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Dirac-Foldy term and the electromagnetic polarizability of the neutron
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We reconsider the Dirac-Foldy contributign®/m to the neutron electric polarizability. Using a Dirac
equation approach to neutron-nucleus scattering, we review the definitions of Compton continyuriag-
sical static @g), and Schrdinger (asg) polarizabilities and discuss in some detail their relationship. The latter
asq is the value of the neutron electric polarizability as obtained from an analysis using thediBgero
equation. We find in particularg,= a— u?/m, where u is the magnitude of the magnetic moment of a
neutron of massn. However, we argue that the static polarizability is correctly defined in the rest frame of
the particle, leading to the conclusion that twice the Dirac-Foldy contribution should be addeg to obtain
the static polarizabilityrg . [S0556-28187)00101-5

PACS numbgs): 14.20.Dh, 13.40-f, 13.60~r, 25.40—h

[. INTRODUCTION of ther % nonrelativistic potential acting between these two
systems.

The electromagnetic polarizabilities of the nucleon con- We wish to reexamine the relationship between the defi-
tinue to attract interest because of their importance for thaitions of neutron electric polarizability in use, noting that
understanding of the substructure of the nucleon. The protothe Compton scattering definition is manifestly relativistic
and neutron form an isospin doublet wigtresumablysimi- ~ and the neutron-atom scattering definition is not. Further-
lar substructure, and so it is expected that comparing expermore, the Compton scattering definition actually used to ex-
mental polarizabilities of the two would lead to more insight tract the electric polarizability of the protdsoon to be ex-
into this substructurgl,2]. This comparison should take into tended to the neutrdrdoes not employ a Hamiltonian or a
account the differentlefinitionsof electromagnetic polariz- wave equation and the neutron-atom scattering definition is
abilities actually used in the measurements on the proton arid the context of the Schdinger equation with its implied
the neutron. The electric and magnetic polarizabilities of theHamiltonian. The common meeting ground of these seem-
proton can be definefB,4] and measure@5] via Compton ingly disparate definitions in current use is given by the re-
scattering at relatively low energies because of the interfertationship of each one to the classical definitiomgfas the
ence of the Rayleigh amplituddrom the polarizabilities  coefficient of E2 in Vpolz_%agEZQ_QZQE/(ZH), where
with the Thomson amplitudéfrom the charged protgnBe- P9 represents the interaction of a neutral partiaterest
cause the neutron is neutral, there is no such interference angth the Coulomb fieldE~Q¥t/r? of an infinitely heavy
the cross section for elastic Compton scattering is mucltharged systerfii2]. In the following we establish these re-
smaller. Furthermore, the data must come from a neutrofationships. That is, wél) remind the reader of the defini-
bound in a nucleus, say, a deutef@f, and it is a challenge tion of ag extracted by experimentalists from the spin-
to interpret it in terms of neutron polarizabiliti¢3,8]. An averaged Compton cross section and the definition of the
alternative would be to determine neutron polarizabilities viamore intuitive Compton polarizability of, for example, chi-
quasifree Compton scattering, but the first experiment couldal perturbation theory calculatiorienly the lattera corre-
only obtain an upper limit for the electric polarizabili§]. t ~ sponds to a true “deformation” effect on the nuclep(®)
is expected to be redone at SAL with a considerable reducquote the classical limieg of the Compton polarizability of
tion in the statistical errdrl0]. The best determination of the a neutral particleag=a+ u?/m= as+2u?/m, whereu is
electric polarizability of the neutron is obtained, at presentthe anomalousin this case, totalmagnetic moment of the
from low-energy neutron-atom scatterifigl]. The intense neutron[13]; (3) embed the Compton-definedin a relativ-
electric field near the surface of the nucléd$8b induces a istic Dirac description of neutron-atom scattering to establish
dipole moment in the neutron which makes a tiny but ex-the nonrelativistic classical limitg=a+ u?/m, where the
tractable contribution to the scattering amplitude. The elecstatic polarizabilityag is the coefficient ofE? in the neu-
tric polarizability of the neutron is defined as the coefficienttron’s rest frame; with theorrectrest frame wave equation

this result is identical with the classical limit of the Compton
result of (2); (4) assert that the rest frame of a neutron in an
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tion in order to analyze low-energy neutron-atom scatteringzalid through the first three moments of the photon labora-

experiments; the coefficient & in this equation is then tory energyw, wherez=cosf, [3,13]. The Born terms of the

ascy, and was considered the electric polarizability of theinvariant amplitudes go into the Thomson cross section for a

neutron from those experiments; a@ show that thease,  pointlike particle with massn and chargé in its rest frame

of Schmiedmayeet al. [11] and otherd14] is neither the  and the(actually useyl Powell cross section of Eq1), also

