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Meson-induced correlations of nucleons in nuclear Compton scattering

M.-Th. Hitt* and A. 1. Milsteirf
Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia
(Received 24 June 1997

The nonresonar(seagul) 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 statjprqzot-
tional to the enhancement constast of the mesonic seagull amplitude and for the parts, which contain the
contribution from electromagnetic polarizabiliti§$0556-28188)01601-X

PACS numbgs): 13.60.Fz, 14.20.Dh, 21.30.Fe, 24.20.

I. INTRODUCTION below pion threshold, contains contributions from two fun-
damentally different physical sources, the scattering on indi-
Nuclear Compton scattering below pion threshold is senvidual nucleons inside the nucle{id/{w,6)] and the scat-
sitive to low-energy nucleon parametesg., electromag- tering on correlated nucleon pairfM(w,6)]. Such
netic polarizabilitie as well as nucleon correlations inside correlations occur as a result of the nucleon-nucleon interac-
the nucleus. At present no quantitative consistent descriptiofion, which can be well described in terms of meson ex-
for all parts of the nuclear Compton amplitude below pionchange between the nucleons. Meson exchange leads to spe-
threshold exists. Therefore, phenomenological models havgfic observable phenomena in Compton scattering. Best
been developed for the different contributions and in the lasknown is the modification of the Thomas-Reiche-Kuhn
few years several important pieces of information have beeprry) sum rule[13], i.e., the appearance of the so-called

extracted from the experimental data. At low energies the,nancement constart Also, meson exchange currents can
relative strengths of electromagnetic multipoles were anag, e 5 modification of the nucleon polarizabilitigks4, 8.

This contribution, coming from the polarizabilities of a cor-

netic polarizabilities of the nucleon inside the nucleus essenq—eu”‘ted nucleon pair, has to be subtracted in order to single

tially differ from those of the free nucleon, has been theo-out @ change of the bound nucleon’s polarizabilities from its

retically addressed5—8] and experimentally studied with frge values. The effect.of meson exchange .c.urrents on the
reasonable accurad®,9,10. different electromagnetic properties of nuclei is thoroughly

In [7] it was suggested to write the total nuclear Comptordiscussed in, e.g[15-18. A wide variety of model calcu-
amplitude T, as a sum of three contributions provided by lations has been carried out for the enhancement constant
different physical mechanismsee alsq11,12): the collec- as Wwell as for the different contributions te, which are
tive nuclear excitationggiant resonancgsRgr(w,6), the  theoretically or experimentally accessifte9—-21, see also
scattering by quasideuteron clust®gp(w, ), and the so- [.11]_. Parts ofk could be r_elated to parameters of Fermi
called seagull amplitud&(w, 8), wherew is the photon en-  liquid theory and to the notion of quasiparticle masiss.
ergy andé is the scattering angle. The physical background® compilation of results can be found ji7]. The contribu-
of this separation is the following: Via the optical theoremtions to x have also been studied in a diagrammatic form
and a subtracted dispersion relation the scattering amplitud®,23], similar to the approach considered here.
in the forward direction is determined up to an additive con- At low energies the dependence of the amplitueieon
stant by the total photoabsorption cross section. This crosgomentum transfeA=k,—k; is determined by the distri-
section contains resonant structures, which at different enepution of nucleon pairs inside the nucleus. Hereand k;
gies correspond to different excitation mechanisms. At loware the momenta of the incoming and outgoing photons, re-
energies(up to 30 Me\j absorption is dominated by giant Spectively. In the case of heavy nuclei the scale of nucleon
resonances, which can be classified due to their electromagorrelations is essentially smaller than the nuclear ragius
netic multipolarity. At higher energies, but still below pion Thus, one can expect that tAedependence aM is similar
threshold the photon is mainly absorbed by two-nucleorfo the nuclear charge form factér;(A). However, experi-
clusters, which is known as the quasideuteron mechanism.mental data clearly indica{@€4,25,7 that thisA dependence

