation in ultraperipheral heavy ion collisions
(UPC) processes. Both single-photon and double-photon excitations are included and discussed. Topological
cross sections with a given number of neutrons in the forward and backward directions are calculated at the
Relativistic Heavy Ion Collider (RHIC) and Large Hadron Collider (LHC) energies. Excitation functions are
presented. The results of the calculation are compared to Super Proton Synchrotron (SPS), RHIC, and more

recent A Large Ion Collider Experiment (ALICE) experimental data and good agreement is achieved.
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I. INTRODUCTION

The exclusive production of mesons, pairs of quark and
antiquark particles, pairs of leptons, or other standard model
particles in ultraperipheral heavy ion collisions (UPC) has
been attracting much attention recently [1,2]. A measurement
of such reactions at the high energies of present day colliders
[Relatavistic Heavy Ion Collider (RHIC), Large Hadron
Collider (LHC)] often requires special triggers. Large charges
of colliding ions lead to the production of huge fluxes of
associated photons. These photons when scattered on the
collision partner can lead to its excitation. As will be discussed
in the present paper, low-energy excitations (E* < 50 MeV)
play an especially important role. The low-energy excited
nuclear heavy systems, close to the giant resonance region,
decay predominantly via the emission of a few neutrons.
Because the energy of the emitted neutrons in the nucleus rest
frame is rather small (~10-20 MeV), in UPCs the neutrons
are emitted in very small cones around beam directions.
Such neutrons can be registered by the so-called zero-degree
calorimeters (ZDC’s), which are associated with many high-
energy detectors, such as, e.g., the Solenoidal Tracker (STAR)
at RHIC [3] and A Large Ion Collider Experiment (ALICE) at
LHC [4].

In the present paper we wish to present our approach,
which includes description of the photoexcitation of nuclei
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and the decay of excited nuclei in the framework of the
Hauser-Feshbach theory. The results of our calculations for y
Au— Au* kn and y Pb — Pb* kn are confronted with existing
experimental data. Then topological cross sections with a
given number of neutrons in ion-ion collisions are calculated
and compared to RHIC and LHC data. We discuss the role
of single-photon and double-photon excitations. We present
simple parametrizations of the relevant impact parameter
profiles, which can be conveniently used for a multitude of
central final states produced in diffractive or y y subprocesses,
such as vector mesons, leptons, pions, and so on.

II. FORMALISM

A. Electromagnetic excitation in UPC

In this section we collect the classical probability calculus
methods needed [5-7] to describe the electromagnetic excita-
tion of ions in UPCs due to multiple photon exchanges.

From the usual Weizsacker-Williams flux of photons
N4(E,b) and the total photoabsorption cross section
owi(Y A; E) discussed in Sec. III, we introduce the mean
number of photons absorbed by a nucleus A, in the collision
with nucleus A;:

fig,(b) = /Oo dE N, (E.b)owo(y Az E) . 2.1)
E,

min

Here the upper limit in the integral is only formal: the photon
flux (see any of the reviews in Ref. [1])

1 Z%0em 1 Eb
Nu(E,b) = — — E2K{(), &= —,
AEb) = - — = EK6). & .

2.2)
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implicitly contains a cutoff in energy. Above E is the photon
energy in the rest frame of nucleus A,, Z is the nuclear charge,
and K, is a modified Bessel function. The boost to the rest
frame of nucleus A, is given by

SNN

Vio = 2Ven — 1 Vem = (2.3)

2m N

The lower limit of integration E.;, is the threshold for
photoexcitation. For statistically independent absorption, we
can state the probability of absorption of n photons at impact
parameter b in the Poissonian form

(a(b))"

wn(b) = — " exp[—7i4(b)]. 2.4

We define the probability density for a single photon to excite
nucleus A, in a collision at impact parameter b of the A;-A;
collision as

Ny, (E,b)ow(y Az E)

(1)
Pa(E.b) = — ; (2.5)
A2 714,(b)
which is fulfilled, at each b
/ dE p\(E.b) = 1. (2.6)
Emm

Still under the assumption of statistical independence, n
photons will excite the nucleus with the probability density

PYNE.D) = /dEldEz, . dE, S| E-)E;
j=1

P (E,.b).

All the n-photon probability densities are properly normalized
as follows:

x pY(EL )P (Er D), ... 2.7)

/ dE p(Eb)=1. (2.8)
Emm

Below we will explicitly calculate processes up to n =2
photon exchanges, see the diagrams in Figs. 1 and 2.

