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The system of NN, NA, Ah, and NN*(1440) channels, coupled by long-range meson exchange
forces and a short-range boundary condition, has been successfully applied to medium energy NN
scattering. The deuteron system includes the NN('Si, 'Di), AA('S, , 'D, , 'D, ), and NN*('S&) chan-
nels. The scattering data for nucleon T~,b & 1 GeV put strong restrictions on the short-range pa-
rameters of the model, imposing -2% total isobar content in the deuteron, but do not determine
the relative strength of coupling among the isobar channels. In contrast, the deuteron elastic mag-
netic form factor is sensitive to the mixture of isobars. Adding meson exchange current contribu-
tions, a good fit to these data can be achieved, including a nontrivial prediction of a minimum
near q =50 fm, by a balance between AA( Di D&) components. Balancing AA('Sl D~) with
NN*('S, ), assuming a negative N* isoscalar magnetic moment, is only adequate for q &25 fm
The static properties of the deuteron are well fitted, and the electric and tensor polarization form
factors are consistent with the data. The inclusion of the lowest six-quark state, with cloudy bag
model dynamics, increases the boundary radius, requiring —7% isobar content proportioned as
above to approximately fit the data.

I. INTRODUCTION

The static deuteron properties, including the magnetic
moment pd, the quadrupole moment Q, and the asymp-
totic S and D state amplitudes A z and A D, impose
strong restrictions on the deuteron wave function. Be-
cause they probe short distance components as a func-
tion of four-momentum transfer q, the elastic form fac-
tors impose even stronger requirements. The elastic
form factor A(q ) probes most deeply as it is known' to
q = 100 fm . However, the magnetic form factor
B(q ) is more sensitive to the isobar components in the
deuteron each of which has its characteristic spin and
convective magnetic effects. It is now measured ' up to
q =70 fm, which is sensitive to the range of meson
and isobar components. For q & 50 fm the form fac-
tors are not greatly dependent on higher order meson ex-
change current (MEC), relativistic, and free quark con-
tributions.

It is not meaningful to fit the deuteron properties un-
less the nuclear force used is theoretically well based and
satisfactorily fits other multinucleon phenomena, espe-
cially the two-nucleon scattering data. In particular, the
sensitivity of B(q ) to isobar components implies a rela-
tionship to medium energy NN scattering as the latter is
strongly affected by isobar channel thresholds for
T„b & 400 MeV beam energy. To meet these criteria, we
use the coupled channel NN interaction of Refs. 4 and 5.
In applying the constraint of fitting all the NN data for
T~,b & 1 GeV the present results difT'er from previous in-
clusions of isobar components in the deuteron form fac-
tor calculations. At medium and long range the poten-
tial matrix connecting all channels includes the one-pion
exchange (OPE) contributions. The 1, p, co, and two-
pion exchange contributions are also included in the po-
tential of the nucleon-nucleon sector. For the transition

potentials between nucleon and isobar sectors, a phe-
nomenological two-pion range Yukawa potential is sub-
stituted for the two-pion and heavy meson contributions.
This phenomenological term only contributes to elastic
scattering at —,'m „' range. All relevant coupled isobar
channels are considered, including NA, AA, and
NN*(1440) systems (the Nb, channel is not coupled to
the I=O deuteron).

At a short range, ro, a homogeneous boundary condi-
tion is imposed,

d+
ro =f+(ro),

dT I-

where 4 is the multichannel (column matrix) wave func-
tion and the symmetric f matrix is a meromorphic func-
tion of energy with real poles and positive residues. This
form is required by hermiticity and causality. Most im-
portant from our contemporary view is that asymptotic
freedom implies that ro can be chosen so that free
valence quark degrees of freedom dominate interior to it.
It follows that the possible quark configurations deter-
mine' the pole positions and residues of the f matrix,
leaving only the energy independent terms as parame-
ters.

