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Exchange current contributions to the charge radii of nucleons

C. Helminerf
Department of Physics, University of Helsinki, 00014 Finland
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The exchange charge-density operators that correspond to the Fermi-invariant decomposition of quark-quark
interactions have been constructed. Their effect on the electromagnetic charge radii of the nucleons, in com-
bination with that of the relativistic corrections to the single-quark operator, has been studied with a constituent
quark model with a spin and flavor dependent hyperfine and a linear confining interaction, which gives a
guantitative description of the spectra for the light and strange baryons. The model gives proton and neutron
charge radii in approximate agreement with the empirical results assuming reasonable values for the radii of
the constituent quark§S0556-28139)01505-9

PACS numbgs): 12.39-x, 14.20.Dh, 13.40-f

[. INTRODUCTION in Ref.[12], where pion and gluon exchange current contri-
butions were calculated and in Rdfl3], where also ex-

The charge radii, along with electromagnetic form factorschange current contributions from the confinement current
and magnetic moments, are observables that provide insightere taken into account.
into the internal structure of the nucleons. From the mea- It is possible to express the quark-quark interaction in
sured electric form factor&g of the nucleons the charge terms of the five relativistic Fermi spin invarianBvVTAP
radius for the proton is found to K& fm) 0.805+0.011[1], [14], corresponding to effective scalar, vector, tensor, axial
0.81+0.04[2], 0.862-0.012[3], and 0.880.03[4]. The vector, and pseudoscalar exchange. The corresponding ex-
study of the charge form factor of the neutron is experimenchange charge-density operators associated with these invari-
tally difficult due to the absence of pure neutron targetsants have been derived in the present work for light and
Electron-deuteron scattering and scattering of slow neutronstrange[SU(3)] quarks. The exchange current contributions
off atomic electrons have, however, shown the mean-squait® the charge radius of the nucleons have then been calcu-
charge radius of the neutron to be nonzero and negativdéated using a recently developed phenomenological model
Typical experimental values for the mean-square neutrofor the quark-quark interaction, which in combination with a
charge radius arén fm?), e.g.,—0.113+0.003+0.004[5]  static linear confining interaction gives a good description of
and —0.117+0.002[6] (when averaging7] and[8]). Since  the spectra of the light and strange barybs].
the electric Sachs form fact@g is defined as a linear com- ~ The possibility that the constituent quarks would have a
bination of the Dirac and Pauli form factoEs, andF, the  nontrivial electromagnetic structure, described by constituent
charge radius of the nucleon can be divided into an “intrin-quark form factors, has also been explored in this work. The
sic” part, coming fromF,, and an “anomalous magnetic total nucleon charge form factor, and subsequently the
moment” part, coming fronF, [9]. In the case of the neu- charge radius, would then also get contributions from the
tron the main part of the charge radius in fact comes fronfluark form factors. It is found that the quark model interac-
this “Pauli” term, while the “Dirac” term will be small and  tion of Ref. [15] leads to exchange current contributions,
positive[10]. Quark model calculations of the charge radii of which, when combined with the impulse approximation and
the nucleons concern the intrinsic part. Due to the small masée anomalous magnetic moment part of the nucleon charge
of the (constituent quarks relativistic corrections to the radii, while assuming reasonable values for the radii of the
charge-density operator should also be taken into account @Pnstituent quarks, give satisfactory values for the charge
the impulse approximation. radii of the nucleons.

In interquark interaction models that are flavor or velocity ~ This paper is divided into six sections. Section Il defines
dependentthe interaction suggested in R¢l1] being an the charge form factor and the charge radius of the nucleon,
example of the form@rexchange current contributions will taking into account relativistic corrections. In Sec. Il the
arise as a consequence of the continuity equation. The cogharge form factor and the charge radius of the nucleon is
tinuity equation links the terms in the charge-density operaderived with inclusion of exchange current contributions,
tor of any given order ing/c) to terms of the next order in and in Sec. IV these results are applied to the phenomeno-
(v/c) in the interaction. When the interaction is expressedogical model of Ref[15]. The possible charge form factor
only to order ¢/c)? the continuity equation does not put any and radius of the constituent quarks, and their effect on the
restraints on the exchange charge operator, which is of ord&harge radii of the nucleons are discussed in Sec. V, and a
(v/c)3. The most obvious constraint, however, is that two-Summarizing discussion is given in Sec. VI.
body contributions in the charge density have to have a van-
ishing volume integral. Exchgnge current C(_)ntributions to the Il. THE CHARGE FORM FACTOR
current operator have been included, e.g., in the work related AND THE CHARGE RADIUS