The seagull amplitudéS, which has no imaginary part cannot fully be identified with the form factd,. In [26,27]

it was suggested to use for the amplitudl¢ another form
factor F, instead ofF,. It has been proposed to apply
*Permanent address: Il. Physikalisches Institut der Uni\'/'ersitan(A)ZFi(A/Z), which corresponds to the distribution of
Gattingen, Bunsenstr. 7-9, D-37073 "@ogen, Germany. Elec- uncorrelated nucleon paif48,4]. A first attempt to quanti-
tronic address: huett@up200.dnet.gwdg.de tatively discuss the functiofr, within a model calculation
TElectronic address: milstein@inp.nsk.su has been made ir28].
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In [8] the amplitudeM was considered within a modified 1 (e e?
Fermi gas model, in which the deviation of the nucleon wave _2f ogr(w)dw= n M(1+ KGR)- (4
functions from plane waves was taken into account in a per- 2m°Jo
turbative way. It was shown that1 is given by the convo- . B
lution of a two-body spin-isospin correlation function with Ther_1, taking into account _the fact t.h%R(OO'O)_O' one
btains the low-energy limit of the giant resonance part of

matrix elements corresponding to the amputated irreducibllfge Compton amplitude from the dispersion relatiajn
Feynman diagrams for meson exchange. If the nuclear radi P piitu ISpersi

tends to infinity the correlation function becomes propor-
tional to the form factorF;.

Among the current experimental data for various nuclei
contradictions at large angles ocd9;29,3. As any modifi-
cation of the energy-dependent part of the mesonic seaguflimilarly, we write
amplitude essentially modifies the angular dependence, a re-
liable calculation of M may help to clarify this situation. 1 (= NZ e2
Thereforg, a thorough dlscus§|on of the effec.t o_f f|_n|te _2J’ O'QD(w)da)ZTmKQD. (6)
nuclear size, as well as of a realistic nuclear density is highly 2m°J0
due. The present article is devoted to this problem.

e’ ZN
RGR(O,Q):Gl'fzm T(lﬂL KGR)- 5

for the quasideuteron amplitude, which leads to the relation

Il. LOW-ENERGY BEHAVIOR

2
OF THE NUCLEAR COMPTON AMPLITUDE RQD(OvG):Gl' e” zN

€23 A <o @
Experimentally, the total photoabsorption cross section

o,a(w) below pion threshold can be separated into a giantrom Eqg.(3), together with Eqs(5) and(7), one obtains

resonancéGR) part and a quasideuter@@D) part:

e/ N
O'YA((’)):O'GR((O)"FO'QD((D), o<m, S(O,H)=—€1-62V(l+ KK (8)

wherem is the pion mass. This serves as a means of identifor the low-energy limit of the seagull amplitude, where
fying the resonance parts of the scattering amplifRdgand = xgx+ kop- The first term in brackets in Ed8) is the

Raqp as low-energy limit of the so-called kinetic seagull amplitude,
which corresponds to the scattering by individual nucleons.
w? »ger(w’)do’ The term in Eq(8) proportional tox is the low-energy limit
RE Rer(@,0) ~Rer(0,0]= 2_772 Pfo T w— w2 of the mesonic seagull amplitude(. Note that our notations

(1) for the seagull amplitude differ slightly frofv].
In addition to the static limi{(8), it is necessary to take
into account the corrections proportional@d. At » and 6
not equal to zero the seagull amplitude depends on two dif-
© ferent variables: ¢/m)? and (AR)2. Below pion threshold it
IMRgr(w,0)= —ogr(w). (2)  is possible to expand with respect to the first variable, but not
4m with respect to the second one. The dependenceAdR){
can be expressed in terms of form factors. One then arrives at

The same is valid foRqp . In Eq. (1) P denotes the principal 6 sual representatiasee, e.g.[9,7]) of the seagull am-
value of the integral. The seagull amplituBéhas an imagi- plitude:

nary part only above pion threshold. In this approach the
amplitudesRgr andRqp are connected with observable con- 7 N
tributions to the photoabsorption cross section. In this senseg, )= — ~¢, . ¢,| F,(A)+ KKFz(A)

and

they are not model dependent. M
In addition to the fulfillment of a dispersion relation, the _
main constraint on the nuclear Compton amplitude is the +Aw’ anFi(A)+daF(A)]€ - €
low-energy theorem. It states that the Compton scattering _
amplitude atw=0 is equal to thécoherent Thomson limit TA[BNF1(A) + BF2(A)](€1XK1) - (€2Xk3),
7262 9
Tal0.6)=~ €1 &5y @ where ay=(Za,+Na,)/A is the average electric and