Such an interaction with ro= —,'m „' and with only a
constant f matrix has been successfully applied ' to fit
the complex phases of all the nucleon-nucleon partial
waves for T&,b & 1 GeV. For the above small value of ro,
ignoring the pole terms in the f matrix is justified over
this energy range because (i) the lowest six-quark states
occur at T~,b &3.4 GeV and have narrow width, pro-
ducing negligible energy dependence for T~,b & 1 GeV,
and (ii) at —,'m ' the two-pion exchange forces are
strongly nonlocal, which, in the limit, produces a con-
stant f matrix. The first set of results presented here
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are based on this simple choice of f matrix. Preliminary
results have been presented earlier. ''

Another choice of ro which has had some success in

fitting NN scattering data is ra=1.05 fm, determined by
using cloudy bag model (CBM) dynamics in the interior.
The lowest six-quark state is in the S, channel and
occurs at a mass of 2.63 GeV/c (T&,b

——1.8 GeV) for
this model. The resultant pole in the f matrix produces
a small six-quark component in the deuteron which has
little influence on the deuteron form factor. But the
larger value of ro does appreciably affect the NN scatter-
ing and the hadronic current. We present the deuteron
form-factor properties of such a CBM model.

In Sec. II we review the relevant features of the im-
pulse approximation with isobar components in the
deuteron, and discuss the isoscalar MEC and nucleon
electromagnetic form factors used. Section III briefly re-
states the form of the two-hadron interaction formalism
used and its inclusion of short range quark degrees of
freedom. This section presents the parameters of a
range of specific models that fit the NN scattering data
and which will be compared with the deuteron proper-
ties.

In Sec. IV the static deuteron properties and elastic
magnetic form factor are compared with the data. The
quadrupole moment and the asymptotic S and D state
amplitudes fit well. It is shown that a fit to pd and
B (q ) requires a balance of the b, b, ( D, ) and b, A( D, )

components. These AA components have opposite signs
of spin and convective magnetic contributions. Replac-
ing the Ab, ( D& ) component by a substantial NN* com-
ponent with negative isoscalar N* magnetic moment p,
can correct the magnetic moment and improve the value
of B (q ), but not adequately for q & 20 fm . A good
fit to B(q ) up to q =28 fm predicts the now ob-
served diffraction minimum at high q . The sensitivity
to the isobar components, to MEC contributions, and to
the nucleon electromagnetic form factors is examined.
For those models which satisfactorily fit the magnetic
form factor, the electric and tensor polarization form
factors are examined in Sec. V, and found to be satisfac-
tory. It is noted that remaining ambiguities may soon
be removed by tensor polarization data. Our con-
clusions are presented in Sec. VI.

B(q )=—4'(1+g)G, (q'), (4)

the c.m. scattering angle of the electron is O„q is the
square of the four-momentum transfer, and g=q /4Md,
Md being the deuteron mass. Furthermore, the tensor
polarization tzo, whose experimental value is required to
separate Go and Gz, is given by

t20(q')= —&2 x(x+2)+—
2

[1+2(x '+y) ], (5)

where x = —', gG2/Go and

y = —2r) —,'+(I+g)tan G& /Go .

A. The impulse approximation

In the impulse approximation (IA) the baryon one-
body currents are taken into account. For our represen-
tation of the deuteron, these are given by the nucleon
and isobar components of the deuteron's Schrodinger
wave function, smeared by the nucleon and isobar elec-
tromagnetic form factors. Our present model includes,
in addition to the NN( S, , D

&
) components, the

b b, ( S&, D &, D
&

) and the NN*( S, ) components. The
N*(1440) is the next isobar in mass after the b, , and be-
cause it has quantum numbers identical to the nucleon it
can couple in the NN* channel to any NN channel ~ The
NN* threshold (2378 MeV/e ) is lower than the b, A
threshold (2464 MeV/c ), which is the lowest available
with a 6 isobar in an I=O channel. This, and the broad
width of the N* ( —300 MeV) makes the NN* channel
significant in the deuteron system, in spite of its some-
what small OPE coupling to the NN channel.

Using N, 6, and e superscripts for the NN, AA, and
NN* channels, respectively, we have"' '

Go (q ) = G~ C~ G+pCp G+g Cg (6)

The deuteron monopole, dipole, and quadrupole form
factors Go, G, , and G2, respectively, are determined by
the deuteron one-body (impulse approximation) and
two-body (MEC) currents.