Compton-defineda nor the static g, but asg=ag for a pointlike particle, but one which includes an anomalous

—2u%/m. magnetic momen{17]. Equation (1) or its extension to
We conclude from this chain of arguments that twice thenjgher energy is used to extraaf from proton Compton

Dirac-Foldy contributionu?/m should be added tegg, to scattering dat§5].

obtain the static polarizabilityg from the existing analysis ; " n

of neutron-atom scattering experiments. That is the messag:%gcggemeo;e;%rgztg:?i?:ﬁ?ﬁ? ; er):ccl)nr:?ezolgti‘\afiitiisv;[g\?e

of our paper. ; ; : ; ;
The%eaails of the discussion of Compton-defined polariz-equatlon' The concept of a potential as it applies to the in-

abilities are given in Sec. II, and our Dirac equation discus_teractlon of two systems in relativistic quantum field theory

sion of the electromagnetic aspects of neutron-atom scatte}a—nd the cqmputatlon of such van der Waals potentials due to
ing is given in Sec. IlI, Induced dipolegwhen the systems are far apahnave been

discussed extensively by Feinberg and Su¢h8&}. The elec-
tromagnetic forces between charged and/or neutral systems
are due to the exchange of photons and can be calculated
Already in the earliest experimental studies of low-energywith the aid of dispersion relations from the relativistic
Compton scattering from the prot¢h5] it was realized that Compton amplitudes of photons scattering from the system.
the “polarizabilities” entering into the Rayleigh amplitude Specifically, the potential is to be defined iteratively in such
had two contributions. That is, the external electromagneti@ way that when used in a specified two-bd@jrac) wave
fields both deform the particle and act upon the static distriequation in the c.m. system it will reproduce, up to a given
bution of the electric charge and the magnetic moment. Thugrder, the field-theory amplitude associated with one-photon-
we read in Ref[15] that “the term ‘polarizability’ used here  and two-photon-exchange graphs. The potential then can be
is not equivalent to the one normally employed for neutralreduced to the Schdinger form and its long-ranged part
particles.” The situation is made more difficult by the fact compared with the nonrelativistic polarizability potential.
that the nucleon is a spin-1/2 particle with an anomalousriys there is a clear line of connection between the electric
magnetic moment and is described by the Dirac equationcompton polarizability and the classical electric polarizabil-
The Compton scattering matrix for a spin-1/2 particle is thejty which does not depend upon an intuitively appealing but
sum of six Lorentz-invariant quantum field amplitudes whichneoretically uncertain mixture of relativistic and nonrelativ-
are free of kinematic singularities and constraji®k These jstic conceptg19].
six amplitudes each contain single-nucleon pole te(as  Thjs program of connecting classical polarizability with
structureless Dirac nucleon with chargeand magnetic mo- the low-energy Compton scattering parameters has been car-
ment u and on-shell verticgs For each amplitude the re- ried out by Feinberg and Sucher for a variety of systéme
mainder is called a continuum contribution and is now freespinless and uncharged particles, one neutral spinless and
of both kinematic Singularities and dynamical SingularitieSOne Charged Spié_partic'e [20]’ etc)’ all but the one rel-
(from the nucleon polgsif one thinks of polarizabilities as a evant to our examination of neutron-atom scattering. The
“deformation” effect on the structure of the nucleon, they |ong-range potential of these two systems, a very massive
would seem to be most naturally defined in terms of the Iatte[;harged spin-zero nucleus and a neutral gpieutron(with
continuum contributions. However, there is a freedom in thegn anomalous magnetic momgnhas been worked out by
definition of Compton polarizabilities of spin-1/2 particles Bernabe and Tarrachi16]. They note that the nucleon pole
due to the fact that the entire Compton matrix is not meacontributions to the six amplitudes of the complete spin-
sured. Instead present experiments measure the spi@ompton scattering matrix generate both paied con-
averaged cross section which corresponds to only the spifinyum contributions to the spin-averaged amplitudes actu-
independent part of the Compton matrix. Bernab&nd  ally measured as a differential cross section. Thus one can
Tarrach[16] (BT) note that the nucleon pole contributions to gefine(in their notation but our unitL3]) an a5 which does
the amplitudes of the complete spin€ompton scattering include a term with the anomalous magnetic moment
matrix generate both pokndcontinuum contributions to the [ — (e z/m?+ 12/m)] or aa which is given only in terms of
spin-averaged amplitudes actually measured as a differentighe continuum(nonpole contributions of the spin-averaged
cross section. The most common cholt@beledas by BT amplitudes. The former definition corresponds to the actual
and used in this paper as wellhcludes in the “polarizabil— ana|ysis of Compton Scattering ddﬁ according to Eq(l)
ity” terms from the magnetic moment of the structurelessang the latter is advocated by Bernatend Tarrach and used
Dirac particle. For this choice the differential cross sectionj some theoretical treatmer®1]. The latter polarizabilities
takes the form so defined do not receive any contribution from Born graphs
proton involving the anomalous magnetic moment of the proton and
(d_‘T d_") @ the neutron. The polarizabilities are entirely given in terms
dQ dQ of the continuum part of the Compton amplitude. Equiva-
lently « is definedto be zero for a point neutral Dirac par-
X[(1+2%)al+22B2]+O(w*), (1) ticle. In the classical limit of a static electric field acting on a

