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Meson-induced correlations of nucleons in nuclear Compton scattering

M.-Th. Hütt* and A. I. Milstein†

Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
~Received 24 June 1997!

The nonresonant~seagull! contribution to the nuclear Compton amplitude at low energies is strongly influ-
enced by nucleon correlations arising from meson exchange. We study this problem in a modified Fermi gas
model, where nuclear correlation functions are obtained with the help of perturbation theory. The dependence
of the mesonic seagull amplitude on the nuclear radius is investigated and the influence of a realistic nuclear
density on this amplitude is discussed. We found that different form factors appear for the static part~propor-
tional to the enhancement constantk) of the mesonic seagull amplitude and for the parts, which contain the
contribution from electromagnetic polarizabilities.@S0556-2813~98!01601-X#

PACS number~s!: 13.60.Fz, 14.20.Dh, 21.30.Fe, 24.10.2i
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I. INTRODUCTION

Nuclear Compton scattering below pion threshold is s
sitive to low-energy nucleon parameters~e.g., electromag-
netic polarizabilities! as well as nucleon correlations insid
the nucleus. At present no quantitative consistent descrip
for all parts of the nuclear Compton amplitude below pi
threshold exists. Therefore, phenomenological models h
been developed for the different contributions and in the
few years several important pieces of information have b
extracted from the experimental data. At low energies
relative strengths of electromagnetic multipoles were a
lyzed @1–4# for comparison with predictions from multipol
sum rules. The interesting question, whether the electrom
netic polarizabilities of the nucleon inside the nucleus ess
tially differ from those of the free nucleon, has been the
retically addressed@5–8# and experimentally studied with
reasonable accuracy@3,9,10#.

In @7# it was suggested to write the total nuclear Comp
amplitudeTA as a sum of three contributions provided
different physical mechanisms~see also@11,12#!: the collec-
tive nuclear excitations~giant resonances! RGR(v,u), the
scattering by quasideuteron clustersRQD(v,u), and the so-
called seagull amplitudeS(v,u), wherev is the photon en-
ergy andu is the scattering angle. The physical backgrou
of this separation is the following: Via the optical theore
and a subtracted dispersion relation the scattering ampli
in the forward direction is determined up to an additive co
stant by the total photoabsorption cross section. This c
section contains resonant structures, which at different e
gies correspond to different excitation mechanisms. At l
energies~up to 30 MeV! absorption is dominated by gian
resonances, which can be classified due to their electrom
netic multipolarity. At higher energies, but still below pio
threshold the photon is mainly absorbed by two-nucle
clusters, which is known as the quasideuteron mechanis

The seagull amplitudeS, which has no imaginary par
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below pion threshold, contains contributions from two fu
damentally different physical sources, the scattering on in
vidual nucleons inside the nucleus@N(v,u)# and the scat-
tering on correlated nucleon pairs@M(v,u)#. Such
correlations occur as a result of the nucleon-nucleon inte
tion, which can be well described in terms of meson e
change between the nucleons. Meson exchange leads to
cific observable phenomena in Compton scattering. B
known is the modification of the Thomas-Reiche-Ku
~TRK! sum rule @13#, i.e., the appearance of the so-call
enhancement constantk. Also, meson exchange currents c
imitate a modification of the nucleon polarizabilities@14,8#.
This contribution, coming from the polarizabilities of a co
related nucleon pair, has to be subtracted in order to sin
out a change of the bound nucleon’s polarizabilities from
free values. The effect of meson exchange currents on
different electromagnetic properties of nuclei is thorough
discussed in, e.g.,@15–18#. A wide variety of model calcu-
lations has been carried out for the enhancement constak
as well as for the different contributions tok, which are
theoretically or experimentally accessible@19–21#, see also
@11#. Parts ofk could be related to parameters of Ferm
liquid theory and to the notion of quasiparticle masses@22#.
A compilation of results can be found in@17#. The contribu-
tions to k have also been studied in a diagrammatic fo
@5,23#, similar to the approach considered here.