Bn=(ZB,+NB,)/A is the average magnetic polarizability
Here e; ande, are the polarization vectors of the incoming of the individual nucleon. The quantitiex and 68 are the
and outgoing photons, respectiveM, is the nucleon mass, contribution of correlated nucleon pairs to the total electric
ande is the proton charge wite?=1/137. The quantitieA  and magnetic polarizability, respectively. In E@) the A
andZ are the nuclear mass number and proton number, redependence of the seagull amplitude is contained in the one-
spectively. We define the giant resonance patg of the  nucleon form factoiF; and the two-nucleon form factd,.
enhancement constartvia the following relation The functionF; can be identified with the experimentally
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dp1dp,
(2m)®

]—"8=—26”J

Xj XmdXZe_i(Xl+XZ)A/Zei(Xl_X2)<p1_Q_pz)_ (12)

The range of integration for the nucleon momepaandp,
is the sphere with Fermi momentupg as a radius, while the
integration with respect ta; andx, is performed over the
nuclear volume/. Fermi momentunpg and nuclear volume
V are related viap,3:V=37722. Taking the integral with re-
spect top; andp, we obtain

FIG. 1. Typical diagrams contributing f5(,, . The wavy lines
dgnote photons anq dashed lines denote pions. The amputation in-z Il = 5 Ilf dxldxze_l(xl+X2)Alze_I(Xl_XZ)Qg(CO)(Xl—X2),
dicates thafl! contains only the nucleon vertices, but not its wave
functions. (13
accessible nuclear charge form factor, while for the functionWhere
F, phenomenological descriptions have to be madé8]rit 3\2
was shown that in the limiR>1/m, where agairm denotes ggﬁ(p): _2<£) F2(pep), (14)
the pion mass, one hds,=F;. Also it was shown that the 63
approximation (9), where only terms up td(w?) were
taken into account, reproduces with good accuracy the en- 3/sinx )
—— —COSX|.

X

ergy dependence up to 100 MeV. For a finitdR some dif- F(x)= Z
ference betweefr, and F; appears. Strictly speaking, the

form factors forx, da, and 5B in Eq. (9) also differ from  1hys in a pure Fermi gas model the correlator is propor-
each other. In the next two sections we study the effect ofiona| to 5 i, i.e., only central correlations appear. However,
finite nuclear size orx, o, and 5, as well as the modifi- j; is well-known that tensor correlations strongly influence
cation of form factors with the use of a two-nucleon spin-ne parameters of the mesonic seagull amplitude For
isospin correlation function. For simplicity we consider sym-jnstance. tensor correlations give the biggest contribution to

metric nuclei,N=2=A/2. the value of the enhancement constanf16]. In order to
obtain a quantitative description of the effect of tensor cor-

Ill. NUCLEON CORRELATIONS relations, a modified Fermi gas model was considerd@Jin
AND MESONIC SEAGULL AMPLITUDE where a correlation function was obtained in a perturbative

way by evaluating three-nucleon diagrams and additional
two-nucleon diagrams. We represent the correlation func-
tion, Eq.(12), in the following form:

The mesonic seagull amplitudet has first been studied
by Friar [14]. It can be written in the following form

[5,23,8:

daQ . f”=J dx,dx,e 1A 1T X22e 1R Ca =) g (x; — %) 6 1)

M= 2 )3]:”(Q)Tij(Q)- (10)
7T .s
+0r(X = x2)t"], (19

The amplitudeT;; is determined by amputated diagrams,Wh .
which contain only the nucleon vertices, but not its wave ere
functions. The diagrams corresponding to the contribution 300l
T{, of m-meson exchange t®;; are shown in Fig. 1. The tii = QQ _gsii (16)
explicit form of T'('W) is given in[8], Eq. (8). It is also nec- Q?