II. DEUTERON FORM-FACTOR FORMALISM

Below, we briefly restate the formalism detailed in
Ref. 11 and elsewhere, going more extensively into terms
which arise due to the presence of isobar channels in the
deuteron. ' ' Electron-deuteron elastic scattering has
the general form

Md
G) (q )= (G~C~ +G~Cs~+G~CSM

+ —,'GE CL + —,'GpCI + ,'Gg CL ), (7)—

and

(q, o, )=
e dQ,

0,
A (q )+B(q )tan

2
G2 (q ) =Gg Cg +CpCg + Gg Cg, (8)

where

~ (q )=G, (q )+(—,')rI'G2(q')+ —', gG', (q'),

(2)

(3)

where M is the proton mass, the C's are the contribu-
tions of the point baryons determined by the deuteron
wave function, and the Gz and G~ are the electric and
magnetic isoscalar combinations of the baryonic form
factors,
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GF M
= Gg, M + GF" M

Z+ a0 a++
GEM =—GEM+GEM ——GEM +GE~ )

Gg M =——,'(Gg M+Gg M+Gg M+Gg M ) .
and

Gg(q )=GP(q )=Gz(q ),

GM(q )= G (q ),
(p, +p„)

(13)

Our form factors are defined with the following normali-
zation s: GM(q') = 1+

(p„+p„)
GN( 2)

2

Go(0)=l, G, (0)=MdMp 'pd, G2(0)=Mdg .

As usual, " with the NN( S, , D
&

) wave functions
u (r) and w (r), respectively,

CE —— dr u r +w r j0 —,'qr

We note that Gz(0)=1 and GM(0)=p +p„, so that the
isobar channel charges and magnetic moments are also
properly normalized. Applying Eqs. (7)—(13) at q =0,
we have'

I d'=Ps(V. +V, )+PD[ ,'(V.—+S—,)+ ,']—

and

C& —— — f dr w (r)[u (r) —2 w (r) ]jz( ,'qr), —
v'Zg o

(10)

Cs ——f dr [u (r) ——,'w (r)]go(2qr)
0

+ [2' u (r)+w (r)]j2( ,'qr) . , —
w(r)

+ —,'P, (p„+p, +p„)+P~p~

3 M 1 M
2~~ 4 ~ + A7 PA

and

g' = —' r dr(g'~ uw —w20

+8 uhw53 —W53 —
7 Wh )7

1/2 2 2 2

(14)

«w' ~ j0 —,'qr +j2 2qr

For the isobar partial waves considered here we
have'2' '3

CE = dr u g+wg3+wg7 j0 —qr

C& = — dr u&w&3 —2 w&3
—3/2 2

&2g 0

2
—1/2

Cs = f dr[(u~ —
—,'w~3+2W~7)jo( —,'qr)

+(2 ' u~w+3+ 2w+3 7 Qw)j7( —,'2qr)],

CL = dr —w Q3 w Q7 j0 —,'qr +j2 —,'qr

and

CE =Cg = dr u jp —qr

Cg ——CL ——0,
(12)

where Mz is the mass of the 6 and we have introduced
u~(r), w+3(r), w+7(r), and u„(r) as the wave functions
of the bA( S, , D, , D, ) and the NN*('S, ) states, re-
spectively.

The nucleon electromagnetic form factors GE ~ and
Gg M that we use are described below in Sec. II B. They
are consistent with the data which, except for GE, is
moderately accurate over our energy range. Because of
the lack of information about the electromagnetic form
factors of the isobars, we have assumed that the isoscalar
combinations have the same form as that of the nu-
cleons,

where Ps and PD are the proportions of NN( S&, D
&

)

states and the subscripts of the other P's identify them
as the proportions of the states as subscripted in Eqs.
(11) and (12). We note that Ps = 1 PD P„P~—— —

We use a fixed value p + ——p as given by the quark
model, ' which predicts that the 6 magnetic moment is
equal to the 6 charge times the proton magnetic mo-
ment. This value is in agreement with the experimental
evidence. ' However, there is no experimental informa-
tion on p, and the appropriate quark model for an
N*(1440) is ambiguous (excitation of a IS,&2 to a 2S&zz
quark state, a, breathing mode of the bag, or exotic q q
or q g configurations?). We therefore use p, as a param-
eter determined by pd. However, we view any model for
which

~ p„~ =
~Au, +@~+

~

)5 pN as being unlikely to
correspond to reality.

Other hypotheses than those of Eqs. (13) are reason-
able. The 6 or N* form factors may be proportional to
the proton rather than to the sum of proton and neutron
form factors, for instance. We have chosen Eqs. (13) for
computational simplicity.