Then the probability for the excitation of nucleus A, in the
n-photon process is given by

w,(b)p ) (E.b). 2.9)
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FIG. 1. (Color online) Single excitation in UPCs.
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FIG. 2. (Color online) Double excitation in UPCs.

We should sum over all numbers of photons

PCXC b
— ® an(bm(’”(ﬂb)

~ exp [—iia,(0)|Na, (E.b)ow(y A2; E),  (2.10)

where we indicate that we expect the single-photon absorption
to dominate. Notice that this may, in practice, depend on the
impact parameter. The total probability for the nucleus to be
excited is then

eXC(b)

Py (b) = / E—iE
= exp [—714,(b)](exp [
~ i a,(b) exp [—71a,(b)].

The excitation cross section is then

=1 —exp[—7ia,(b)]

2] —1)
@2.11)

Cu(Ar Az — AAS) = / 2D Py () P ()

= / d*b Py (b)(1 — exp [—71a,()]) .
(2.12)

Sometimes we are interested in the excitation cross section
containing only excitations up to Ep.x < 100 MeV, then we
can calculate the cross section from

ot(A1Ay — AIA;; Ernax)

~ /dszsurv(b)exp[_ﬁAz(b)]

Elnax
x / dE Ny (E b)oo(y A E).  (2.13)

min

Here
Psury(b) ~ 0(|b| — (R4, + Ra,))

is the probability for the nuclei to survive the collision without
additional strong interactions. As is apparent,

wo(b) = exp[—ii4,(b)]

is the contribution to the survival probability from the
electromagnetic dissociation channels. The cross section for
mutual electromagnetic dissociation can be obtained from

(2.14)

(2.15)

(A1 Ay — AjAS) = / d*b Py (D) PS(b) PS(b) .

(2.16)
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FIG. 3. (Color online) Minimal mechanism for mutual excitation
in UPCs.

In Fig. 2 we show the situation when two photons emitted
by one of the colliding nuclei hit the second nucleus. Finally,
in Fig. 3 we show as an example the case when each of the
nuclei emit a photon that then excites the collision partner.
We shall call this case mutual excitations. The diagram
shows the minimal mechanism needed to excite both nuclei
simultaneously. Higher-order diagrams are possible as well.

B. Dissociation into specific final states

In the present paper we are interested mainly in final states
that contain a few neutrons and want to study excitation
cross sections as a function of neutron multiplicity (a type
of “topological cross section”). Here the crucial input are the
fractions f(E,k) of a final state with k neutrons coming from
the decay of an excited nucleus at excitation energy E. With
their help, we can calculate the impact parameter profiles for
processes with k evaporated neutrons as

dPS(b.k)

e = [(Eh- Z w,(b)py (E.b)

~ f(E.k) p{ (E.b)i,(b)exp[—iis, (b)],
(2.17)

and, correspondingly,

v dP$(b,k)

PSe(b.k) = f dE

2.18
Emin dE ( )

In Fig. 4 we plot these distributions as a function of the impact
parameter for k = 1,2,3 at y. . = 1470. The cross section for
k-neutron excitation is then

0(A1A; > A1(kN, X)) = /dzb Paury(b) PP(b,K).  (2.19)

Of course, we are confined to low-neutron multiplicities, as
final states of a large number of the neutron (k) can be produced
by processes in the energy region E > E,,, which we do
not model so far. Analogously, the mutual excitation cross
sections with m and k neutrons in the debris of nucleus A, A,,
respectively, are

0(AjAy; — (mN,X)(kN,Y))

= fd2b Pary(b) Py¢(b,m) Py ¢(b,k) . (2.20)
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FIG. 4. (Color online) Impact parameter profile for processes
with evaporation of k£ = 1,2,3 neutrons from lead nuclei.

III. PHOTON-INDUCED EXCITATION OF NUCLEI
AND NEUTRON EVAPORATION

To evaluate the photoabsorption probabilities, we need a
parametrization of the total photoabsorption cross section
over a broad range of energies. Here we are not interested
in a microscopic modeling of the different mechanisms that
play an important role at different energies, but rather in a
fit of empirical data. At the lowest energies of relevance,
photoabsorption is dominated by the giant resonances.

The energy dependence of the cross section for the giant
dipole resonance (GDR) component (ogpr) is parametrized
following Refs. [8,9]:

2 E°T,

OGDR = —OTRK 3 S, (3.D
T (E? — E2)" + (ET,)?

The parameters o7 gx = 60% mb MeV, E;\“ = 13.712 MeV,
A =4517 MeV, SA" =1.35416, EP® =13.373 MeV,
I'* = 3.938 MeV, and SF® = 1.33716 for Au are taken from
Ref. [10] and for Pb from Ref. [11].