The Sachs charge form fact@g(g?) of a nucleon is
*Electronic address: chelmine@pcu.helsinki.fi defined as
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q* q
Ge(a®) =F1(a*)— 7= F2(q?), (2.2) pi=myi— o,
E ! amz 2 i i 5

where F,(g?) is the Dirac form factor andF,(q?) is the ,

Pauli form factor. The form factors are normalized as pir=mvi+ >, (2.6
F.1(0)=Q, i.e., the electric charge of the nucleon in units of

e, and F,(0)=«k, i.e., the anomalous magnetic moment of and the expression in EQ.5) for the charge-density opera-
the nucleon in units of&/2my). The (mean squaecharge tor will, to lowest order ing?, be

radius of the nucleon can be calculated from the charge form

factor as , q° ;
<pi|P|pi>=<l_W)Q(l)- (2.7
0 dGe(q?)
(r >N—_6W , The above expression in E€.7) is then the impulse ap-
a==0 proximation with the(relativistic Darwin-Foldy correction.
dFi(g?) F,(0) The spin-orbit term in Eq(2.5) is linear inq and gives no
== [ d(e?) T am2 ] contribution for the ground-state baryons, and has therefore
4?=0 N been left out in Eq(2.7). A charge form factorwhich is
dF,(g?) 3 F,(0) interpreted as the Dirac part of the electric Sachs form factor
=—6 Ca 2 (2.2 can now be calculated as the Fourier transform of the charge-
q%=0 N density operator.

When using a three-body wave function that is symmetric

The mean-square charge radius is thus divided into WQyith respect to the combined spin, flavor, and spatial coor-

parts,(r?)n=(r?)inn+(r?)ann, Where the first term comes i iec the charge form factor of a system of tHemstitu-
from the intrinsic charge distribution of the nucleon while ent quérks with the same mass will then in the impulse
the second term arises from the anomalous magnetic momeﬁbproximation be

of the nucleon, which for the proton ig,=1.793 and for the

neutron isk,=—1.913. UsingF,,(0)=«,, F,(0)=«,,

and my=939 MeV, the results arér?),,,=0.119 fnf and FC,IA(qZ):3<Q(1)>f d®r 1dr ,d% 5

(r®yann=—0.127 fnf. The remaining (intrinsic) part of

(r?)y is interpreted as coming from the charge density of a x| 2gianal 1 q_2
system of three constituent quarks. Yrra.ra)l%e 8m2
If a constituent quarKdenoted here ag is treated as a
point Dirac particle without anomalous terms, its electro- _ (1) 3 43 43 P
magnetic current operator can be expressed as =3(Q™) | drad rad 5[ g(ra.r2.r3)]
(PI19.0lp)=1u(p) 7, Q u(p), (23 L o[- &
iYu i i)Y i) : X 1_T+O(q ) 1—8—m2 s (2.8

when p; and p; denote the initial and the final momenta, ) ] ) )
respectively, and where in the expansion of the factet? "t only the spatial

scalar part needs to be taken into account for a ground-state
baryon. The terms indicated 9(q*) are of higher order in
(2.4 g°. The impulse approximatiofwith relativistic corrections
for the corresponding mean-square charge radius can then be
calculated agr?),,=—6[d FCV|A/d(q2)]|qz:0, giving

R
A+ =)

V3

(in units of chargee) is the[SU(3)] charge operator of the
quarki. An argument for the absence of anomalous current , 3 }
ri+-—sl.

