PHYSICAL REVIEW C VOLUME 53, NUMBER 5 MAY 1996

Equivalent photon approach to simultaneous excitation in heavy ion collision
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We apply the equivalent photon approximation to calculate cross sections for the simultaneous excitation of
two heavy ions in relativistic collisions. We study especially the excitation of two nuclei to atdte and
show that the equations are symmetric with respect to both ions. We also examine the limit in which the
excitation energy of one of the nuclei goes to zero, which gives the elastic case. Finally a few remarks about
the limits of this approach are mad&0556-28136)06605-9

PACS numbds): 25.75~q, 13.40-f

Recently[1] a formalism was presented that allows the —2w2C+ quZYZD
calculation of the equivalent photon spectra corresponding to Ny(w)= 2m) 22— )2 d?q, .
nuclear transitions of relativistic nucley$&1). In this way it ™ y{=q
became possible to study corrections such as the influence pfgre q is the four-momentum transfer ar@ and D are
nuclear excitations on two-photon processes. The examp@ven generally by
that was studied was one nucleus making a transition to the

@

giant dipole resonancéSDR) state, while at the same time C=—2a[|T¢%+|TM?], ©)
emitting an equivalent photon. It is the purpose of this Brief

Report to study simultaneous projectile and target excitation (—g?)? 2 A%2—q? o2 2

using the equivalent photon method. Using this method, we D= WZW[ZW >+ qu—(“' 2T |,

will see that the results derived previously by Benesh and (4)
Friar[2] can be simplified very much and the physics behind

this process is made more transparent. whereM®, T¢, andT™ are the usual Coulomb, electric, and

Throughout this report we assume that we can always ussagnetic matrix elements andqg? is determined by the ki-
the long wavelength approximation. This requires thatnematics of this process as
kR<1, wherek is the space part of the photon momentum
andR the radius of the nucleus. From this we conclude that 2 w? oA A? 2 2 2
the excitation energyA and therefore also the energy of the —d _7 + 27 + 7 L= Amin AL ®)
photonw has to be low, that isp~A<1/R.

In the equivalent photon approximatiggPA) the cross For high values ofy we can safely neglect the term propor-
section for the simultaneous excitation is expressed as tional to C compared td in EqQ. (2). The result is

2
d _ qL
0A1A2=f7wnAl(w)ayAz(w), .Y ”A(“’)_f (2m)?2(A%—qg?)2Mm?2

AZ_qZ
+ S (TR T

2|MC|2

szL . (6)

WherenAl(w) is the equivalent photon number of the inelas-
tic photon emission process, am:}Az is the cross section for

the photoabsorption process for a photon of enesgy the Using the long wavelength limit, we can write the matrix

elements in terms of thB(EJ) andB(MJ) values(see, e.g.,

rest frame of the nucleus. . . !
In [1] the equivalent photon number for the inelastic pho-E;{BI'a:‘Zilémmg that a single value df dominates, the for-

ton emission was derived neglecting the longitudinal compo-
nents of the electromagnetic field. In the limit of high ion

. (AZ_qZ)J
energy (v>1) the result is IMC|2=4M2

WQB(EJ), (7)

A% J+1 (A*—g?)’

" Electronic address: hencken@phys.washington.edu |T€|2:4M2A2—q2 RGBT ]ZaB(EJ), ®)

T Present address.

0556-2813/96/5%)/25324)/$10.00 53 2532 © 1996 The American Physical Society



53 BRIEF REPORTS

1" A

A2 O+ 1 AZ

FIG. 1. Simultaneous excitation of two iods, and A, to the
GDR. The excitation energy of each GDR is denotedAyyand
AZ'

J+1 (A%=g?)’
J [(2I+D]

|TM2=4M? >aB(MJ). 9)
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whereE; is the usual exponential integral], \ is given by
A=(INZ+1M3) Y2 and quin=A%/y?+2A 0/ y+ 0 y?
as defined in Eq(5).

