PHYSICAL REVIEW C VOLUME 54, NUMBER 5 NOVEMBER 1996

Compton scattering, meson exchange, and the polarizabilities of bound nucleons
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Elastic photon scattering cross sections'é@ have been measured in the energy range 27—108 MeV. These
data are inconsistent with a conventional interpretation in which the electric and magnetic polarizabilities of the
bound nucleon are unchanged from the free values and the meson-exchange seagull amplitude is taken in the
zero-energy limit. Agreement with the data can be achieved by invoking either strongly modified polarizabil-
ities or a substantial energy dependence to the meson-exchange seagull amplitude. It is argued that these
seemingly different explanations are experimentally indistinguishable and probably physically equivalent.
[S0556-28186)50911-9

PACS numbg(s): 13.60.Fz, 14.20.Dh, 21.30.Fe, 25.20.Dc

__The electric and magnetic polarizabilities, labelecand  the pion cloud[6-9]. In effect, the presence of an external
3, respectively, measure the ease with which a static externglectromagnetic field polarizes the pion cloud and, to the
electric or magnetic field can induce an electric or magnetiextent that the pions are polarizable, will polarize the pions
dipole moment in a composite system. The nucleon itself is hemselve$10—-12. On the other hand, the paramagnétic
composite system, and its polarizabilities constitute fundaposi’[ive part of 8 is due almost entirely to th& resonance
mental structure constants that are as important as the charges], which is largely a valence quark excitation. Cancella-
and magnetic radii. In recent years, a series of measurememgn petween the paramagnetic and diamagnetic parts gives
has yielded reasonably precise values for both the Protoflse to a low value OE
[1-4] and neutrorS]: The important role played by the pion cloud raises the
_ — o question of whether the polarizabilities of a nucleon are
ap=12.1+0.8+0.5, B,=2.1+0.8+0.5, modified in the nuclear medium. Since the pion cloud ex-
o _ tends well into the periphery of the nucleon, it is not unrea-
ap=12.6-1.5+2.0, B,=3.2¥1.5%2.0. (1) sonable to expect it to be distorted by the presence of nearby
nucleons, thereby resulting in a modification of the polariz-
Above and hereafter all polarizabilities are quoted in units ofabilities, as suggested by Ericson and Rosa-Cld] and
10* fm®. For the proton, the first error is the combined by Bunatyan[15]. Experimental results thus far remain in-
statistical and systematic uncertainty based on the results abnclusive on this issue. In these experiments, angular dis-
several experiments, and the second error represents an estibutions of the Compton scattering cross section from
mated theoretical uncertainty based on the model depemuclear targets are measured, and the polarizabilities of
dence in the extraction of the polarizabilities from the Comp-the bound nucleon are deduced with the aid of a semi-
ton scattering cross sectiofid]. For the neutron, the first phenomenological formalishl6—19, which is discussed
error is statistical and the second error is systematic. more fully below. Recent work by a Lund/@imgen collabo-
Along with the experimental activity, there has been con-ration[19] indicates no modification of the free polarizabil-
siderable theoretical progress. Although there are still quarities in *2C and 1°0; however, the same grod@0] finds a
titative questions that remain unanswered, a picture is starsubstantial modification ifHe, AB=—Aa~7.
ing to emerge in which valence quarks and virtual pions both |n this paper, we report new and more extensive measure-
play an important role. It now appears that valence quarkgnents of the Compton scattering cross sectiorth When
contribute very little to either or the diamagneti¢or nega-  interpreted in the context of the same formalism, these data
tive) part of 8, and instead these quantities are dominated byinambiguously establish a strong modification of the bound
nucleon polarizabilities from the free values or, alternately, a
substantial deviation of the meson-exchange seagull ampli-
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300 — ' ' shapes calculated from the Monte Carlo code. For the 45°
data, a smooth background was included in the fitted shape
to account for atomic processes. Typical spectra of coinci-
dence events, corrected for accidental coincidences, and the
corresponding fits are shown in Fig. 1.

The cross sections, suitably averaged over tagging bins,
are shown in Fig. 2, along with the Lund/@agen data
[19]. The latter cross sections are significantly lower than the
present ones at the backward angle. The overall systematic
uncertainty in the absolute cross sections is approximately
+5%. Further details about the experimental setup and pro-
cedures, data reduction, and systematic errors can be found
in Ref.[22].