L1
==
Q 2

terms is given i{16]. SinceJ, = (J,ip) the electromagnetic (r2>|A:3<Q(l)>f d3r 1 d3r o dr 5| gh(r 15,1 3) |7 e
charge-density operator is (2.9

N oaln =l n/ Oyl
(pilplpiy=u(pi) ¥aQ"u(p) IIl. EXCHANGE CURRENT CONTRIBUTIONS

B \/(Ei'+m)(Ei+m) The interaction between quarks may be decomposed in
- AE/E; terms of Fermi invariants as

p.f_p,+i0-(i).p.’><p. . >
1+ ——1Q", (2.5 szzlv,-F,-, @D

X (E{ +m)(E;+m)

where m is the mass of the constituent quark akd  whereF;=S,V,T,A,P, defined ag14]
=\/pi2+ m?. By introducing a velocity operatory;
=(1/2m)(p;" +p;) and the momentum transfge=p;’ —p; ,

1
1012 y=,D@ 7= D)2
the momentum operatogs andp;’ can be expressed as S ' Y Tur?

w Yu'o 2 Yur vy
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A=iyd y&l)l 'y(sz)yﬂ . P=y1y2) (3.2 0,=q%0'V. ¢'?+2i0'?.P,xq—0'?.qo'V - q
Exchange current corrections to the charge-density operator V.qo? ky, (3.5
p for a two-quark system will arise as contact current terms
in the nonrelativistic reduction of the five Fermi spin invari- Os=0'? ko' q. (3.59
ants [17]. The exchange charge-density operatps |
=1 ...5,corresponding to th8VTAPdecomposition, con- In the expressions abovB;=3(p;+p,’) and P,=3(p,
sist of flavor-independent and flavor-dependent p@fftand +p,'), wherep; andp, are the initial quark momenta, and
p; . respectively. p;’ andp,’ are the final quark momenta.

The simplest method for deriving the flavor-independent For simplicity the following notations are used:
exchange charge-density tepy , associated with effective {Q™, =R MINI=Q12,  {Q@, 5 NINH=Q(Y.
scalar exchange, is the following.uf (k) is the correspond- The operatoQ('J) can be cast in the form
ing flavor-independent potential, performing a mass ghift

—m*=m+v; in the relativistic Darwin-Foldy correction (”)_ TN PN CNINCN
term in Eq.(2.7) leads, to lowest order in; , to the ex- Q Ng'+ E)‘ ﬁ()‘s Ag HA3Ng)
change charge contribution :
1 1
p1 (ki.ka,0)=p7 (ko,0) +pj (k1,Q) 3 2 M M- 5 3 2 MO = A
2 +
_a 2_201(k2) o (3.6)
8m m
The general form for an exchange current contribution to
a 2”1 (ko) @ the charge form factor can be expressed as
== ———Q (3.3
8m

2y _ d*k;  d%, i(Kq-ry+Kkyerp) 3
wherek, andk, are the momentum transfers from quark 2 to Fc,e{d%) =3 27 (2n)° (2m)

quark 1 and from quark 1 to quark 2, respectively, whilis
the momentum transfer to the two-quark system. 3)

The more general way of constructing all of the exchange X 8 (k1 Ko=) pex(k1.k2,0)
charge-density operatoys to lowest order in ¢/c) is by

decomposing the quark propagators in treativistic) Born _al aigr “ikyer

terms in theyqg— qqg amplitudes into positive and negative =sjern (27-;)§e 2 e kz,q) | +(12),
energy components, retaining only the negative dok<al- 3
culations of exchange current corrections to two-nucleon 3.7

systems in Refd.17] and[18]), giving where p,, is the exchange charge-density operator and

(Ky Ko, q)=pi(Ky,0)+ pi(Kq, =r,—r,. The corresponding contribution to the mean-square
pilks ke, @)=k, @)+ pyke.@) charge radius is thefr?)e= —6[dFc ex/d(02)]|q2—o. The

(1y+ total (intrinsicc charge form factor is thenFg
= gmeCi| 2Q vy (k2) =Fca-Fcex i€,
8 rZqZ rI2AqZ
n [ Q<1>,k§:l A<k1>)\<k2>] v (Kp) | +(152), 1- T+O(q4)> = ( 1- T+O(q4))
2 42
(3.4 [q I'eéq +O(q4))

where U]_+ and v; are flavor-independent and flavor-
dependent potentials, respectively, ane+2) is a term with (ra+r2)g? A
the coordinates of quarks 1 and 2 exchanged. =|1-——% —+09(@ )>,