At low energies the dependence of the amplitudeM on
momentum transferD5k22k1 is determined by the distri-
bution of nucleon pairs inside the nucleus. Herek1 and k2
are the momenta of the incoming and outgoing photons,
spectively. In the case of heavy nuclei the scale of nucle
correlations is essentially smaller than the nuclear radiusR.
Thus, one can expect that theD dependence ofM is similar
to the nuclear charge form factorF1(D). However, experi-
mental data clearly indicate@24,25,2# that thisD dependence
cannot fully be identified with the form factorF1. In @26,27#
it was suggested to use for the amplitudeM another form
factor F2 instead of F1. It has been proposed to app
F2(D)5F1

2(D/2), which corresponds to the distribution o
uncorrelated nucleon pairs@18,4#. A first attempt to quanti-
tatively discuss the functionF2 within a model calculation
has been made in@28#.
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306 57M.-TH. HÜTT AND A. I. MILSTEIN
In @8# the amplitudeM was considered within a modifie
Fermi gas model, in which the deviation of the nucleon wa
functions from plane waves was taken into account in a p
turbative way. It was shown thatM is given by the convo-
lution of a two-body spin-isospin correlation function wi
matrix elements corresponding to the amputated irreduc
Feynman diagrams for meson exchange. If the nuclear ra
tends to infinity the correlation function becomes prop
tional to the form factorF1.

Among the current experimental data for various nuc
contradictions at large angles occur@9,29,3#. As any modifi-
cation of the energy-dependent part of the mesonic sea
amplitude essentially modifies the angular dependence,
liable calculation ofM may help to clarify this situation
Therefore, a thorough discussion of the effect of fin
nuclear size, as well as of a realistic nuclear density is hig
due. The present article is devoted to this problem.

II. LOW-ENERGY BEHAVIOR
OF THE NUCLEAR COMPTON AMPLITUDE

Experimentally, the total photoabsorption cross sect
sgA(v) below pion threshold can be separated into a gi
resonance~GR! part and a quasideuteron~QD! part:

sgA~v!5sGR~v!1sQD~v!, v,m,

wherem is the pion mass. This serves as a means of ide
fying the resonance parts of the scattering amplitudeRGR and
RQD as

Re@RGR~v,0!2RGR~0,0!#5
v2

2p2
PE

0

`sGR~v8!dv8

v22v82

~1!

and

ImRGR~v,0!5
v

4p
sGR~v!. ~2!

The same is valid forRQD. In Eq.~1! P denotes the principa
value of the integral. The seagull amplitudeS has an imagi-
nary part only above pion threshold. In this approach
amplitudesRGR andRQD are connected with observable co
tributions to the photoabsorption cross section. In this se
they are not model dependent.

In addition to the fulfillment of a dispersion relation, th
main constraint on the nuclear Compton amplitude is
low-energy theorem. It states that the Compton scatte
amplitude atv50 is equal to the~coherent! Thomson limit

TA~0,u!52e1•e2

Z2e2

AM
. ~3!

Heree1 ande2 are the polarization vectors of the incomin
and outgoing photons, respectively,M is the nucleon mass
ande is the proton charge withe251/137. The quantitiesA
andZ are the nuclear mass number and proton number
spectively. We define the giant resonance partkGR of the
enhancement constantk via the following relation
e
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2p2E0

`

sGR~v!dv5
NZ

A

e2

M
~11kGR!. ~4!

Then, taking into account the fact thatRGR(`,0)50, one
obtains the low-energy limit of the giant resonance part
the Compton amplitude from the dispersion relation~1!:

RGR~0,u!5e1•e2

e2

M

ZN

A
~11kGR!. ~5!

Similarly, we write

1

2p2E0

`

sQD~v!dv5
NZ

A

e2

M
kQD. ~6!

for the quasideuteron amplitude, which leads to the relat

RQD~0,u!5e1•e2

e2

M

ZN

A
kQD. ~7!

From Eq.~3!, together with Eqs.~5! and ~7!, one obtains

S~0,u!52e1•e2

Ze2

M S 11
N

A
k D ~8!

for the low-energy limit of the seagull amplitude, whe
k5kGR1kQD. The first term in brackets in Eq.~8! is the
low-energy limit of the so-called kinetic seagull amplitud
which corresponds to the scattering by individual nucleo
The term in Eq.~8! proportional tok is the low-energy limit
of the mesonic seagull amplitudeM. Note that our notations
for the seagull amplitude differ slightly from@7#.