At somewhat larger energies a so-called quasideuteron
contribution plays an important role and following the authors
of Ref. [12] is parametrized as

NZ
oop = 6.5—~0u f(E) (3.2)

where

(E —2.224)%2
— s m

Og = 61.2 E3

b, (3.3)

f(E <20MeV) = exp(—73.3/E),
f(20 < E < 140MeV)
=8.3714 x 1072 — 9.8343 x 10°E +4.1222 x 107*E?
—3.4762 x 107°E3 +9.3537 x 107°E* ,

f(E > 140MeV) = exp(—24.2/E) . (3.4)
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FIG. 5. (Color online) Photoabsorption cross section for the y'*’Au — '*7 Au (left panel) and for the ?*Pb — 2%®Pb reaction (right panel).

Above aphoton energy E, > 100 MeV the nucleon resonances
are taken into account, with the A resonance being the
dominant feature of the excitation spectrum. We parametrize
this region of the photoabsorption cross section as a sum of
three (i = 1,2,3) Gaussian functions

)

where C{, = 17barnMeV, o/ = 90 MeV, ul = 315 MeV,
Cé = 19barn MeV, oé = 200 MeV, ;LZG = 700 MeV, Cé =
4barnMeV, ol = 90 MeV, and pj, = 1.09 GeV. The above
parameters are for Pb. For the Au nucleus, the Gaussian
function is scaled by 197/208.

Above E, > 0.5 GeV the resonant contributions disappear
and the continuum related to the breakup of nucleons starts to
be important.

Oiauss = EXP ( (3.5)

107

P.(E*)

102

7{1—
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10°

For energies between 1 and 8 GeV we describe the data by
using an exponential function

_(E —
Oexp = Cexp(E - /’Lexp) exp M s 3.6)
Oexp

where the parameters are Ceyp = 0.032mb/MeV, 0y =
1.05 GeV, and fiexp = 100 MeV.

For the high-energy part (£, > 8 GeV) we use a simple
form given in Ref. [13]

E
oy py = (15.2 +0.06In? (—)) mb.
wo

For the nucleus '’ Au, this is scaled by 197/208. This mul-
ticomponent parametrization is compared to the experimental
data for photoabsorption on Au and Pb [14] in Fig. 5. The
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FIG. 6. (Color online) Probability of neutron multiplicity as a function of excitation energy (E*) of '’ Au nuclei (left panel) and of 2°*Pb

nuclei (right panel).
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TABLE 1. Parameters of fit functions for the probability of

neutron multiplicity P, (E*) for the Pb nucleus.

Number of neutrons C, e o, Ceg ne oG

0 0 - - 0.02 9 3.5

1 0 - - 9.9 12 3.5

2 0.08 21.6 1.7 103 215 4.2

3 0.0015 38 1.2 9.4 315 42
0.0005 40 2.6

4 0.0012 45 23 11 41 4.8
0.000008 62 8

5 0.03 53 2.6 8.7 51 4.3
0.00015 72 4.9

6 0.023 622 28 115 61.8 5.5
0.003 68 4.35

7 0.015 76 4 9.5 735 53

8 0 - - 8.8 84 5.3

9 0 - - 10.5 99 7.2

10 0 - - 10.1 110 6.5

quality of the description of the data is fully sufficient for our

purpose.

A. Decays of excited nuclear systems

The calculation of the probability of evaporated neutron
multiplicity as a function of '“’Au and 2%®Pb excitation
energy was performed with the help of the Monte Carlo

code GEMINI++ [15]. In this code the evaporation process
is described by the Hauser-Feshbach formalism [16], in which
the decay width for evaporation of a particle i from the
compound nucleus with excitation energy E* and spin Scy
is

00 ScntSa J+S;

1
Fi:an(E*,SCN)/ LOIEDIEDD

Sa=0 J=[Scn—Sal £=|J =S|

x Ty(€)p(E* — B; — €,8,), (3.3)
800 T T T T T T T T T T
(y,n)
- @) < 2007
7001 2010
F 2011
B + 2011
§/600; (y,n) + (y,n+p)
= f o 1962
2 500; % 1970, Saclay
8 - B s 1987
< 4000 g 2003
T E £ o 2010 .
< 300F ! e
5 C *; ]
=200 P £
© r k : 1
1001 gét B E
E L L }r!x;f ‘ L L L L ‘ L :\)%%X CLlTTT L2800 ). ! \0‘ L L L L ]
5 10 15 20 25 30
E, (MeV)
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where S, is the spin of the daughter nucleus; S;, J, and ¢
are the spin, total, and angular momentum of the evaporated
particle; €, B; are the kinetic and separation energies; 7y is its
transmission coefficient; and p and pcy are level densities of
the daughter and compound nucleus, which can be calculated
from the formula

p(E*,S) o (28 + 1) exp(2y/a(U, S)U),

where U = E* — E,;((S) — 6 P is the thermal excitation en-
ergy calculated by taking into account pairing corrections to
the empirical mass formula (§ P) and rotational energy E;o(S).
In the calculations the separation energies B;, nuclear masses,
shell, and pairing corrections were used as in Ref. [17]. The
level density parameter a(U,S) was calculated as