Il. POLARIZABILITIES IN COMPTON SCATTERING
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neutral particle of massm and magnetic moment the co-  relativistic limit of this model has a positive coefficient of

efficient of ther ~# potential which survives is given by E? which implies anegative polarizability of magnitude
) ) w?/m from this Dirac-Foldy term, just as we find in EG).
o b 2p” @) Moreover, now we see that the analysis leading to (.
E m S m’ has been carried out in the frarpe=0.

But we must be careful to define the polarizability of a
It is then this sum which is measured in the scattering ofarticle in that particle’s rest franj@2] and the rest frame of
neutrons by heavy nuclei at low energies. a particle is defined by a vanishing value of the velocity
operatorv. The particle velocity operator is given as a de-
ll. DIRAC EQUATION ANALYSIS rivative of the Hamiltonian on the left-hand side of Ed):
OF NEUTRON-ATOM SCATTERING

We see then how a natural definition of the polarizability _M =£[p— (Exw]. (7)

of a neutral particler arises in the context of Compton scat- Jp.m
tering and understand its connection via the Feinberg-

Sucher-BernaheTarrach analysis with the polarizability po- 'IE'hat s, che (I:EO ) f;ame isnot the (p= OI)E frzlm_e Iehadifng to
tential VP°'= —3aRE? of a Schrdlinger analysis of low- g. (5). From Eq.(7) one can rewrite Eq(4) in the form
energy neutron scattering. We now establish such amiliar from discussions of the Aharonov-Casher effect

connection again, this time starting from a relativistic Dirac 7-29

description of the neutron-nucleus scattering. We derive th 2p2

neutron polarizability as the nonrelativistic limit of a relativ- T—<[p—(EXM)]Z+i(V' E)— rKE ;EZ) } Yy=E.
‘otie Di Tt 2m 2m 2m 2

istic Dirac Hamiltonian @®

HP=pBm+a-p—iuBa-E—2aE? ©)
From this equation one identifies
where the first three terms comprise the standard formula
[17,22,23 for a point neutral Dirac particle with an anoma- af=a+u?m 9
lous magnetic momengk in an electric field. As in the BT
treatment of Compton scattering, is that part of the neu- to be the coefficient oE? in the particle rest framev(=0)
tron’s polarizability that does not contain the nucleon mag-and ot is then the static polarizability of the neutron.
netic momenjw. Even so, the nonrelativistic reduction of Eq.  This rest frame result is in agreement with the Compton
(3) has a term irE? in addition to the nominal polarizability scattering analysis of BT in Ed2). In order to avoid any
a. possible misunderstanding, let us emphasize that our discus-
sion of polarizability terms in neutron-nucleus scattering is
entirely in the framework of the nonrelativistic limit of the
Dirac equation. From that viewpoint, one may argue that it
(4) provides an intuitive way of understanding the results of