In addition to the static limit~8!, it is necessary to take
into account the corrections proportional tov2. At v andu
not equal to zero the seagull amplitude depends on two
ferent variables: (v/m)2 and (DR)2. Below pion threshold it
is possible to expand with respect to the first variable, but
with respect to the second one. The dependence on (DR)2

can be expressed in terms of form factors. One then arrive
the usual representation~see, e.g.,@9,7#! of the seagull am-
plitude:

S~v,u!52
Ze2

M
e1•e2S F1~D!1k

N

A
F2~D! D

1Av2@ āNF1~D!1daF2~D!#e1•e2

1A@ b̄NF1~D!1dbF2~D!#~e13k1!•~e23k2!,

~9!

where āN5(Zā p1Nān)/A is the average electric an
b̄N5(Zb̄ p1Nb̄n)/A is the average magnetic polarizabilit
of the individual nucleon. The quantitiesda anddb are the
contribution of correlated nucleon pairs to the total elect
and magnetic polarizability, respectively. In Eq.~9! the D
dependence of the seagull amplitude is contained in the o
nucleon form factorF1 and the two-nucleon form factorF2.
The functionF1 can be identified with the experimentall
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57 307MESON-INDUCED CORRELATIONS OF NUCLEONS IN . . .
accessible nuclear charge form factor, while for the funct
F2 phenomenological descriptions have to be made. In@8# it
was shown that in the limitR@1/m, where againm denotes
the pion mass, one hasF25F1. Also it was shown that the
approximation ~9!, where only terms up toO(v2) were
taken into account, reproduces with good accuracy the
ergy dependence up to 100 MeV. For a finitemR some dif-
ference betweenF2 and F1 appears. Strictly speaking, th
form factors fork, da, anddb in Eq. ~9! also differ from
each other. In the next two sections we study the effec
finite nuclear size onk, da, anddb, as well as the modifi-
cation of form factors with the use of a two-nucleon sp
isospin correlation function. For simplicity we consider sym
metric nuclei,N5Z5A/2.

III. NUCLEON CORRELATIONS
AND MESONIC SEAGULL AMPLITUDE

The mesonic seagull amplitudeM has first been studied
by Friar @14#. It can be written in the following form
@5,23,8#:

M5E dQ

~2p!3
F i j ~Q!Ti j ~Q!. ~10!

The amplitudeTi j is determined by amputated diagram
which contain only the nucleon vertices, but not its wa
functions. The diagrams corresponding to the contribut
T(p)

i j of p-meson exchange toTi j are shown in Fig. 1. The
explicit form of T(p)

i j is given in @8#, Eq. ~8!. It is also nec-
essary to take into accountr-meson exchange. This will b
done following the prescription of@21#. The correlatorF i j

entering into Eq.~10! has the following general form:

F i j 5 (
aÞb

^0uta
~2 !tb

~1 !sa
i sb

j eiQ•~xb2xa!e2 i D•~xa1xb!/2u0&.

~11!

Here the summation with respect toa and b is performed
over all nucleons,ta

(6)5(ta
16 i ta

2)/2 are the isospin raising
and lowering operators, whilesa

i /2 denotes thei th compo-
nent of the spin operator for theath nucleon. For the case o
a pure Fermi gas model the correlation function is given

FIG. 1. Typical diagrams contributing toT(p)
i j . The wavy lines

denote photons and dashed lines denote pions. The amputatio
dicates thatTi j contains only the nucleon vertices, but not its wa
functions.
n

n-

f

-
-

,

n

y

F 0
i j 522d i j E dp1dp2

~2p!6

3E dx1dx2e2 i ~x11x2!D/2ei ~x12x2!~p12Q2p2!. ~12!

The range of integration for the nucleon momentap1 andp2
is the sphere with Fermi momentumpF as a radius, while the
integration with respect tox1 and x2 is performed over the
nuclear volumeV. Fermi momentumpF and nuclear volume
V are related viapF

3V53p2Z. Taking the integral with re-
spect top1 andp2 we obtain

F 0
i j 5d i j E dx1dx2e2 i ~x11x2!D/2e2 i ~x12x2!QgC

~0!~x12x2!,

~13!

where

gC
~0!~r!522S pF

3

6p3D 2

F2~pFr!, ~14!

F~x!5
3

x2S sin x

x
2cosxD .