The operator®©;, j=1...5,corresponding to effective
scalar, vector, tensor, axial vector, and pseudoscalar ex- (3.9

change mechanisms, will be o o ] _
giving an intrinsic mean-square charge radius defined as

0,=¢*+2i0'M-P;Xq, 353 (MPin=(rn+ (e
Taking into account only the spatial scalar component of
0,=q-ko+ (02 xXky) - (VX q)—2i o'V - qX Py, the exchange charge-density operators for a ground-state

(3.5p  baryon, and noting that the matrix elements of terms in Eq.
(3.5 that containP; or P, will be small, the expressions for
05=0q- ko+ oV 0?q-k,— 0@ - qo'?- (k,— Q) the charge-density operatop§_ can be simplified. The con-
tribution to the charge-density operator from scalar meson
+2i0'?.P,xq, (350  exchange mechanisms will then be
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1 3
palkuke Q) =grd” Vit =] & Verd MO
x[2QWv{ (ky) 7
+ 2 V(rpaAI\
Q"1 (kp)]+(1-2). (3.9 &, VNN
For vector meson exchange mechanisms the corresponding
expression is +V, (TN (oD 0P, (4.2
2
oKy K q)=i q-kp+2q-k M where A and o are the flavor and spin matrices of the
2002 g m3 2 2 3 quarks. In the full interquark potential of Rdfl5] also a

1)+ (12). - singlet exchange term was included. This smaller term will
X[2Q vz (k) + Q™05 (ko) ]+(142), not be considered here. The spatial part\df** for the
(3.10  model is taken to have the form

and the exchange charge-density operator for effective tensor v 3 gi 1 1 , e i \2 e M
exchange will be ATij)= 47 3 4mm, My T T
1 ) oV. g2 4.3
Ps(kl,kz,Q)=—8m3[q-k2+(2q.k2+q ) 3 } where y= K, 7, gf,/477=0.67 for m,K, 5, m is the con-

D + a2, - stituent quark mass, corresponding to eithg=my= 340
X[2Q%v3 (ko) +Q*vg (ko) ]+ (12).  Mev or me= 500 MeV, and\,=\o+ku,, with A
(3.12) =2.87 fmr * and x=0.81.
This model(one version of the so-called chiral constituent
The contribution to the exchange charge-density operatoguark model will be used below, combined with an approxi-
from axial vector exchange mechanisms is derived as mation of the three-body wave function of R¢l5]. The
wave-function approximation is of the formg(r,,r,,rg)
= (Mw/ m)¥%ePRe~(Mal2)(*+9?) \yith an effective oscillator
frequencyw=1240 MeV, corresponding to an estimate of
+ _ the impulse approximation radius without relativistic correc-
X[2QM04 (k) + Q04 (k) ]+ (12), tions in the model of Ref15]. The coordinateR, r, andp
(3.12  are defined as

1 1), g2
pa(K1,kz,0)= G207 +0-kol—5—

and, finally, the contribution from effective pseudoscalar me- Fi+ro+rg
son exchange can be derived as R= T
1 oV. g2
p5(k1,k2,Q):8m3Q'k2 3 _rl_rZZE
X[2QMvd (ko) +QMug (kp) ]+ (1+2). V22
(3.13 r{+r,—2r
-1 2 %3 (4.4)
V6

IV. NUCLEON CHARGE RADII IN THE CHIRAL
CONSTITUENT QUARK MODEL In the calculations thérenormalized center-of-mass coordi-
As an illustration of how exchange currents may contrib-nate.R |s.remo'ved. W'Fh. tr."S wave functlon the !mpulge ap-
proximation (with relativistic correctionsfor the (intrinsic)

ute to the total charge radius of the nucleon the above fort ean-square charge radius can be calculated fromZ9)
malism has been applied to a quark-quark interaction mode]' q 9 '

that is flavor dependent. In Refl5] a phenomenological

model for the hyperfine interactions between quarks, com-

bined with a static linear confining interaction, was used to (r2)a=3(QM)
get a satisfactory description of the spectra of the light and

strange baryons. The Hamiltonian of the model is of the form 11,4 static linear confining interaction of R¢L5] is spin