An even simpler expression can be found by cutting off
the integration oveq, at 1R, whereR is approximately the
sum of the radii of the ions. Integrating and keeping only the
leading term for large values of gives the equivalent pho-
ton number

aB(E1A,) ¢ y
N(w —W, or w<vIR, (13
and the cross section
4
O-AlAZZ WB(El,Al)B(El,Az) (14)

We can see that the dependence of the cross sectiadn, on
and A, drops out. It is essentially only proportional to the
product of the correspondinB(E1) values. The limit of
largey in Eq.(12) has the form of Eq(14) with R? given by
R?=2/\%=}((r3)+(r3)). But please note that this result is
only valid for a Gaussian form factor. As discussed 1n

Similarly the cross section for the photoabsorption can bdsee, e.g., their Fig10]) n(w) is much more sensitive to the

written as follows in the narrow resonance limit:

2

o (0)= 5o (T4 [T"2) 8(w—A).  (10)
Y 2AM?2 )

detailed form of the form factor at largg than in the elastic
case due to the higher order gf in the numerator of the
integral. The cross section is also independent oflike the
elastic case where the cross section increases wit) fof
large y. It can be shown easily that Eq14) is valid if

For the photoabsorption of on-shell photons we have OfAi<y/R. As already shown earlier, it is also symmetric with

course to set alsq?=0 for the process in Eq$8) and(9).

Let us examine the simultaneous excitation of the GDR o
two nucleiA; andA,. The corresponding Feynman diagram
is shown in Fig. 1. We can view this process in two different(
ways, depending on which we consider the emitter and a
sorber of the equivalent photon. Let us assume that nucle
A, is at rest and is excited to the GDR by absorption of a

photon with energyw=A,, whereA, is the excitation en-

ergy of the GDR. This equivalent photon is emitted by the
fast moving nucleug\,, which is excited to its GDR due to

this emission.

The excitation to the 1 GDR is anE1 transition, pro-
portional toB(E1). Using this in Eq.(1), we get the cross
section as

4&2 q2d2q
oa,5,= g7 B(ELADB(ELA)) f W (11)

We see that the result is symmetric with respect to both ion

When integrating over the transverse momenta, we hav
to keep in mind that the finite size of the nucleus limits the
range ofq, . The integrand therefore has to be multiplied by

the square of the form factd?iz(qz) of both ions. Using a
Gaussian form factor for both iorg(g?) = exp(—|g?/\?) as

S.

respect to ion#\; andA,, so the role of both can be inter-
hanged. Equatiofil4) has a similar form as found if2],
ut in contrast to that work our result depends Rrand
erefore on the size of the nuclei.

b- I the Goldhaber-Teller mode]5,6] or the sum-rule
Joodel[7] the B(E1) is given by

9

t_ 1 __ - =
B(E1,0'—17,A) mh A

(15

and therefore depends on the excitation energies. This depen-
dence omMA\; andA, remains of course in the final formula.

In Fig. 2 we compare the results of the different equa-
tions. For the exact calculation we have used the Goldhaber-
Teller model for matrix element and have used a Gaussian
form factor, withx chosen to reproduce the usyaf) of the
nucleus. No further approximations are made. This is com-
pared with the results of the equivalent photon approxima-
tion of Egs.(12) and (14). We see that for not too high
gnergies we get good agreement between all three. Also
shown are the results as given by Efjl) of [2]. They agree
reasonably well with our results. Please note that our results
depend on the detailed form of the form factor at lagge
the good agreement between our three results therefore de-
pends also on the use of the same form factor in all of them.

a model for the inelastic form factor, we can evaluate the Of course the mutual excitation, as shown in Fig. 1, is not

equivalent photon number analytically as

aB(EL)[N2 ., 205,
o | 7€ qum/x—qﬁmEl(—)\“zﬂ‘ . (12

Ny(w)=

the only process leading to two excited nuclei in the final
state. There are also other ones, like the one shown in Fig. 3,
whose contribution can become more important for higher
Z, andZ, [8].
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FIG. 4. Simultaneous excitation of two ions from a1/ground
_ . state to an excited 1/2 excited state. In the limiting case of
10 1 10 100 A;—0 we recover the usual formula of the excitation due to the
y field of a magnetic dipole.