Thus, in a pure Fermi gas model the correlator is prop
tional tod i j , i.e., only central correlations appear. Howev
it is well-known that tensor correlations strongly influen
the parameters of the mesonic seagull amplitudeM. For
instance, tensor correlations give the biggest contribution
the value of the enhancement constantk @16#. In order to
obtain a quantitative description of the effect of tensor c
relations, a modified Fermi gas model was considered in@8#,
where a correlation function was obtained in a perturbat
way by evaluating three-nucleon diagrams and additio
two-nucleon diagrams. We represent the correlation fu
tion, Eq. ~11!, in the following form:

F i j 5E dx1dx2e2 i D•~x11x2!/2e2 iQ•~x12x2!@gC~x12x2!d i j

1gT~x12x2!t i j #, ~15!

where

t i j 5
3QiQj

Q2
2d i j . ~16!

In Eq. ~15! the functionsgC andgT describe the central an
tensor correlations of two nucleons, while the exponen
function depending onD is responsible for the distribution o
such nucleon pairs inside the nucleus. The functionsgC and
gT are related to momentum space correlation functionsFC
andFT obtained in@8# via

gC,T~r!5
1

VE dQ

~2p!3
FC,T~Q!ei r•Q. ~17!

Note that in the calculation ofFC andFT the contribution
from r-meson exchange has been taken into account. N

in-
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we expandT(p)
i j in Eq. ~10! with respect tok1 andk2 up to

O(v2), pass to variablesr5x22x1 and j5(x11x2)/2.
Then, taking the integral with respect toQ and the angles o
r andj we obtain

M5
Ae2

4M H F1~D!e1•e21
v2

m2
F2~D!e1•e2

1
1

m2
F3~D!~e13k1!•~e23k2!J , ~18!

where

F i5
2M f 2

3mp2
~2RpF!3E

0

1

dx@Gi
C~r1! g̃C~r2!

1Gi
T~r1! g̃T~r2!#x2e2r1S E

0

12x

djj
sin jRD

RD

1E
12x

A12x2

dj
sin jRD

RD

12x22j2

2x D , ~19!

with f being the pion-nucleon coupling constan
f 2/4p50.08. In Eq.~19! the following abbreviations have
been used:

g̃C,T~r2!5
1

2S 6p2

pF
3 D 2

gC,T~r2 /pF!, r152Rmx,

r252RpFx.

The functionsGi
C,T are of the form

G1
C~r1!5r1 , G1

T~r1!5
2r1

2212

r1
,

G2
C~r1!5

150130r12r1
3

60
, G2

T~r1!5
24112r12r1

3

30
,

G3
C~r1!5

3221r112r1
2

12
, G3

T~r1!5
2r1

223r1215

6
.

The integral with respect toj in Eq. ~19! can easily be taken
analytically, but we represent the result in this form for t
sake of brevity. By comparing Eq.~18! with the correspond-
ing terms in Eq.~9! one sees that the parameters appearin
the mesonic seagull amplitude are given by the functi
F i(D) at D50:

k52F1~0!, da5
e2

4Mm2
F2~0!, db5

e2

4Mm2
F3~0!.

~20!

It is evident from Eq.~19! that three different form factors
in
s

F2
~ i !~D!5

F i~D!

F i~0!
~21!

appear instead of onlyF2. In the case of the magnetic pola
izability db the contribution of theD-isobar excitation to
the mesonic seagull amplitude should also be taken into
count@30,8#. In our notation this corresponds to an addition
contribution to the functionF3, which is of the following
form:

dF35
8M f D f gND f ~2RpF!3

81~MD2M !p2 E
0

1

dx@GD
C~r1! g̃C~r2!

1GD
T~r1! g̃T~r2!#x2e2r1S E

0

12x

djj
sin jRD

RD

1E
12x

A12x2

dj
sin jRD

RD

12x22j2

2x D , ~22!

FIG. 2. Normalized correlation functionsg̃C ~dashed curve! and
g̃T ~full curve! as a function ofy5rpF . For comparison the nor-
malized correlation function for a pure Fermi gas model@cf. Eq.
~14!# is shown~dotted curve!.