) i ) Bernabeu and Tarradii6] which were obtained from dis-
where we have neglected interaction terms that vanish fastefy o relations calculations. We do, however, discuss in
thenr ~* at large distance. The second and third terms in Eqyetaj the form of the nonrelativistic wave equati@ rather
(4) are the Schwinger term arising from the interaction be+p4n Eq.(4) to be used in conjunction with the BT results.
tween thelmoving magnetic moment of the neutron and the 14 observatiofid0] of the phase shift predicted by Aha-
electric field of the atom, and the Foldy-Darwin scattering,qov and Cashd27] for a neutral particle with a magnetic

from the electric charge distribution of the atdnucleus+ 1 oment(neutron diffracted around a line of electric charge
electron$. These terms are taken into account in the nonrel—shOWS conclusively that Eq8) is the correct rest frame

ativistic analysis of neutron-atom scatterlig$—26. Then it o4 ation. For a neutron diffracting around a line charge in a
would seem that the coefficient in the polarizability poten'ualregion whereV-E=0, the Aharonov-Casher phase shift is

IS obtained by evaluating the line integral pf mv+ (EX u)
along the path of the diffracted neutro®f course « could
not play any role in this macroscopic experiment, and the
rather than the Compton-defined fact that the termu?E2/2m disappears in the Aharonov-
This (prematuré result could have been anticipated by Casher geometry is explained in Ref88,29.) More recent
Foldy’s observation that a structurelgp®int) neutral Dirac ~ €xperiments involving neutral atoms with magnetic moments
particle with an anomalous magnetic momentn a homo- have measured Aharonov-Casher phase shifts to within a few
geneous static electric fielll is an exactly soluble model Percent of the theoretically predicted vallgi].
[22]. That is, The neutron op_tlcs expe.rlment, fortified by more exact
measurements with atomic systems, demonstrates the
H=pAm+a-p—iuBa-E. (6)  Aharonov-Casher insight that velocity is the meaningful rela-
tivistic kinematic operator for a neutron in an external elec-
This Hamiltonian can be diagonalized, in the frame wherdric field. We have used this insight to define the correct
p=0, by simply squaring and one finds the energy eigenvalstatic polarizability of a neutral particle with a magnetic mo-
ues W= + m?+ u?E%= [ m+ u2E%2m+---]. The non- ment. From Eqs(5) and(9) it is clear that thexs., measured

2 ,LLZEZ

2m

p p M
ﬁ—a-(EXM)-l- ﬁ(V'E)-F

—3aE?|y=Ey,

AXgeh— a/_— ,LLZ/m, (5)
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in the experiments of Schmiedmayeral. [11] and others Finally we note that L'vo\[34] obtains(by another argu-
[14] is neithera nor af . Indeed from Eqgs(5) and(9) we  men} a relationship betweenf and @ which agrees with
learn that Eq. (5) if one equatesrf and as.,as he does. In the neutron
rest frame, however, the correct relationship is that of Eq.
aso= ag—2u?im. (10 (10). P g

In summary, we have reviewed the definition of the elec-

Numerically, . 1ty i - :
trical polarizability of a neutral spig-particle with a mag-
|agei— af|=1.2x10"% fm? (11)  netic momentu in the analysis of Compton scattering. We
] have shown how a Dirac equation analysis of low-energy
can be compared with neutron-atom scattering yields a static polarizabitigfined

in the rest frame of the neutro®ur result(10) means that

twice the Dirac-Foldy contributiom?/m should be added to
asc[14])=0.0+5x 104 fm3. (120  the existing Schrdinger values to obtain the static polariz-

ability of the neutron.

This difference is about 10% on the scale of the result of

Schmiedmayeet al.[11] and quite significant for the central
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