1 3
—+ —} 4.5

Mo 4m?°

3 3 and flavor independent, and can formally be viewed as a
H= D2+ m2+> Vir.). 4.1 static approximation to a scalar exchange interaction, the
izl b ' .E<J (i) @D sign of which is positive instead of negative as for a conven-

tional scalar exchange interactiph3]. In the model of Ref.
The quark-quark interactiol(r;;) consists of alinea)  [15] the confining potential is
confining partV,(r;;), and a hyperfine interaction term 5
V)tzctekrij) of the form Ueonf(F12)=Cri+ Vo, (4.6
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where the value of the paramet@ris 2.33 fm 2 and where TABLE I. The matrix elements of the spin-flavor operators for
Vo= —416 MeV. With the approximated wave function the the proton and ' the neutgonQ(l)z%[xgl)+1/\/§>\gl)], ZQ(Z)
confinement contribution to the charge form factor can be=3[A\{?+1//30 7], Q=P +33_ AN, Q=2

calculated from Eqs(3.7) and (3.9, wherev; (k) is the +%E§=1)\(k2)i\f<l)ll , ?5712):2/(31/25)7\52)—%M(si)Kéz), . QZ%ZD
inverse Fourier transform of the confining potential. The cor-= 22/1(3\/§)>\§3 )—25?\51)7\5 )é . Q57+)7,=11/\/§2()\:(3 3\(3 )H\%;)\é )l
responding mean-square charge radius will then be QP =1 BN+ AN, oM. 6PQID, o). o)
QY o). ¢2QU2, 1. oMQY, oM. QU2 and o
9 2 Vo oDQE
2 — 1 2 T
(reon= = 3| \ ———C+ 5 [(Q' '+QP)R(w).
(4.7 b n
Wy=(0® 1
et - (Q7)=(Q¥) 3 0
The factorR(w) represents a relativistic correction to the | *,," o7 (15, _ 0@, oMo 17 13
exchange charge-density operator, originating in the spin0r<"(1)'"(2)QgT12)>:< (2)‘0'(1)Q2721)> ° °
normalization factor and the energy denominator in the small {0 0°2Q; %) =(o""- 0" Q) 9 -

©IN
©IN ©|=

component of the quark wave functigsee Ref[19] for a (0. 0PQC2 ) =(a-0eMQTY,)
discussion on this factor in the context of exchange magnetic
moment operatojsthe value of which is 0.28 fon= 1240

MeV. The confinement contribution can, as is readily seen

from the above equations, be viewed as a one-body contri-

bution to the charge radius because of the equé@®) In the previous sections the constituent quarks have been
=<Q(2)>. treated as pointlike objects without internal structure. If, on

the other hand, the constituent quarks have a nontrivial elec-
tromagnetic structure, i.e., they are assumed to be dressed by
their mesonic(quark-antiquark polarization clouds, quark
B 4m? (= w form factors can be introduced. The charge opergtor in
v (F10) = r—f dr’f/dr”r”fy(r”), (48 Eq. (24 can be expressed a®)()(0)=1iFz(0)\Y
12712 T +1/(2(3)Fg(0)AY), whereF; and Fg are possible quark
where f.(r) is obtained from the relationV (r;y) form factors, (r?)orr?al-med aB3(0)=Fg(0)=1, and the ex-
pression forQ'"’(q”) is then

V. CHARGE FORM FACTORS OF THE QUARKS

The potential functiorv(k) of the hyperfine interaction
can be obtained as the inverse Fourier transforjil6f

= %f,/(rlz) in combination with Eq(4.3), thus giving

2 _ Ny A 1 1 .
9, 1 [ e e D(g2)==F3(qON+ —=Fg(qdNy. (5.1
_9% Z(Zr —hir]- @9 QM@Y= ZFal @M+ S =Fa@y. (5D