3.9)

a(U,S) =&(U)<1 —h(U/n—l—S/S,,)SFW), (3.10)
where W is the shell correction to the liquid-drop mass
and a is the smoothed level-density parameter, the function
specifying the rate of fadeout is 4(x) = tanh x, the fadeout
parameter 1 was equal to 18.52 MeV, and the parameter S,
was set to 50 A.

The smoothed level density parametrization depends on the
nuclei excitation energy as

A
koo — (koo — ko) exp (-2 %)

where kg =7.3, koo = 12, and k =0.00517 exp(0.0345A) [15].

We assume that the excited nucleus is formed with
angular momentum equal to O (which we believe is a good
approximation for photoproduction) and the full energy is
used for excitation. The calculation is done with an energy
step of 1 MeV. For each excitation energy, 10° events (decays)
were generated. Finally, neutron emissions probabilities were
obtained from the Monte Carlo sample for each excitation
energy (see the histograms in Fig. 6).

al) = (3.11)

800 )
« 1972
700 1978
1985
E600 . 1991
’_5\ 1993
o 500 (y,n)+ (y,n+p)
§ A 1964, Livermore
< 400 1970, saclay :
T 1
& 300 =
© ]
& ]
=200 —
S % ]
100 ALH ]
l‘ l L L L ]

25 30
E, (MeV)

FIG. 7. (Color online) Excitation function for the ¥ '’ Au — n'®Au reaction (left panel; experimental data are from Refs. [10,11,18-25])
and for the y2°Pb — n*7Pb reaction (right panel; data are from Refs. [10,25-31]).

054907-5



MARIOLA KLUSEK-GAWENDA et al.

250

=

(y,2n)
1987

PHYSICAL REVIEW C 89, 054907 (2014)

250

(y,2n)
2003

2003

2003

(y,2n) + (Y, 2n+p)
o 1962

1970, saclay
A 1987

N
o
o

-
(&)
o

o(y ""Au— 2n"%Au) (mb)

30 35
E, (MeV)

2003

(y,2n) + (y, 2n+p)
a 1964, Livermore

1970, saclay

N
o
o

o(y ?%Pb — 2n?°°Pb) (mb)
&
o

35
E, (MeV)

FIG. 8. (Color online) Excitation function for the y'°7 Au — 2n'% Au reaction (left panel; experimental data are from Refs. [10,22-24,32])
and for the y?®Pb — 2n?%Pb reaction (right panel; data are from Refs. [10,24,31]).

The fractions of events with a k-neutron final state at
excitation energy E* can be well fitted by a sum of the
following purely empirical functions:

F(E* k) = f&P(E* k) + fOS(E* k). (3.12)
FEP(E* k) = C(E* — 11.)* exp (M) i
O,
(3.13)
Gauss ; % _ Cg —(E* — :LLG)2
FOUS(E* k) = " exp( 202 ) . (3.14)

The parameters of the phenomenological functions found in
the fit for Pb are collected in Table I and can be used in any
calculations. For Au there are more parameters (more terms

30—

(y,3n)
1970

—
)
~

25

20

15

10

o(y '%"Au— 3n'®*Au) (mb)
T 1 T ‘ T 1 1 7T ‘ 1 1 T ‘ 1 1 T ‘ 1 1 T ‘ T 1 T T
L ‘ I ‘ L I —— ‘ L I —— ‘ L I —— ‘ -

20 25 30 35 40 45
E, (MeV)

used in the parametrization). Those parameters can be obtained
on request from the authors.

To ensure that probabilities always add up to unity, in
practice we impose

F(E*2) =1— f(E*1) for E* < 22MeV,
F(E*3) = 1 — f(E*,1) — f(E*,2) for E* < 30MeV,

(3.15)
and similarly for higher k.