B. The nucleon electromagnetic form factors

We use three sets of form factors for the results shown
here, all of which adequately fit the nucleonic data. For
the full selection of models that fit B (q ) best, we use
the results of Hohler et a/. ,

' which embody the theoret-
ical particle pole form. For preliminary results and as a
check on the sensitivity to the choice of nucleon form
factors, we use, as in "case I" of Ref. 11, the Iachello,
Jackson, Lande (IJL) particle-pole fit' for Gg and Gg,
the dipole fit of Bartel et aI. ' for GM, and the GE of
Cxalster et al.
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Recently, ' a model of nucleon electromagnetic form
factors incorporating quark dynamics has predicted sub-
stantially larger Gg and smaller

~
GM

~

for q & 5 fm .
It shall be shown that this has little effect on the op-
timum proportion of isobar configurations, but that it
shifts the radius of asymptotic freedom, ro, which best
fits the form factors to the larger of the two values dis-
cussed.

C. Meson-exchange current and relativistic corrections

to determine the sensitivity of our results to this poorly
known constant. At high q the pm@ term dominates;
therefore, we also examine the sensitivity to the q
dependence of the p~y vertex by substituting a dipole
form factor,

KD ( 1+ 2P —2) —2 (17)

with AG ——0.885 GeV, for the monopole form factor of
Ref. 13,

In this paper we do not make any relativistic correc-
tions other than those included in the "pair" MEC con-
tributions. Relativistic effects to order q due to the
recoil of the deuteron are well understood and are ex-22

pected to dominate the corrections for q & 5 fm . In
our work we compare our model with the static proper-
ties (q =0) for which there are no recoil contributions,
and the data at q & 5 fm . In the latter region the
deuteron recoil corrections are expected to be dominated
by relativistic corrections that are not calculable without
a fully relativistic expansion. Although we do not in-
clude the relativistic corrections in our results, we make
some qualitative remarks about their expected effects as
predicted by some relativistic deuteron calculations.
The error due to ignoring the relativistic contributions is
expected to be smaller than the uncertainties in the
MEC corrections discussed in this article.

In our work we use the same MEC contributions as in
Ref. 11, i.e., the ~, p, and ~ pair terms and the p~y con-
tribution. They are calculated for each of the models be-
ing examined, with formulas corresponding to those of
Ref. 24 with a minor modification discussed in the Ap-
pendix. For some of the nucleon force models, we com-
pare results of the above MEC calculations with that of
a simple calculation which only partly takes into ac-
count the model dependence of the MEC. The shape of
each MEC pair and the p~y term is taken from the re-
sult' of the Reid soft core potential modified to include
coupling to the AA channels. The model dependence is
partly taken into account by normalizing each term to
the q =0 value for the specific model. The required
q =0 limit of each MEC diagram is given in the Appen-
dix. These q =0 formulas do not include hadronic form
factors, although they have an effect even at q =0. The
effect of the hadronic form factor is particularly
significant for the p~y MEC term because it is large and
the pNN vertex is strongly modified. This modification
is included in our numerical results. By comparing these
results with the full MEC calculation, we determine the
sensitivity to the model of the q dependence of MEC.

For the hadronic couplings that occur in the MEC ex-
pansi«s we use g~NN/4~:14 3 14 8 gpNN/4~
=0.522, ~, =3.66, g NN /4m=4. 69, and ~, = —0.12.
The hadronic form factors are

K NN=(l+q A„)
K,NN =K NN =(1+q'&, ')

where we have used A =1.0 GeV and A =1.44 GeV.
We use both g =0.406 and 0.56 for the p~y vertex

We do not include the MEC contributions from N-6
photoconversion [see Figs. 4(c)—4(e) of Ref. 11],but such
diagrams make no contribution to B (q ) and are expect-
ed to be small effects in /1 (q ) and t20(q ).