FIG. 3. Dependence of enhancement constantk on proton num-
ber Z. The dashed curve corresponds to the pionic tensor contr
tion kT

p , the dotted curve includes also the central contributionkC
p

and the dash-dotted curve gives the totalk, including the contribu-
tion from r-meson exchange. The realistic-density resultk (rd) for
the full enhancement constant@cf. Eq. ~23!# is shown as a full
curve.
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57 309MESON-INDUCED CORRELATIONS OF NUCLEONS IN . . .
whereMD is theD-isobar mass and

GD
C~r1!5

6212r1

r1
, GD

T~r1!5
1226r1

r1
.

The coupling constants appearing in Eq.~22! are taken to be
f D52 f and f gND50.35.

Up to now we have considered a constant nucleon den
n05pF

3/3p2 inside the nucleus, which is normalized
n0V5Z. Using a local-density approximation we will exten
our consideration to realistic nuclear densitiesn(r ). With the
help of the usual plane-wave expansion via Legendre p
nomialsPl(x) we obtain

F i
~rd !5

64pM f 2

3mZ E
0

`

dxx2e22mxE
x

`

drr 2n2~r !

3$Gi
C~2xm! g̃C@2xp~r !#1Gi

T~2xm! g̃T@2xp~r !#%

3(
l 50

`

j l~rD! j l~xD!@Pl 21~x/r !2Pl 11~x/r !#, ~23!

FIG. 4. Pion-exchange contribution to electric polarizabilityda
as a function ofZ. The dashed curve corresponds to the cen
contribution daC and the dotted curve gives the totalda5daC

1daT . The use of a realistic density leads to the full curve.

FIG. 5. Pion-exchange contribution to magnetic polarizabi
db as a function ofZ. The dashed curve corresponds to the cen
contributiondbC and the dotted curve gives the sumdbC1dbT .
Adding the contribution of theD-isobar excitation as given in Eq
~22! leads to the total value ofdb given as the dash-dotted curv
The use of a realistic density leads to the full curve.
ity

y-

wherep(r )5@3p2n(r )#1/3 is the local Fermi momentum.
Equations~18!–~23! form the starting point of our nu-

merical investigation of the mesonic seagull amplitude.

IV. NUMERICAL RESULTS

The dependence of the normalized correlation functio
g̃C and g̃T on distance in units of 1/pF is shown in Fig. 2.
For comparison, the pure Fermi gas prediction, Eq.~14!, for
g̃C is also shown. At distances below 0.8 fm the differen
between this zero-order approximation and the resultg̃C of
our model becomes most significant. For finite-size~as op-
posed to pointlike! nucleons one may expect that any corr
lation function vanishes at distance equal to zero. Howe
we checked numerically that the absence of this behavio
our model has only a very small influence~less than eight
per cent! on the explicit values fork, da, anddb. Note that
due to the use of either the Fermi gas model or a local d
sity approximation the accuracy of our results decreases
decreasingZ.

In order to account for the contribution ofr-meson ex-
change toTi j we follow the prescription of@21# and make
the substitutionf 2→2 f̃ r

2 for the central part of each quantit
and f 2→2 f̃ r

2 for the tensor part. The pion massm is sub-
stituted in all cases by ther-meson massmr . We usedf̃ r

25

l

l

FIG. 6. Form factorsF2
( i )(D) for A/25104. The dashed curve i

F2
(1) and the full curve isF2

(2) . For comparison the~experimental!
charge form factorF1 is also shown~dash-dotted curve!, as well as
the functionF1

2(D/2) ~dotted curve!.

FIG. 7. Same as Fig. 6, but forA/2520.
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310 57M.-TH. HÜTT AND A. I. MILSTEIN
0.4f r
2 and f r

2/4p54.86. In accordance with@21,31# the coef-
ficient 0.4 approximates the influence of short-range rep
sive correlations due to the exchange ofv mesons.

We now pass to the discussion of our numerical res
for the different contributions tok. Note that, as it was ar
gued in@19# and is also discussed in@17#, the main contri-
bution tokGR comes from central correlations, whilekQD is
mainly determined by tensor correlations. In the pure Fe
gas model, wheregC5 gC