essary to take into accouptmeson exchange. This will be
done following the prescription d21]. The correlatorF "
entering into Eq(10) has the following general form:

In Eq. (15) the functionsgc andg describe the central and
tensor correlations of two nucleons, while the exponential
function depending oA is responsible for the distribution of
N S _ such nucleon pairs inside the nucleus. The functiggsind
Fl= Eb (0] 7y )7, ool el @ Xl 1A a2 g) gt are related to momentum space correlation functiéps

a7 (11) and F; obtained in[8] via

Here the summation with respect éoand b is performed 1 dQ ip-Q

over all nucleonsz{") = (75+i73)/2 are the isospin raising gerlp)=y (ZW)SJ:C'T(Q)G ' (7
and lowering operators, while},/2 denotes théth compo-

nent of the spin operator for trath nucleon. For the case of Note that in the calculation af and F; the contribution

a pure Fermi gas model the correlation function is given byfrom p-meson exchange has been taken into account. Next,
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we expandT, in Eq. (10) with respect tdk; andk, up to
O(w?), pass to variablepp=x,—x; and &=(x;+X,)/2.
Then, taking the integral with respect@and the angles of
p and & we obtain

EC,T(y)

1

0.5
Aé? w?
M:m @1(A)€1'62+ E@Z(A)Gl'fz 0
1 -0.5
"’E‘bs(A)(lekl)'(Gszz)], (18
iy
where 1 2 3 4 5 6
y
2 3 1 c _ FIG. 2. Normalized correlation functiof: (dashed curvyeand
q’i:3m 2(2Rp,:) fo dX[Gi"(p1)9clp2) O+ (full curve) as a function ofy=ppg. For comparison the nor-
™ malized correlation function for a pure Fermi gas mofgd| Eq.
. _ 1—x sin é€RA (14)] is shown(dotted curve.
+G; (Pl)gT(Pz)]Xze_pl( fo déé—n
. D,(A)
DAy= 7
N \md sin éRA 1—x%— &2 19 F2'(4) ®;(0) @
- $RA o |’ (19

appear instead of onll,. In the case of the magnetic polar-
with f being the pion-nucleon coupling constant, izability 68 the contribution of theA-isobar excitation to
f2/47r=0.08. In Eq.(19) the following abbreviations have the mesonic seagull amplitude should also be taken into ac-

been used: count[30,8]. In our notation this corresponds to an additional
contribution to the functionbs, which is of the following
2 form:
~ 672
gC,T(pZ):E(p_g) gC,T(pZ/pF)v p1:2RmX :8MfAnyAf(2RpF)3fldX[Gc( )a ( )
3 81M,— M) 72 0 alP1)Yclp2
po2=2RpeX.
T~ 21 1-x sin éRA
The functionsG™'" are of the form +Ga(p1) gr(p2) Ix%e . déé—xx
2p2—12 . /_1,X2d§sin ERA 1—x2—§2) 22
1 1
Gf(Pl):PL GI(P1)= P 1-x RA 2X
c 150+30p;—p5 . 24+12p, - p3 .
Gilp)=—69 » Colp)=—735 11
] ..............................
3—21p1+2p% 2p§—3p1—15 ............................
GS(p)=—"15— Gilp=—5 0.9 I

0.8t °
The integral with respect té in Eq. (19) can easily be taken
analytically, but we represent the result in this form for the 0.7
sake of brevity. By comparing E¢418) with the correspond-

ing terms in Eq(9) one sees that the parameters appearing in

the mesonic seagull amplitude are given by the functions 20 40 60 80 100
®;(A) at A=0: z
FIG. 3. Dependence of enhancement constaoh proton num-
2 2 berZ. The dashed curve corresponds to the pionic tensor contribu-
e e . - X _
k=—®,(0), Sa= d,(0), 6B8= D4(0). tion 7, the dotted curve includes also the central contribukgn
AMm? 4AMm? and the dash-dotted curve gives the tataincluding the contribu-

(20)  tion from p-meson exchange. The realistic-density res{f) for
the full enhancement constaptf. Eq. (23)] is shown as a full
It is evident from Eq.(19) that three different form factors curve.
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S0 [107* fm®] F;(I,Z)