The hyperfine interaction can in this model be interpreted aé possible quark contribution to the form factors of nucleons
an subsequently be expressed as

coming solely from pseudoscalar exchange mechanism§
since the volume integral of the interaction vanishes. The 1
relativistic correctiorR(w) should also be taken into account Fap= 3<p|Q(1>| p)= = (F3+Fg),
and, using Eq(3.13, one finally gets for the effective pseu- ' 2
doscalar (P) meson exchange contribution to the mean-

square charge radius TABLE II. Numerical values for the different contributions to

the mean-square charge radius of the protph &nd the neutron

T Mo 3?2 (n) given in fn? in the model of Ref[15] when the impulse ap-
<r2>P:F ( _) (o'V. ¢'2Q12+ ¢l2). oV Q(2D) proximation radius of the protofwithout relativistic correctionhas
LU the value 0.304 fm & =1240 MeV in the harmonic oscillator ap-

w 9 proximation. Here IA+rel, conf, andP indicate impulse approxi-
xf drrgefm“’rz—TJ(\/Er)R(w). (4.10 mation with relativistic correction, confinement, and pseudoscalar
0 ar exchange mechanisms, respectively. The contributiéy, comes
from the anomalous magnetic moment part of the electric Sachs
In the calculations the spin-flavor part of E@t.10 is di-  form factor, andr2), has been calculated from EG.6), assuming
vided into terms that correspond to the different potentiakr2) =(r?),=0.133 fnf.

functionsTJy defined in Eq(4.8). This is done by noting that

for nucleons the flavor operat@®) in Eq. (3.6) can be p n
written asQ=Q{+Q{P+QYY,, where QJ", le), e 0.345 0
and QS;QW are associated with the potential functioms, (r® cont 0.161 0
v,, and 3(v,+v,), respectively. The matrix elements of  (r?p ~0.015 —0.009
the spin-flavor parts of the exchange current contributions (r2),, 0.119 —-0.127
are given in Table |. The numerical values for the mean- (r?), 0.133 0
square charge radius contributions from the impulse approxi-

mation (with relativistic correctiop, from confinement and (¥ 0.743 -0.136
from pseudoscalar exchange mechanisms are given for the (M exp (0.8622 ~0.117

proton and the neutron in Table II.
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1
Fq,n:3<n|Q(l)|n>:E(_F3+F8)- (5.2

It is possible to re-express the quark form factors in terms o

contributions from up and down quarks. One notes that

2 i 1 1
§Fu:<U|Q u)= SFst gFe

1

1F—d W)dy= 1F
~ 3Fa=(dQWd) =~ 5Fst ¢

Fsg, (5.3

with the normalization conditiond,(0)=F40)=1. A
combination of Egs(5.2) and (5.3) will result in the quark
contributions to the charge form factors having the form

4 1

Fq,p:§Fu_ §

Fq,

2 2

an=3Fu= 3Fa-

F 3

(5.9

SinceF,=1-r2g%6+O(q*) and F4=1-r3g%/6+O(q%,

C. HELMINEN

PRC 59

density operators, apart from the requirement that their con-
tributions vanish withg. In this work the exchange charge-
density operators that correspond to the Fermi-invariant
§{SVTAR decomposition of the quark-quark interactions for
a two-quark system have been constructefl Ref. [18]
where the corresponding charge-density operator for the
pseudoscaldP is given in the case of nucleon-nucleon inter-
actions. Their contribution to the charge radii of the nucle-
ons has been calculated in a phenomenological model for the
interquark interactiorfa version of the so-called chiral con-
stituent quark model The results have then been combined
with calculations in the one-bod§impulse approximation
where relativistic corrections have been taken into account
due to the smallness of tHeonstituent quark mass to cal-
culate an “intrinsic” charge radius of the nucleon. This “in-
trinsic” part can then be added to the anomalous magnetic
moment part of the charge radius to get a totaban-squane
charge radiu§l10]. The possibility that the constituent quarks
are not pointlike but have a nontrivial electromagnetic struc-
ture described by quark form factors has also been explored.

A comparison between the results of Table Il and the
empirical value for the electromagnetic charge radius of the
proton (r2)2?=0.862 fm[3]) shows that the predicted pro-
ton charge radius for the model of Ré¢fl5] without any

the quark contributions to the proton and neutron meanquark radius contribution is 9% smaller than the empirical

square charge radii can be calculated as

4 1
<r2>q,p:§<r2>u_ §<r2>dv

(D an=a(rDe 5 (2. 559

If now the u andd quarks are assumed to have the saméd

(mean-squanecharge radius Eq5.5) can be simplified as
<r2>q,p:<r2>u ,

(r®qn=0. (5.6)

value, or 18% smaller in the case of the mean-square charge
radius. The only exchange charge contributions that are con-
sidered are the confinement and pseudoscalar exchange
charge contributions.