(0) andgT50, the contribution tok
from pion exchangekp is approximately equal to the
r-meson contributionkr. For nuclear matter~infinite nuclear
radius! one haskp5kr50.2, which is in agreement with
variety of model calculations, e.g.,@21,19,20#. For finite nu-
clei, again in the pure Fermi gas, the value forkp decreases
slightly with decreasingZ, whereaskr remains the same
With inclusion of the full correlation functionsgC and gT
from Fig. 2 the situation fork changes drastically. Now th
main contribution tok comes from tensor correlations re
lated with pion exchange. The pionic central contribution
still of the same order as before, whilekC

r becomes negli-
gible. The only significant contribution fromr-meson ex-
change is now due to tensor correlations and has a neg
value. All these relations between the different ingredient
k remain valid, when realistic nuclear densities are cons
ered. In Fig. 3 the different contributions tok are shown as a
function of Z for the modified Fermi gas model. Th
realistic-density resultk (rd), which is obtained from Eq.~23!,
is also shown in Fig. 3. For the densitiesn(r ) we used a
three-parameter Fermi parametrization with values for
different nuclei taken from@32#.

In the case of electric and magnetic polarizabilitiesda
and db the contributions fromr-meson exchange are su
pressed by a factor ofm2/mr

2 in comparision with the pion
contributions and, therefore, are negligible. The values ofda
anddb are determined mainly by pionic central correlation
as can be seen in Figs. 4 and 5. In the case ofdb the inclu-
sion of theD-isobar intermediate state produces a notica
effect ~cf. Fig. 5!. In this contribution the values due to ce
tral and tensor correlations are of the same order. Note
k, da, anddb get close to their asymptotic~nuclear matter!
values calculated in@8# only at extremely highZ. The size of
both,da anddb becomes noticably smaller, when a realis
density is taken into account. This effect gains importan

FIG. 8. Same as Fig. 6, but forA/256.
l-

ts

i

s

ive
o
-

e

,

e

at

e

with decreasingZ. The ratio of central and tensor contribu
tions toda is approximately the same for a realistic dens
as in a modified Fermi gas model. Fordb the influence of
tensor correlations in the realistic-density case is sligh
stronger than for homogeneous nuclear density.

We consider now the dependence of the mesonic sea
amplitudeM on momentum transferD, which is determined
by the form factorsF2

( i )(D) @cf. Eq. ~21!#. In order to cover a
wide range ofZ, results for the form factors will be given fo
lead (A/25104!, calcium (A/2520!, and carbon (A/256!.
Our results indicate thatF2

(2) for the term proportional toda
and F2

(3) ~for db) are equal with high accuracy, but diffe
significantly from the form factorF2

(1) for the term contain-
ing k. All three functionsF2

( i ) differ noticably fromF1. Fig-
ures 6, 7, and 8 show the corresponding curves for le
calcium, and carbon, respectively, for the case of a reali
density. One can see that the frequently used phenom
logical approximationF2(D)5F1

2(D/2), which is also shown
in Figs. 6–8, is not in agreement with theD dependence of
the amplitudeM obtained here. For very smallD it is con-
venient to represent the form factors asF2

( i )512D2r i
2/6.

Then, for the case of carbon we haver 151.9 fm, r 251.4 fm.
For calcium we findr 153.0 fm andr 252.5 fm. For lead the
corresponding values arer 155.0 fm andr 254.7 fm. In the
case of lead, the result from@28# coincides within good ac-
curacy with the form factorF2

(2) shown in Fig. 6.
In Fig. 9 the form factors obtained for a homogeneo

nuclear density are compared with those for a realistic d
sity in the case of calcium.

V. CONCLUSION

In the frame of our model we demonstrated that cen
and tensor correlations have a strong influence on the pa
eters appearing in the mesonic seagull amplitude. Our ca
lation is based on correlation functions obtained with t
help of perturbation theory. Therefore, our predictions m
still be influenced by higher-order effects in the correlati
functions. However, we suppose that our model descri

FIG. 9. Comparison of form factorsF2
( i )(D) for the realistic-

density approach with those for a homogeneous nuclear den
The dashed~dotted! curve isF2

(1) for realistic ~homogeneous! den-
sity, while the dash-dotted~full ! curve corresponds toF2

(2) for real-
istic ~homogeneous! density.
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correctly the role of mesonic effects in low-energy nucle
Compton scattering.

The values of the parametersk, da, and db for finite
nuclear size differ essentially from those obtained for infin
nuclear matter. Our calculation indicates the necessity of
plying two different exchange form factors. WhileF2

(1) en-
tersM at the term proportional tok, the form factorF2

(2) is
related with the terms containing the electromagnetic po
izability modificationsda anddb.
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cl
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