B. Excitation functions for the y Au— Au* — kn
and for the yPb—Pb* — kn reactions

Using the photoabsorption cross section shown in Fig. 5 and
the probability to emit a fixed number k of neutrons obtained

30—

(y,3n)
1970

—~
O
-~

25

20

15

10

o(y 2°®Pb — 3n2%Pb) (mb)
T 1 T ‘ T 1 1 7T ‘ 1 1 T ‘ 1 1 T ‘ 1 1 T ‘ T 1 T T
L L ‘ I ‘ L I —— ‘ L I —— ‘ L I —— ‘ -

e —]
Fe————

H

20 25 30 35 40 45
E, (MeV)

FIG. 9. (Color online) Excitation function for the y'°7Au — 3n!*Au reaction (left panel; experimental data are from Ref. [10]) and for

the y?Pb — 3n?%Pb reaction (righ panel; data are from Ref. [10]).
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TABLE II. Cross section in barns for single-nucleus, single-
photon excitation for different ranges of excitation energy for
197 Au + 197 Au collisions; «/syny = 200 GeV.

Odis
Our results
Wmax (MeV)  withexp(—ni)  without exp(—7i7)  Baltz et al. [33]
25 65.0 66.7 65
103 71.4 73.5 70
440 82.7 84.9 82
2000 89.9 92.2 90
17840 94.0 96.4 94

as described in Sec. III, we can calculate the photon-induced
excitation function with a given number of associated neutrons.
The results are shown in Figs. 7, 8, and 9.

Quite a good agreement with the world data is obtained.
This is quite surprising given that our calculation implicitly
assumes equilibration of the nuclear system (Hauser-Feshbach
formalism) formed after the absorption of the photon. If
we assumed that part of the energy of the photon would
escape before equilibration of the nuclear system (due to
pre-equilibrium processes) the agreement with the data would
be much worse. Having proven the usefulness of our approach,
we can proceed to the excitation of nuclei in UPCs and
the related production of neutrons from the excited nuclear
systems. In the following we shall present the results of the
formalism discussed above.

IV. RESULTS FOR ELECTROMAGNETIC
EXCITATIONS IN UPCS

Now we shall present our results for electromagnetic
excitation of nuclei in UPCs.

In Table IT we show the dissociation cross section at the
RHIC energy. We compare the cross section obtained by us to
the numbers given in Ref. [33]. Our results, which include
exponential factors [see Eq. (2.17)] extremely well, agree
with those obtained by Baltz er al. The effect of including
exponential factors is, however, rather small (about 2%).

TABLE III. Cross section in barns for single-nucleus, single-
photon excitation for different ranges of excitation energy for
208pp - 208pb collisions.

(6-40) MeV (40-2000) MeV (2-80) GeV

Yem. = 100
Vidovi€ et al. [13] 77.6 25.7 5.6
Our results with exp(—7) 77.7 26.1 5.6
without exp(—11) 80.2 274 5.6
Yem. = 3100
Vidovic et al. [13] 133.6 53.7 18.7
Our results with exp(—1) 1334 55.1 18.8
without exp(—i1) 135.0 55.8 18.9

PHYSICAL REVIEW C 89, 054907 (2014)

TABLE IV. Cross section in barns [with and without extra
exponential (exp(—1)) factor] for a given multiplicity of neutrons in
single-nucleus, single-photon excitation in '’ Au + '°7Au collisions
at /syy = 130 GeV.

Our results

with exp(—1) without exp(—i1)

0 neutrons 5.613 5919
1 neutron 45.076 47.133
2 neutrons 8.456 8.862
3 neutrons 1.551 1.629
4 neutrons 1.049 1.105
5 neutrons 0.707 0.746
6 neutrons 0.655 0.691

= 57.494 60.691
total (3_,_,) 79.989 84.637

In Table III we collect the cross section in barns for
one-nucleus single-photon excitation for different ranges of
the excitation energy and the different collision energies
represented by different y,, adequate for RHIC and LHC.
The calculation was done for Pb nuclei even at lower (RHIC)
energy to compare to the results published in Ref. [13]. Our
results are compared to the earlier calculation by Vidovic¢
et al. [13]. Very good agreement can be observed when the
exponential factors are included.

As already discussed, we are very interested also in
calculating the associated neutron multiplicities. In Table IV
we show the cross section for neutron emission from only one
Au nucleus relevant for the RHIC energy /syy = 130 GeV.
The effect of the inclusion of the exponential factor leads to
fairly uniform damping of the cross section.