1

-1
0.8
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FIG. 4. Pion-exchange contribution to electric polarizabiliey 0 _ )
as a function ofZ. The dashed curve corresponds to the central (1;:|G' 6. Form factorfz(g)A) for A/2=104. The dashed curve is
contribution Sa¢ and the dotted curve gives the totak=dac T2 and the full curve is=3™ . For comparison theexperimental
+ dat. The use of a realistic density leads to the full curve. charge form factoF , is also showr(dash-dotted curyeas well as

the functionF2(A/2) (dotted curvé

whereM, is the A-isobar mass and 9 13 .
wherep(r)=[3m“n(r)]"* is the local Fermi momentum.

6—12p; 12— 6p Equations(18)—(23) form the starting point of our nu-
Glp)=——, Gllp)=——"—" ical investigati i i
Alp1 PYR alp1 P merical investigation of the mesonic seagull amplitude.
The coupling constants appearing in E2Q) are taken to be IV. NUMERICAL RESULTS

fy=2f andf,y,=0.35. : .. The dependence of the normalized correlation functions
Up to now we have considered a constant nucleon densit

;2 e R ! ﬁc and @y on distance in units of pf is shown in Fig. 2.
No=Pg/3m _ inside the nugleus, wh_lch is normahzed aS For comparison, the pure Fermi gas prediction, @d), for
npV=Z. Using a local-density approximation we will extend 5 _ 5 also shown. At distances below 0.8 fm the difference

our consideration to realistic nuclear densit€s). With the  patween this zero-order approximation and the reggltof
help of the usual plane-wave expansion via Legendre polysyr model becomes most significant. For finite-sias op-
nomialsPy(x) we obtain posed to pointlikg nucleons one may expect that any corre-
2 lation function vanishes at distance equal to zero. However,
_(rd):647TMf fxdxxze‘zmxfxdrrznz(r) we checked numerically that the absence of this behavior in
! 3mZ Jo X our model has only a very small influendess than eight
- - per cent on the explicit values fok, da, and §8. Note that
X {G(2xm)gc[2xp(r) ]+ G/ (2xm) g[ 2xp(r) ]} due to the use of either the Fermi gas model or a local den-
o sity approximation the accuracy of our results decreases with
: : _ decreasindZ.
X;o WA ROAPI-A (KD = Praa ()], (23 In order to account for the contribution @Fmeson ex-
change toT" we follow the prescription of21] and make
the substitutiorf?— 22 for the central part of each quantity

8 107 fm’] and f2— — T2 for the tensor part. The pion massis sub-

5 stituted in all cases by the-meson mase,. We used7§=
1.75 EOD
2
15
1
1.25
] 0.8
0.75 0.6
0.5 0.4
20 40 60 80 100
V4 0.2
FIG. 5. Pion-exchange contribution to magnetic polarizability 0 Tl

6B as a function oZ. The dashed curve corresponds to the central
contribution 8¢ and the dotted curve gives the s+ 468+ . 50 100 150 200 250
Adding the contribution of thé\-isobar excitation as given in Eq. A [MeV]

(22) leads to the total value ofB given as the dash-dotted curve.

The use of a realistic density leads to the full curve. FIG. 7. Same as Fig. 6, but fé/2=20.
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(1,2) (1,2)
K 5

1

0.8
0.6
04
0.2
0.2 =
0
50 100 150 200 250 50 100 150 200 250
A [MeV] A [MeV]

FIG. 8. Same as Fig. 6, but fax/2=6. FIG. 9. Comparison of form factorB$’(A) for the realistic-

density approach with those for a homogeneous nuclear density.
0.4f2 andf2/47=4.86. In accordance witf21,31 the coef-  The dasheddotted curve isF$" for realistic (omogeneoysden-
ficient 0.4 approximates the influence of short-range repulsity, while the dash-dottedull) curve corresponds %% for real-
sive correlations due to the exchangewpimesons. istic (homogeneoysdensity.