The result for the neutron electromagnetic mean-square
charge radius, on the other hand, has the right sign, and the
calculated value of(r2),| is 16% larger than the empirical
value of|(r?),| (empirically (r2),=—0.117 fnf [6]). Since
here will be no contribution to the neutron charge radius
neither from the impulse approximation nor from confine-
ment[cf. Eq. (4.5, Eq. (4.7), and Table ], only contribu-
tions from pseudoscalar exchange mechanisms and the
anomalous magnetic moment can affect the sign and the nu-
merical value ofr?),,.

Without any contributions from the charge radii of the

The total mean square charge radius of a nucleon can noguarks themselves the mean-square charge radius for the pro-

be calculated ag(r?)i=(r?)ia+ext (r?)ant{r?)q. where

ton will thus in this model have a somewhat smaller value

(r?),aex represents the combined contribution from the im-and for the neutron a somewhat larger value than the empiri-

pulse approximationwith relativistic correction and the
necessary exchange charge contributions. The @,

cal ones. If, on the other hand, an electromagnetic charge
form factor is defined for the quarks, the expression for the

comes from the anomalous magnetic moment part of Egnean-square charge radius will contain an additional term

(2.2 and(r?), is given by Eq.(5.6).

(r?),. If the charge radius for tha and thed quark is as-

If the quark contributior(r2>qyp is chosen so as to obtain sumed to be equal the proton charge radius will get a positive

a value for the total mean-square charge ra@hﬁwt,p as

contribution, while the neutron charge radius will get no ad-

close as possible to the empirical one, an estimate of thditional contribution, i.e.{r?,,=0. It is possible to adjust
mean square charge radius of thandd quarks can be done. the value for the charge radius of the quarks to get an agree-

The results in Table Il were obtained with the vakré),
=(r?)4=0.133 fn.

VI. DISCUSSION

ment between the prediction and the empirical data for the
proton. When assuming the oscillator frequency to be 1240
MeV (corresponding to an impulse approximation radius
without relativistic effects of 0.304 fm20]), the radius for
the u and d quarks is determined to be 0.36 frgr¢),

In quark-quark interaction models that are flavor or veloc-=(r2)4=0.133 fnf).
ity dependent the continuity equation requires the presence This can be compared with similar calculations with an-

of exchange currents. The exchange current operators atgher flavor-dependent quark-quark interaction mda4l,

usually constructed so as to satisfy the continuity equation twhich leads to a proton mean-square charge radius, which is
relativistic order ¢/c)?. The continuity equation to that or- almost twice as large as the empirical one, and to a positive
der does not constrain the corresponding exchange chargmean-square charge radius for the neutron if no compensat-



PRC 59 EXCHANGE CURRENT CONTRIBUTIONS TO TH . . . 2835

ing quark radius tern’{rz)q is added. To get a reasonable eter describing the confinement strength also seems to be

value for the neutron mean-square radius, i.e., not a positiveealistic in the model. The generally accepted value for the

value, without at the same time causing the proton chargstring constant ofqq systems(mesons is b~1 GeV/fm,

radius to become even larger, would in that model requirejerived from the charmonium spectrUi®2] and consistent

the u- and d-quark radii to differ substantiallyr®)¢ being  with Regge phenomenology and numerical lattice QCD re-

larger thar(r?),,. sults (for a review article, see Ref23]). For baryons the
The model discussed in this work gives a good descripstring constant isb, which corresponds to the value of the

tion of both the spectrum and the magnetic moment of thetring tension parametet=2.33 fm 2~460 MeV/fm for

nucleon. The magnetic momer(expressed in nuclear mag- the confinement in the model studied.

netons for the proton and the neutron, assuming exchange

current contributions only from confinement and pseudo-

scalar exchange mechanisms and using the same methods for ACKNOWLEDGMENTS

the calculations as in Refl19], are 2.58 and-1.77. The

predicted values for the magnetic moments are thus within The author wishes to thank Professor D.O. Riska and Dr.
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