In Table V we have collected similar cross sections as
in the previous case (one-photon single-nucleus excitation in
barns for different neutron multiplicities k = 0,1,2,3,4,5,6),
but for the Pb-Pb collisions at /syy = 2.76 TeV. Again we
compare results with and without the exponential factor. As
can be seen from the table, the exponential factor plays here
only a minor role in practical calculations for single-nucleus

TABLE V. Cross section (in barns) for a given multiplicity of
neutrons in single-nucleus, single-photon excitation in 2°*Pb + 28 Pb
collisions at \/syy = 2.76 TeV.

Our results

with exp(—71) without exp(—#1) ALICE (Ref. [34])

0 neutrons 5.524 5.815
1 neutron 89.181 93.768 93.37 £ 6.90
2 neutrons 19.262 20.065 21.03+£2.43
3 neutrons 2.933 3.024 6.53 £0.94
4 neutrons 1.995 2.059
5 neutrons 1.356 1.427
6 neutrons 1.334 1.404

i 116.660 121.748
total (3,_,)  173.776 179.765 187.4 1133
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TABLE VI. Summary of cross sections (in barns) for ./syy = 130 GeV.

Snn = 130 GeV o(1,X) o(1,1) a(2,X)
PHENIX [35] 1.264 £+ 0.102 0.434 £0.042 0.436 +0.053
PHOBOS [35] 1.328 £0.119 0.454 +£0.053 0.448 £+ 0.060
BRAHMS [35] 1.307 £ 0.158 0.475 £ 0.065 0.457 +£0.094
Baltz et al. [36] 1.350 0.443 £ 0.042 -
Pshenichnov et al. [37] 1.557 - 0.509
Our results with exp(—7) 1.133 0.5082 0.223

without exp(—7) 2.593 1.1541 0.511

excitation. We have also collected the experimental data of the
ALICE collaboration [34]. We observe some disagreement
especially for three neutrons. For the ratio 2n/1n we obtain
21.6% (with an extra exponential factor) or 21.4% [without
exp(—n)], in good agreement with the ALICE result of
22.5 £ 0.5stat 0.9 syst %.

In Table VI we refer to the data published in Ref. [35], where
the ratios o (1,X) /001, 0(1,1)/01et, and o (2,X) /o (1,X) were
collected. In our table we have collected also the corresponding
values by Baltz et al. [36] and Pschenichnov et al. [37]. To
obtain our cross sections in barns we multiplied the ratios given
in Ref. [35] by the o,y = 10.8 b taken from the same reference.
We have fairly good agreement with the experimental data
for one-neutron emissions and rather bad agreement for two-
neutron emissions.

Two-photon exchanges may also lead to the simultaneous
excitation of both nuclei (see Fig. 3). In Tables VII and VIII
we collected topological cross sections with a given number
of neutrons emitted from the first (k;) and second (k;) nuclei.
As previously, we show the results of the calculation with and
without the extra exponential factor, which seems here more
important than for one-nucleus single-photon excitations. For

TABLE VII. Mutual cross section (in barns) with a given number
of neutrons emitted from both nuclei in '°’ Au + " Au collisions at
the RHIC energy /syv = 130 GeV.

example, for the (1n,1n) emission the effect of the exponential
factor decreases the cross section by about 44% for RHIC
and LHC. This indicates the importance of smaller impact
parameters in the mutual neutron emissions compared to
single-nucleus emissions. Our results can be compared to those
in Ref. [6]. Compared to Ref. [6] our cross section for neutron
multiplicities k; = 1 and k, = 1 are smaller by 17% for RHIC
and 5% for LHC energies. Other numbers seem to be in much
better agreement. The differences quantify the uncertainties of
the theoretical calculations.

The emission of a few neutrons corresponds to relatively
low excitations of nuclei (E* < 100 MeV). The total cross
sections for mutual excitations can be expected to be much
larger. In Tables IX and X we show the contribution to mutual
excitations from different regions of excitation energy of the
first and second nuclei for RHIC and LHC, respectively.
Enin = 8 MeV corresponds to the neutron binding energy.
The situation when each of the nuclei is excited below
100 MeV constitutes only around one-third. Quite large ranges
of excitation energies (ET,E; > 10 GeV) contribute to the
mutual excitation. The sum of the cross sections corresponding
to the different regions adequately describe the experimentally

TABLE VIII. Cross section in barns for mutual excitation with a
given number of neutrons emitted from both nuclei in 2°*Pb + 2%Pb
collisions at /syy = 2.76 TeV.