In order to interpret the scattering cross sections, the com-
plex scattering amplitude is written §6—19

R(E,#)=RCR(E, ) + RP(E, 6)
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whereE and 6 are the laboratory photon energy and scatter-
ing angle, respectively. The four terms refer to the giant reso-
nance(GR), the quasideuterof@D), and the one- and two-
body seagul(SG amplitudes, respectively. The GR and QD
FIG. 1. Spectra of photons scattered frdfi® at an incident amplitudes are expanded as follows:

hoton energy of 74 MeV. The curves are fits to the data using line
Ehapes gengr)'/ated by a Monte Carlo code and including a s?nooth RGR(E'e): fe1(E)gea(0) + fea(E)Qea(6)
background for the 45° spectrum.

-50

NZ
+Tr0[l+KGR]gE1(0)y ©)
mated, scattered from a water target, and detected in coinci-
dence with the momentum-analyzed residual electron
thereby tagging the incident photon. This in turn permitted
an accurate measurement of the incident photon flux by sim- oD NZ
ply counting the associated tagging electrons, which were R~ (E,60)= fQD(E)“LTrOKQD F2(Q)ges(0),  (4)
detected in a multi-element hodoscope of plastic scintillators.
By periodically placing one of the photon detectors directlywhere fz;, feo, and fqp, are the forward scattering ampli-
in the photon beam, the number of tagged photons per tagudes due to the giant dipole resonance, the giant quadrupole
ging electron was determined and was constant throughoyigsonance, and the quasideuteron process, respectively.
the course of each experiment to within a few percent. AnThese amplitudes areniquely determinedrom the corre-
important feature of this technique is that the same deteCtO@onding part of the total photoabsorption Cross section via
are used to calibrate the incident flux as are used to count thie optical theorem and a dispersion relatich Eq. 8 of
scattered photons. Thus, to lowest order, the absolute noRef.[17]). The factors ¥ kg and Kop are the integrals of
malization does not depend on the efficiency or line-shapghe GR and QD photoabsorption cross sections, respectively,
response of the photon detector. Corrections to the normajn ynits of the classical dipole sum rule, arglis the classi-
ization for these effeCtS, which were calculated Using 3ca| radius of the nucleon. The QD amp"tude' being a mani-
Monte Carlo simulation[22] based on electromagnetic festly two-body process, is modulated by a phenomenologi-
shower code$24], typically were less than about 5%. cal two-body form factolF,(q), whereq is the momentum

_The scattering target of distilled water was contained in &ransfer. The angular factors, ¢f) are known functions of
thin-walled Lucite box, 7.6 cm thick, with 0.13 mm Mylar the wave vector and polarization of the incident and scattered
entrance and exit windows for the incident beam. The photomngton(cf. Table IV of Ref.[17)).
detectors were two large cylindrical N@l) crystals placed ~ The seagull amplitudes take into account subnucleon and
at 45° and 135° with respect to the photon beam axis. Fomeson-exchange degrees of freedom that are not included in
the energy range 89-108 MeV, data were also taken with thghe GR and QD amplitudes, and they are required to preserve
detectors at 90°. Each detector subtended a solid angle ghe gauge invariance of the full scattering amplitude. For

about 0.05 sr and was surrounded by both passive and actigergies sufficiently below the pion threshold, the one-body
shielding. The lllinois experiment covered the tagged photorseagull is given by18]

energy range 27-64 MeV in five separate data runs, each E\2
subdivided into 32 contiguous energy bins. The SAL experi- sG _ | E
ment covered the range 60—108 MeV in two separate data RIA(E,0)=—Fi(a)}|Zro he Aa|gei(6)
runs, each subdivided into 62 energy bins.

In order to extract the number of scattered photons from _ (
the spectrum, a peak-fitting procedure was utilized, with line

E 2
o Aﬁgm a)+O<E4)}, ©
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and 135°. The closed circle in the 135° plot at 75
MeV is actually an interpolation between the
measured points at 127° and 150° in Rgf9].