We now pass to the discussion of our numerical results

for the different contributions ta. Note that, as it was ar- With decreasingZ. The ratio of central and tensor contribu-
gued in[19] and is also discussed [17], the main contri-  tions to 5« is approximately the same for a realistic density
bution to kg comes from central correlations, whilgyp is @S in @ modified Fermi gas model. F6p the influence of
mainly determined by tensor correlations. In the pure Fermfensor correlations in the realistic-density case is slightly
gas model, wherge= g(CO) andg;=0, the contribution toc stronger than for homogeneous nuclear density. .
from pion exchangex” is approximately equal to the W_e consider now the dependence of_thg mesonic seagull
p-meson contribution?. For nuclear mattefinfinite nuclear ~ @mMPplitudeA on momentum transfek, which is determined
radiug one hask™=x«=0.2, which is in agreement with a DY the form factors{)(A) [cf. Eq.(21)]. In order to cover a
variety of model calculations, e.d21,19,2Q. For finite nu-  Wide range ofZ, results for the form factors will be given for
clei, again in the pure Fermi gas, the value 6t decreases '€ad (A/2=104), calcium (A/2=20), and carbon A/2=6).
slightly with decreasingZ, whereasx? remains the same. Our results indicate th&$” for the term proportional t@a
With inclusion of the full correlation functionge andg;  and F$¥) (for 88) are equal with high accuracy, but differ
from Fig. 2 the situation fok changes drastically. Now the significantly from the form factoF(zl) for the term contain-
main contribution tox comes from tensor correlations re- ing «. All three functionsF(Zi) differ noticably fromF,. Fig-
lated with pion exchange. The pionic central contribution isyres 6, 7, and 8 show the corresponding curves for lead,
still of the same order as before, whil€. becomes negli- calcium, and carbon, respectively, for the case of a realistic
gible. The only significant contribution fromp-meson ex-  density. One can see that the frequently used phenomeno-
change is now due to tensor correlations and has a negativegical approximatiorF ,(A) =F3(A/2), which is also shown
value. All these relations between the different ingredients tan Figs. 6—8, is not in agreement with thedependence of
x remain valid, when realistic nuclear densities are considthe amplitudeM obtained here. For very small it is con-
ered. In Fig. 3 the different contributions koare shown as a yenient to represent the form factors Eg)zl—Azrf/&

function of Z for the modified Fermi gas model. The Then, for the case of carbon we have=1.9 fm,r,=1.4 fm.

realistic-density resuk"®, which is obtained from Eq23),  For calcium we findt; =3.0 fm andr,=2.5 fm. For lead the
is also shown in Fig. 3. For the densitie¢r) we used a corresponding values arg=5.0 fm andr,=4.7 fm. In the

three-parameter Fermi parametrization with values for thease of lead, the result frofi28] coincides within good ac-
different nuclei taken fronj32]. curacy with the form factoF$? shown in Fig. 6.

In the case of electric and magnetic polarizabilitiés In Fig. 9 the form factors obtained for a homogeneous
and 5 the contr|but|onzs fromp-meson exchange are Sup- nyclear density are compared with those for a realistic den-
pressed by a factor ah“/mj in comparision with the pion ity in the case of calcium.

contributions and, therefore, are negligible. The valuegmof
and 6B are determined mainly by pionic central correlations,
as can be seen in Figs. 4 and 5. In the caséthe inclu-
sion of theA-isobar intermediate state produces a noticable In the frame of our model we demonstrated that central
effect(cf. Fig. 5. In this contribution the values due to cen- and tensor correlations have a strong influence on the param-
tral and tensor correlations are of the same order. Note thaters appearing in the mesonic seagull amplitude. Our calcu-
x, 6, and 5B get close to their asymptotiouclear mattgr  lation is based on correlation functions obtained with the
values calculated if8] only at extremely higlZ. The size of  help of perturbation theory. Therefore, our predictions may
both, §a and 8 becomes noticably smaller, when a realistic still be influenced by higher-order effects in the correlation
density is taken into account. This effect gains importancdunctions. However, we suppose that our model describes

V. CONCLUSION
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correctly the role of mesonic effects in low-energy nuclear ACKNOWLEDGMENTS
Compton scattering.
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