1n 2n 3n 4n S5n 6n exp(—1) 1n 2n 3n 4n S5n 6n exp(—1)

In 0.5082 0.1002 0.0195 0.0137 0.0096 0.0091 with In 0.7043 0.1543 0.0248 0.0168 0.0121 0.0116  with
1.1541 0.2276 0.0442 0.0311 0.0217 0.0207 without 1.6008 0.3502 0.0546 0.0379 0.0271 0.0263 without

2n 0.1002 0.0198 0.0038 0.0027 0.0019 0.0018 with 2n 0.1543 0.0339 0.0052 0.0037 0.0026 0.0025 with
0.2276 0.0449 0.0087 0.0061 0.0043 0.0041 without 0.3502 0.0766 0.0119 0.0083 0.0059 0.0058 without

3n 0.0195 0.0038 0.0007 0.0005 0.0004 0.0003 with 3n 0.0248 0.0052 0.0009 0.0006 0.0004 0.0004  with
0.0442 0.0087 0.0017 0.0012 0.0008 0.0008 without 0.0546 0.0119 0.0019 0.0013 0.0009 0.0009 without

4n  0.0137 0.0027 0.0005 0.0004 0.0003 0.0002 with 4n 0.0168 0.0037 0.0006 0.0004 0.0003 0.0003 with
0.0311 0.0061 0.0012 0.0008 0.0006 0.0006 without 0.0379 0.0083 0.0013 0.0009 0.0006 0.0006 without

5n 0.0096 0.0019 0.0004 0.0003 0.0002 0.0002 with 5n 0.0121 0.0026 0.0004 0.0003 0.0002 0.0002 with
0.0217 0.0043 0.0008 0.0006 0.0004 0.0004 without 0.0271 0.0059 0.0009 0.0006 0.0005 0.0004 without

6n 0.0091 0.0018 0.0003 0.0002 0.0002 0.0002 with 6n 0.0116 0.0025 0.0004 0.0003 0.0002 0.0002  with
0.0207 0.0041 0.0008 0.0006 0.0004 0.0004 without 0.0263 0.0058 0.0009 0.0006 0.0004 0.0004 without

> 0.6603 0.1302 0.0252 0.0178 0.0126 0.0118 with > 09239 02022 0.0323 0.0221 0.0158 0.0152 with
1.4994 0.2957 0.0574 0.0404 0.0282 0.0270 without 2.0915 0.4587 0.0715 0.0496 0.0354 0.0344 without

> 0.8579 with > 1.2115 with
1.9211 without 2.7411 without
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TABLE IX. Mutual cross section (in barns) for RHIC. Shown are contributions from different regions of excitation energies of the first and

second nuclei.

s = 130 GeV E, =(8-1000MeV  E; =(100-1000)MeV  E; =(1-10)GeV  E; =(10-100)GeV  exp(—i)
E, = (8-100) MeV 1.3075 0.5142 0.3018 0.1444 with
2.2520 0.7485 0.4242 0.2053 without
E, = (100-1000) MeV 0.5142 0.2049 0.1208 0.0592 with
0.7485 0.2488 0.1410 0.0683 without
E, = (1-10) GeV 0.3018 0.1208 0.0714 0.0353 with
0.4242 0.1410 0.0800 0.0389 without
E, = (10-100) GeV 0.1444 0.0592 0.0353 0.0182 with
0.2053 0.0683 0.0389 0.0196 without
» 2.2679 0.8994 0.5293 0.2571 with
3.6300 1.2066 0.6841 0.3321 without
3 3.9537 with
5.8528 without
RHIC Ref. [35] 3.674+0.26

measured cross section at RHIC and LHC as shown at the
bottom of each table.

Excitation functions are particularly interesting. In Fig. 10
we show the total cross section for electromagnetic excitation
as a function of ,/syy as well as the partial cross sections
into one-neutron and two-neutron final states. We get very
good agreement with the experimental data for both Super
Proton Synchrotron (SPS) and LHC. It should be noted that
we concentrate only on the neutrons evaporated from the
electromagnetically excited nuclei. We do not account for
neutrons from other hadronic processes, like the intranuclear
cascading (see, for example, Refs. [6,37]). We also neglect the
mutual excitation of nuclei by strong interactions.

In Fig. 11 we show our result for the '7Au+'"7Au —
197 Au* + 17 Aureaction at the RHIC energy ,/syy = 130 GeV
and for 2%8Pb + 29%8pb — 208pp* + 208ph reaction at the LHC
energy ./syyv = 2.76 TeV. For technical reasons different
regions [low (6-40 MeV), intermediate (40-2000 MeV),
and high (>2 GeV)] of excitation energy were calculated
separately. The dashed line represents the contribution of

single-photon excitation (diagram in Fig. 1) and the dotted line
double-photon excitation (diagram in Fig. 2). Both leading-
order and next-to-leading order contributions reflect the max-
ima present in the spectrum of the photoexcitation of Au or Pb
nuclei. The double-photon contribution is rather small. Even
at the very high collision energy the low-energy excitations are
still essential. Please note, however, the logarithmic scale for
the excitation energy axis, which emphasises the low-energy
excitation. The double-photon excitation contribution is much
smaller than the single-photon one. In addition, the highest
peak appears at the excitation energy two times larger than for
single-photon excitation, which corresponds to the excitation
of the giant dipole resonance excited on top of an already
excited one. Such processes were already discussed in the
literature (see Ref. [6] and the references therein).