The dashed curve is the cross section calculated
assuming the free nucleon polarizabilities and the
low-energy limit of the exchange seagull ampli-
tude. The shaded bands show the range of cross
sections calculated under these assumptions as
the E2 strength and the shape of the exchange
form factor are varied. The solid and dotted
curves utilize modified nucleon polarizabilities or
modified exchange seagull, respectively, as dis-
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cussed in the text. The good agreement of all
three curves with the 45° data is expected since
each curve obeys the sum-rule constraint, &y.
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and the two-body seagull §21,25-27

NZ E\2 __
A Ko 5G Aaey|ge1(0)

@%Ew=—amﬂ

E\2 —
(%) A:Bex gM1(0)+O(E4)]1 (6)

where k= kgrt+ kgp. Equation(5) is essentially the im-

-
110

photon amplitudg25]. The O(E®) term in braces is com-
pletely constrained by a low-energy theorem, which requires
the full amplitude atE=0 to be the classical Thomson am-
plitude for scattering from the total nuclear charge and mass
[25,27. The amplitude is modulated by the two-body form
factor F,(q) [27,21]. Following Hut and Milstein[21] and

in analogy with the one-body seagull, ti¥E?) terms are
modifications to the leading term, with parametets and

Bex that formally look just like polarizabilities and about

pulse approximation amplitude. It is the sum over all nucle-which little is known. In the conventional analydi$6,17,
ons of the fundamental scattering amplitude from protonsncluding that of Ref[19], a., and B, are set to zero, i.e.,

and neutrong,expanded in powers d&2. The finite size of

these and higher-order terms are ignored. In the present

the nucleus gives rise to the modulation of this amplitude byanalysis,a_ex and 8., are treated as phenomenological pa-

the one-body form factoF(q). The O(E®) term in braces
is the scattering amplitude from point protons. THEE?)

rameters.
A forward dispersion relation leads to a model-

terms involvea and B8, which are identified as the average independent sum rule:
electric and magnetic polarizabilities of a bound nucleon

[18] and are the parameters of primary interest in the present

analysis. Equatioii6) is the scattering amplitude from pairs

of nucleons, commonly referred to as the exchange two-

- — . — hc (= (E)— E)
(a+,3)+(a’ex+ﬁex): 2772Afm CZO-T E;TQD( dE
~ 15, @

ISince %0 is a spin-saturated nucleus, only the spin-averaged

amplitude is required.

where o1 and ogp are the total and QD photoabsorption
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cross sections, respectivélyThe numerical value, which

comes from evaluation of the integral using a combination of \\_\\ - ,JI/J \‘\
experimental data and systemat|@,31], is very close to B\ A A ,f? B
the value for the free nucleon, suggesting thaf+ Be,~0. B B B D A
There is no similarly straightforward sum rule for other com- ¢ C c
binations of the polarizabilitief32,12, so that the seagull b7 P P
amplitude represents new physics obtained from Compton (@ (b)