FIG. 2. Comparison of the different equations for the simulta-where we have used the simple cutoff form factor and kept
neous excitation cross section as a function of the Lorentz factodnly the leading term in the limit of— . The cross section
v. Shown are the results for C-C, C-Au, and Au-Au collisions asfor the simultaneous excitation is then given by
examples. The solid line shows the result of the exact calculation by
using the Goldhaber-Teller model and using a Gaussian form factor, Ao
the dashed line the one for the equivalent photon approximation Oaq8,~ WB(MlvAl)B(MLAz), 17
calculation using also the Gaussian form factor. The cross is the
approximation for large values of using the Cl_JtOff form factor. which again is proportiona| to the product of the two
Also shown are the results of E(L1) of [2] as circles. B(M1) values and identical in form to E¢L4). The known

result for a static magnetic moment is obtained by replacing

Let us look also at other multipolarities. Magnetitl  he B(M1) value in the limit ofA;—0 by the magnetic
transitions can be treated in a similar way. As an example Wehomenty according to

look at the case of a 1/2-1/2" excitation, as shown in Fig.

4. As initial and final states have the same quantum numbers,

this case can also be used to study the limit of elastic inter- B(M1)= EMZ- (18)
action, i.e.,A;—0. We expect to get then the equivalent

photon spectrum due to the static magnetic moment of the o, the other hand if we exchange the roles of both ions,
nucleus. The equivalent photon spectrum for the static magye have the situation where the equivalent photon spectrum
netic moment was already studied [i8,10]. Here we are ¢ the 1/2" — 1/2* transition in the fast moving nucleus,
looking at the excitation of a 1/2-1/2* transition in the (with M1 excitation energy\,) is absorbed by the static
othgr nucleus as well. The ion that emits the photon, has hagnetic moment of nucleud, (with w=A,—0). Al-
equivalent photon number though the integral over the equivalent photon spectrum
taken by itself diverges fow— 0, the product with the cor-

2

a B(M1)

Ny (0)=————>—, fore<ylR, (16)  responding photoabsorption cross sectigrhich vanishes
1 97 R S
for v—0) leads to a constant limit.
It seems interesting to study this limiting case for other
ot 1 possible transitions too, for example, for the transition

0*—07". This is a special case as the photon emission is
dominated by thgM¢|? matrix element withJ=0 and no
corresponding| T¢|? exists. Therefore the photoexcitation
cross section vanishes fd=0 and we do not expect to be
able to exchange the role of both ions.

In principle the equivalent photon approach can also be
extended to other, higher multipolarities, for example, quad-
rupole excitations. We may also study transitions with dif-
ferent multipolarities for the two ions. We have only looked

o* 1 briefly at these processes, because the cross sections will be
quite small. For the 0—2* transition, we expect the cross

FIG. 3. Higher order process leading also to the excitation ofS€ction to be proportional t8(E2)/R*. These processes
both ions to the GDR by the exchange of two photons. The contritherefore become less and less important, as the higher order
bution of this process can be dominant over the one of Fig. 1 foprocesses, as shown in Fig. 3, dominate the observed cross
large values oZ; andZ, sections, see aldd 1].
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We now discuss some of the limitations of this approachthe nuclear radiu®R—*. The other one is the range qf,
that one has to be aware of. One has to keep in mind that, iwhere the virtual photon can be replaced by a real photon.
contrast to the elastic case, the inelastic equivalent photoThis scale is normally given by the invariant mass of the
approach is more and more dominated by the large values @froduced system, which is much larger than the nuclear

q, when going to higher multipolarities. Therefore the re-scale. The only exceptions are té-e~ production and to a
sults are much more sensitive to the detailed form of themgaler extent the.* -1~ production.

form factors of both ions than in the elastic case. The equiva-

lent photon spectrum is therefore no longer a property of the

emitting nucleus alone, but of the absorbing nucleus as well. This work was partially supported by the Swiss National

This should become more and more important as the multiScience FoundatiolSNFP and the “Freiwillige Akade-

polarity is increased. mische Gesellschaft(FAG) of the University of Basel. One
In the case of the photon-photon collisions, as studied ibf us (K.H.) would like to thank them for their financial

[1], these limitations are less important, because we have tWeupport. We would like to thank also G. Bertsch for the
distinct transverse momentum scales; one scale is the limit Qfitical reading of the manuscript.

the g of the emitted photon. This is given by the inverse of
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