III. COUPLED ISOBAR CHANNEL
NUCLEON-NUCLEON INTERACTION

A. The potentials

It has been shown that the Bethe-Salpeter equation
can be reduced, symmetrically in the two particles, to
the Schrodinger equation with an eigenvalue which is
the square of the relativistic relative momentum. If each
partial wave channel is designated by i or j, we may
write

d g, L, (L, +1)
+ 2 f;+ g (M„'M„')' V;, P =K; P, ,

dr r

(19)

where I,, is the channel orbital angular momentum,
M, M; the masses of baryons in channel i, and 8' the
barycentric energy,

[(Ma)2+K 2]1/2+ [(Mb)2+K 2]1/2 (20)

M M;
M,'=

(M,'+M,") (21)

In this reduction, if r ~ —,
' m ', then V, - for one-boson

exchange is very close to the usual local Yukawa form,
and V;, for two-boson exchange, has a well-defined,
nearly local form.

The Feshbach-Lomon potential used in the NN sec-
tor is constructed from w, g, p, co, and 2~ exchange. For
the 2~ exchange term, an expansion in intermediate state
recoil momentum was used, resulting in two
parametrized ambiguities. The two parameters were
fitted to the data for TI,b &400 MeV and resulted in a
potential close to those given by the relativistic descrip-
tions obtained from perturbation or dispersion
theory. ' As in Refs. 4 and 5, we do not vary the pa-
rameter of this potential from those of Ref. 27, other
than a variation in g NN of less than 3% (within the un-
certainty of this constant) to fine tune the deuteron
quadrupole moment and the relation between the deute-
ron binding energy and the triplet scattering length.

The one-pion exchange part of the transition poten-
tials between nucleon and isobar channels is given by in-
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dependently determined coupling constants as described
in Ref. 4. The resulting potential matrix elements for
the channels we consider are

V [NN( S&)-b,b, ( S&)]=0.174m Vz(m„r),

V [NN( D& )-bb( S& )]=—0.05m V2(m r),
V [NN( S, )-bb( D, )]=—0.05m„Vz(m„r),

V [NN( D
&

)-b, b, ( D& )]=0.174m, Vz(m r)

+0.035m V2(m r),
V [NN( S, )-Ah( D, )]=0.276m„V2(m r),
V [NN( D&)-hb( D&)]= —0.056m V2(m r),
V„[NN( S, )-NN*( S, )]=—0.034m„Vo(m r),
V [NN( D& )-NN" ( S& )]=—0.096m Vz(m„r),

where

Vo(x) =x 'e

(22)

and

V~(x)=(x '+3x +3x ')e (23)

In the application below, only those of the above tran-
sition potentials which connect to the explicitly named
channels are included. For example, in a four-channel
NN( S& D&), hb. ( -S&), NN*( S&) case the above cou-
plings to the b, h( D, ) and bb, ( D, ) channels are ig-
nored.

In the transition potentials, the effect of the 2m contin-
uum and p exchange is phenomenologically represented
by Yukawa forms with characteristic range of a half-
pion-Compton wavelength

—2m r
Vp„(r) = V2 r e (24)

where the V2 constants are fitted phenomenologically.

B. The boundary condition

In Ref. 6 it was shown that an interior boundary con-
dition is required to be a meromorphic function of ener-
gy with real poles and positive residues to be consistent
with the Wigner causality condition, unitarity, and time
reversal invariance,

f(W)=f +g, ImW;=0, p, )0. (25)
i

It was further shown that strong nonlocality within ro
implies a small value of df Id W, indicating that the
poles are above the energy range of strong nonlocality.
Consideration of 2~-exchange diagrams both in field
theory and dispersion theory shows that this condition
is approached at r = —,'m

An explicit use of R-matrix theory in conjunction with
the short-range quark structure leads to the same gen-
eral result, Eq. (25), with the pole positions and residues
given by the complete set of internal quark states (as
determined by the quark Hamiltonian and the vanishing
wave function boundary condition at rz). Analysis indi-
cates that the lowest 8' are high enough and the p,
small enough not to affect results in the energy range of
the present application, T~,b & 1 GeV. However, the
quantum chromodynamics (QCD) model used does affect
the choice of ro, and, hence, the predictions for T~,b & 1

GeV. For most of the models discussed below we use
the Feshbach-Lomon (FL) radius ro =0.74 fm, as
demanded by multipion exchange nonlocality and in
good agreement with scattering data. ' ' In this case
the lowest 8' is expected to be greater than 3 GeV and
have a width of less than 0.1 GeV. Under these cir-
cumstances, all pole terms are effectively constant for
W&2.3 GeV (T&,b &0.94 GeV) and are incorporated in
the constant term of the f matrix.