scattering that is not already constrained by the photoabsorp-
tion cross section. Moreover, since the scattering cross sec- FIG. 3. (a) Diagram giving rise to a reduction ia due to Pauli
tion is sensitive primarily to §= B8) + (@™ Bey) at forward  blocking. (b) Corresponding exchange diagram, which leads to a
and backward angles, respectively, the new physics is manflegativece,.
fested primarily at backward angles. Finally, the structure of _ -
Egs.(5) and(6) shows that it is not easily possible to sepa-0r AB=—Aa=0 and Be,= —ae~5 (dotted curvg, where
rately determine the one-body and two-body polarizabilitiesA refers to the change relative to the free value. The size of
since they enter coherently into the scattering amplitude witfihe discrepancy between the dashed curve and the(aata
the same energy dependence and only a slightly differeriherefore the size of the modified polarizabilijieepends in
form factor. detail on the magnitude and distribution B2 strength and
The operational aspects of the formalism can be summan the shape of the exchange form factor. This is demon-
rized as follows. For a givenr{(E), including its decompo- ~Strated by the shaded bands in Fig. 2, which show the range
sition intoE1, E2, and QD parts, thé, in Egs.(3) and(4) as  Of .qalllculated cross sections, assuming unmodified polariz-
well as kgg and xqp are calculated. The one-body form abilities, as thee2 strength and shape &%(q) are varied.
factor is taken to be that measured in elastic electron scattePecifically, the bands represent the effect of varying the
ing [29], and the exchange form factor is initially taken to be integrated  isovector E2  strength in the range
that expected for two uncorrelated nucleonB,(gq)  (0.5-1.5)EWSR and(rZ) in the range (0.33-0.66)%).
=[F(q/2)]?. The latter implies a mean-square exchange raModified polarizabilities in the rangé 3= — Aa~ 5-11 are
dius (r2) exactly half of the mean-square charge radiusneeded to bring these calculations into agreement with ex-
(r?). The only unknowns are the four polarizabilities, subjectperiment. These uncertainties preclude a precise measure-
to the sum-rule constraifiEg. (7)]. In practice,or is param- ment of AB. Nevertheless, any reasonable choice &
etrized as a sum of Lorentzian resonances plus a smooth Qftrength or exchange form factor leads to the same conclu-
curve. The parameters af; are adjusted to fit simulta- sion: either a substantial modification of the nucleon polar-
neously the 45° scattering cross secti¢insluding those of izabilities or a significant energy dependence to the exchange
Ref.[28]) and the experimental values fox [31]. TheE2  seagull amplitude is required. This is the principal result
part of the cross section is fixed to be a narrow isoscalafrom this work. This conclusion is consistent with the earlier
resonance centered at 16 MeV and a broad isovector resgwork of Fuhrberget al.in *He[20] but contrasts with that of
nance centered at 60 MeV, each exhausting their respectivdager et al. in 12C and %0 [19]. The different conclusion
energy-weighted sum rul€WSR. The Compton scattering reached by Hgeret al.is due entirely to the disagreement in
data themselves rule out narrow concentrations B  cross sections.
strength in the 30—100 MeV energy rarf@2]. With o thus The curves in Fig. 2 emphasize that a modification to the
determined, and for a particular choice of polarizabilities, thefree nucleon polarizabilities is nearly indistinguishable from
backward-angle scattering cross sections can be comparé energy dependence to the exchange seagull amplitude. It
with the data. can be argued that these are two equivalent descriptions of
A summary of our essential results is given by the com-the same physics. We focus the discussion onlyrpwhich
parison between the curves and the data in Fig. 2. Tharises in lowest-order chiral perturbation thepryfrom dia-
dashed curve, which represents the cross section calculatgtams involving a single pion loofi.e., scattering from the
in the conventional approacfi.e., using the free nucleon virtual pion cloud. In nuclei, some of these diagrams are
polarizabilities and no exchange polarizabililies not in  Pauli blocked, as shown in Fig(&, resulting in a reduction
agreement with the present 135° and 90° data, although it «. However, as pointed out by Drell and Waledias],
does accurately describe the data of R&g]. The calcula- the blocked diagrams may be included, thereby restosing
tion can be brought into substantial agreement with the datto its free value, provided the corresponding exchange dia-
by makingAB=—Aa~8 and Bex=—ae=0 (solid curve grams of Fig. 80) are also included, thereby giving rise to a
nonzero a.. Since the blocked diagrams aexactly the
negative of the corresponding exchange diagramseduc-

2In the present formalisnfp in Eq. (4) is obtained fromrqp via 1N in a is equivalent to a negativee,. Hutt and Milstein
a dispersion integral whose upper limit is infinity. In order not to [21] have calculate@,, and a,, for symmetric nuclear mat-
double count, we subtraetyp, from o1 in the sum rule. Alternately  ter using a nonrelativistic Fermi gas model. They find
one could terminate the dispersion integral figg, at m,.c? and not
subtractoqp in Eq. (7), thereby redefining the meaning of the po-
larizabilities. Our approach reflects the point of view, shared by the *Because of the antisymmetry of the nuclear wave function, the
authors of Ref[19], that the nucleon polarizabilities are associatedexchange amplitude introduces a negative sign when states A and B
only with nucleonexcitations. are interchanged. See Fig. 1 of RE33].
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EX%+1_7 andag,~—3.2, in qualitative agreement with our have been demonstrated to be nearly indistinguishable ex-

experimental result. perimentally and are probably physically equivalent.

In summary, we have measured an extensive set of Comp- we thank Dr. A. Milstein for allowing us to refer to the
ton scattering cross sections 670 using tagged photons in calculations of Ref[21] prior to publication. We acknowl-
the energy range 27-108 MeV. Calculations employing giedge fruitful discussions with Dr. A. L'vov and thank Dr. J.
ant resonance, quasideuteron, and one- and two-body seagBtiar for pointing out the argument in Rdf33]. This re-
amplitudes have been shown to reproduce the data oflly if search was supported in part by the Natural Sciences and
a substantial modification to the nucleon polarizability is in-Engineering Research Council of Canada and by the U.S.
troduced, or(2) an energy-dependent term is included in theNational Science Foundation under Grant Nos. NSF PHY
meson-exchange seagull amplitude. These two variation89-21146, 93-10871, and 94-20787.
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