V. CONCLUSION

In this paper we present a new approach for calculating the
excitation of Au and Pb nuclei in photoabsorption reactions as

TABLE X. Mutual cross section (in barns) for LHC. Shown are contributions from different regions of excitation energies of the first and

second nuclei.

Syn =276 TeV E, = (8-100) MeV E, = (100-1000) MeV E, = (1-10) GeV E, = (10-100) GeV exp(—1)

E, = (8-100) MeV 1.6252 0.7289 0.3847 0.2661 with
3.0173 1.1346 0.5661 0.3845 without

E, = (100-1000) MeV 0.7289 0.3319 0.1760 0.1219 with
1.1346 0.4267 0.2129 0.1446 without

E, = (1-10) GeV 0.3847 0.1760 0.0934 0.0648 with
0.5661 0.2129 0.1062 0.0721 without

E, = (10-100) GeV 0.2661 0.1219 0.0648 0.0203 with
0.3845 0.1446 0.0721 0.0219 without

> 3.0049 1.3587 0.7189 0.4731 with
5.1025 1.9188 0.9573 0.6231 without

> 5.5556 with
8.6017 without

ALICE, Ref. [34]

5.7 £ 0.1(stat) & 0.4(syst) = 5.7 £ 0.412
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FIG. 10. (Color online) Single Electromagnetic Dissociation (EMD) cross sections as the function of ,/syy. Left panel depicts the results
for Au nuclei (data are taken from SPS Ref. [38]; Au-Pb collision data rescaled to Au-Au case) and right panel shows the results for Pb nuclei

(data are from SPS [39] and LHC (ALICE) [34]).

well as in ultraperipheral, ultrarelativistic heavy ion collisions.
The photoabsorption cross section on Au and Pb nuclei are fit-
ted using physics-motivated multicomponent parametrization.
The giant resonances, quasideuteron, excitation of nucleon
resonances, and breakup of the nucleon mechanism are
included in the fit to the world data.

The neutron emission from the excited nuclear system is
calculated within the Hauser-Feshbach formalism. Within our
approach we get a very good description of the excitation
functions for y 4+ 7 Au and y + 2%®Pb with a fixed number of
neutrons. The excitation function is used next to calculate the

105;\\\‘(a)\ T T TTT0T T T TTTTT . Single_phOton

4 - double-photon
10° /‘\ .
= / =
[0) = E
- “‘\ n
% 102? ".‘\\ E
g F N 1
o 10F \\\ E
L F 3
3 L SN B
-8 1 g ‘va_\.b\\ g
10’% \ AN %
R mIN
10° ’ \E
10'37\\\\‘ L \\\HH‘E L \\\HH‘ L \\\HH‘ L \\\HH‘ L \\HT

1 10 102 10° 10*

E* (MeV)

do

cross sections in UPCs. Both single-photon and double-photon
excitation processes are included and discussed. We calculated
the corresponding excitation functions for single excitations.

We obtain a good agreement of the calculated total cross
section for electromagnetic excitation as well as the cross
section for one-neutron and two-neutron emissions with the
recent experimental data of PHENIX, PHOBOS, BRAHMS,
and ALICE collaborations.

The formalism presented here may be easily applied to other
exclusive ultrarelativistic heavy ion processes such as AA —
AAJ/ W, AA — AAP®, AA - AAeTe™, AA — AAu*t ™,

105;\\\‘([})\ T T TTTIT T T T 11T . Single_phOton

S P double-phot
104§ /\\ ouble-photon |
—10°L 2 VSuy =276 TeV
3%} \ :
r AN ]
S 10k NN E
é r \\ 1
= 10g N E
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3 1 \\ E
© F 3
107E N
~
102 g
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FIG. 11. (Color online) Excitation function = for electromagnetic excitation of one nucleus in single-photon (dashed) and double-photon

dE*

(dotted) exchanges in UPCs at ,/syy = 130 GeV (left panel) and /syy = 2.76 TeV (right panel).
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AA - AAnTn~,and AA - AAnt m~m+x~. This will be
discussed in our future analyses.
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