Consistency with the CBM dynamics imposes a larger
radius r o ——1.05 fm. The resulting energy depen-
dence of the f matrix still has only a minor effect on the
region under discussion, but the consequences of the
larger radius on NN scattering and of possible quark
current effects on deuteron properties are discussed
below.

C. Models which fit the scattering data

Tables I and II list the 2'-range transition potential
coefficients and the f matrices for six models. Model A
is a four-channel fit which ignores coupling to D states
in the hA channel, but includes coupling to the
NN*( S&) state. Model B is a five-channel fit which in-
cludes the coupling to the b, A( D& ) channel in addition
to the channels of model A. The 2m. -range transition po-
tentials in the NN( S, , D, )-hb, ( D, ) coupling are

TABLE I. The coefficients, V2, of the half-pion-Compton wavelength transition potentials [see Eq.
(24)] for the different models. A blank indicates absence of all coupling to that channel.

Model

NN( S& )-AA( Sl )

NN( D 1 )-AA( S1 )

NN( Sl )-Adl( Dl )

NN( D
&
)-A6( D 1 )

NN( S, )-A5( D, )

NN('D, )-AA('D, )

NN( Sl )-NN( Sl )

NN( Dl )-NN*( Sl )

A

3.3
0.2

—0.7
—1.7

B

—0.2
0.8

—2.0
0.4

—0.8
0.0

0.2
0.4
0.4
0.0

—1.0
0.3

D

0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0

F

0.0
0.0

0.0
0.0

—6.0
6.0
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TABLE II. The constant f-matrix components f 2 [see Eq. (25)] for the different models. Models
D, E, and F also have p[NN( S, )-NN( S, )]=0.139 GeV, p[NN( S, )-b,b, ( S, )]=0.125 GeV, and
)(2[Ah( S, )-bh( S, )]=0.11241 GeV, with W =2.64 GeV. The unlisted components are zero. A
blank indicates absence of all couplings to that channel.

Model

NN( S] )-NN( S] )

NN( S] ) NN( D] )

NN( D] )-NN( D] )

NN( S] ) AA( S] )

NN('D, )-~~('S] )

A5( S] )-AA( S] )

NN( S] )-AA( D] )

NN( D] ) AA( D] )

5A( D] )-kA( D] )

NN( S] )-AA( D ] )

NN( D] )-AA( D] )

AA( D])-hA( D])
NN('S] )-NN*('S] )

NN ( Sl)-NN*( S])

A

7.9344
1.5
2.5
1 ' 5

0.0
3.5

—5.4
0,0
3.5

7.0328
1.6
1.1

0.0
0.0
3.0

0.0
0.0
2.0

—5.6
—0.7

4.0

15.6555
—0.97
—0.1

0.0
0.0
3.0

—9.5
0.0
4.0
0.0
0.0
2.0

D

16.1982
2.06
1.5
0.0
0.0
1.0

—6.34
—1.78
—0.8

2.7
0.46

—0.8

16.1419
2.06
1.5
0.0
0.0
1.0

—6.375
—1.788
—0.8

2.62
0.425

—0.8

F

47.7693
—4.4

2.3
0.0
0.0
0.3

0.0
0.0
2.5

—11.6
—1.05

1.0

allowing for variation in p„but retains ro = r o
The deuteron binding energy is largely determined by

the triplet scattering length, but is also affected, though
less strongly, by the triplet effective range. The latter is,
in turn, mostly determined by the NN OPE potential.
For each model the value of fNN(3s ) NN(3s )

is chosen to

fit the binding energy (BE) (which, because of its experi-
mental accuracy, is the tightest constraint). The scatter-
ing length a, automatically assumes a number close to
its experimental value because of the well-known correct
behavior of the OPE. Any discrepancy can be removed
by a variation of g„NN of less than 2%, well within its
experimental uncertainty.

Table III shows the g NN, BE, a„and the percentage
of each channel component in each of the six models.
The binding energy may deviate by +0.0002 MeV from
the experimental value, but this is due only to the re-

chosen to cancel much of the strong OPE term. We will
see that the resulting 0.5% 4b, ( DI ) destroys the fit to
B (q ) for q & 20 fm in spite of the NN* channel con-
tribution. Model C disregards coupling to the NN'
channel, but includes coupling to the hb, ( DI ) channel
in the proportion needed to obtain good B (q ) proper-
ties. All of the above models have a boundary radius of
ro ——0.74 fm.

Models D and E possess the same channels and QPE
transition potentials of model C, but have the CBM
value of ro ——1.05 fm. In model D the proportion of
coupling to the b, h( D, ) and b, b, ( D I ) states is adjusted
to optimize the fit to B(q ), while model E shows just
how sensitive the result is to small changes in that ratio.
We note that V2„potentials coupling NN and AA are
not needed in these cases as the larger ro suKciently
reduces the OPE contribution to the transition poten-
tials. Model F employs the same channels as model B,

TABLE III. The ~NN coupling constant, the 'S, scattering length, and deuteron static properties
for each model. When the NN* channel is coupled, p~ is listed.

g ~NN ~4~
BE (MeV)
3, (fm)

P.
'

(%)
Pg (%)
Pg3 (%)
Pg7 (%)
P~ (%)

(fm
—] /2

)

AD/Aq
Q

IA (fm2 )

pd (pN)
pd (pN)
p+ (pN)

'Reference 29.
Reference 30.

14.3
2.2246
5.43
5.29
0.73

1.51
0.885
0.0255
0.275
0.842
0.857

—1.95

B

14.6
2.2248
5.43
5.22
0.00

0.47
1.39
0.885
0.0253
0.274
0.842
0.857

—3.24

14.8
2.2247
5.44
5.93
0.00
0.86
0.63

0.890
0.0255
0.276
0.859
0.873

Model
D

14.8
2.2248
5.44
5.76
0.00
5.00
2. 13

0.889
0.0256
0.275
0.854
0.864

14.8
2.2245
5.44
5.75
0.00
5.08
2.05

0.889
0.0258
0.275
0.849
0.860

F

14.6
2.2245
5.47
6.69
0.00

0.21
7.78
0.891
0.0252
0.275
0.842
0.857
0.67

Expt.

13.5-15.0
2.2246

5.42+0.007'

0.880+0.006'
0.0256+0.0004

0.277+0.003

0.85735
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striction of the accuracy of fNN 3s NN 3s to four de-

cimal places. Any further refinement would make no
difFerence to any prediction except the BE itself. The
value of a, is within three systematic error "standard de-
viations" of the experimental value (5.419+0.009 fm),
except for the uninteresting model F, and could be fur-
ther improved by small variation of g NN.

Figures 1 and 2 show that, given the variation among
the phase shift analyses, the fits of all the models are of
similar, adequate quality (model F is substantially worse
for E, ). The lowest energy values of 5( D2) are some-
what overly negative, which is probably due to a small
inadequacy in the shape of the 2' Feshbach-Lomon po-
tential. The models with ro ——r~, especially D and E,
are a better fit to 6( D, ) than the ro models, but the
opposite is true for the fit to 5( 5, ). In Figs. 3 —7 we

plot the wave function components for models A, 8, C,
D, and F. As expected, the isobar contributions de-

crease exponentially for r& 1 fm due to the large imagi-

nary relative momentum in those channels.

IV. DEUTERON STATIC PROPERTIES AND B (q )

In this section we present the deuteron static proper-
ties and the elastic magnetic form factor 8 (q ) for the
models described above. The sensitivity of the form fac-
tor is examined in regard to the dependence on the fol-
lowing aspects:

(i) The coupled channel model, particularly with
respect to the proportion of various isobar channels, the
N*(1440) isoscalar magnetic moment, and the value of
ro.

(ii) The p~y vertex coupling constant and form factor
as a measure of the uncertainty of MEC contributions.

(iii) The choice among reasonable nucleon electromag-
netic form factors.

Gi
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-12

0~ ~ ~ ~ yy~

I

200
I

400
TL(MeV)

600 800

A. The static properties of the deuteron

The short-range parameters of the model are fitted to
the NN scattering data and the binding energy of the
deuteron. The remaining properties of the deuteron are
then predicted. Table III lists for each model the values
of the 5-state asymptotic amplitude, the ratio of the D-
state asymptotic amplitude AD to Az, and the deuteron
quadrupole moment in the impulse approximation, Q'

The experimental value is Q'"~'=0. 2860+0.0015 fm .
As conventional MEC efFects' ' ' are -0.007—0.010
fm for our models, one requires Q' =0.277+0.003 fm .

Q is sensitive to g NN, which has been fine tuned in

each model to produce an acceptable Q'
We remark here that the contributions of the isobar

channels to the Q' [Eq. (15)] are negligible ( —10
fm ) because of the short range of the isobar channel
wave functions and the r weighting of the quadrupole
integ rais.

0.6

FICs. 2. The J=1 coupling parameter and the 'D& phase
shifts for the coupled channel models. Phase shift analysis
points are denoted as in Fig. 1. The dotted curve is of model

A, dot-dashed of model B, solid of model C, long-dashed of
models D and E, and short-dashed of model F.
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FICs. 1. The S, phase shift. The coupled channel model A

is designated by dots, models 8 and C by a solid curve, and
models D, E, and F by short dashes. The sources of the phase
shift analysis points are denoted as in Ref. 5, using the latest
results of these sources.

l
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FIG. 3. The wave functions of each channel in model A.
All components vanish for r & ro =ro
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FIG. 8. The orientations of spin and orbital angular
momentum of the two-hadron components of the deuteron.

D. The difference is within the range of relativistic and
gradient operator (spin-orbit) corrections, both of which
are negative. '

B. The elastic magnetic form factor of the deuteron
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FIG. 9. The deuteron elastic magnetic form factor 8(q') for
models A —F. The curve for each model is designated as in

Fig. 2, except that the dashed —double-dotted curve now
represents model E. The nucleon emff of Ref. 17 is used, ex-
cept for curves with overlayed asterisks ( + ), for which those of
Ref. 21 are used. All curves include the MEC contributions
described in the text. The data points for q'(30 fm are
those of Ref. 2 and those for q ) 30 fm are of Ref. 3.

'~

8060

Figure 9 compares the 8 (q ) predicted by each model
with the data. 8 (q ) is calculated from
G&(q )=G', (q )+G, (q ) using the full MEC calcu-

lation with the monopole hadronic form factors de-
scribed in Sec. II with the most recent experimental
g =0.56, and the Hohler nucleon electromagnetic
form factors. '

Model C agrees well with the Saclay data over its
whole energy range, while models D and E are about
30% low ( —1.5 standard deviations) at the highest Sa-
clay momentum transfer, q =28 fm . It is conceivable
that this deficiency in models D and E could be rectified
by differences in MEC and, plausibly, as we shall see
below, by an alternative set of the nucleon electromag-
netic form factors (nucleon emff's) from those of Ref. 17.
Model A is 50% and model 8 is 80% too low at this q,
while model F has a diffraction minimum at q =27
fm, representing isobar mixtures strongly inconsistent
with the data for q ) 8 fm . Given the uncertainties
in MEC and in nucleon emff's, model A may not be a
completely unsatisfactory fit to B(q ), but it lacks the
physically required OPE coupling to the b.b, ( D, ) chan-
nel.

This variation in behavior can be understood in terms
of the convective contributions of the isobar channels.
These are present for the 1.=2 D states, which because
of the j2( —,'qr) behavior of the integrand [see Cl in Eq.
(11)] dominate at high q . As shown in Fig. 8, L is
parallel to J for the hb, ( D& ) channel and antiparallel
for the Ab( D& ) channel. It follows, as in Eq. (11), that
the former channel decreases the magnitude of the nega-
tive slope of 6', , while the latter channel increases the
magnitude. Hence, a b, b, ( D|) component, which makes

pd too large, tends to make 8(28 fm ) too small. Mod-
el B shows that P~7 (0.005 to obtain reasonable agree-
ment with the data when ro ——ro" and the NN* channel
is used to compensate for pd. When b, b, ( D

&
) is in-

volved, and ro ——r 0", as in model C, we require
P&7 =0.005 because of the NN scattering data limitation
on the total isobar content. For the ro=ro models
with b, h( D& ) coupled as in models D and E, P&7 =0.02
because 7%%uo isobar content is now required by the NN
scattering data to compensate for the large repulsive
core. As illustrated by case F, when ro ——ro and there
is no hb, ( D& ) contribution, no fit is possible even when
b, A( D, ) is negligible. The large core produces a slope
which is already too negative.

Of the models that fit the q (28 fm data well
enough (with nucleon electromagnetic form factors of
Ref. 17), C and D have diffraction minima at q =50
fm, while model E has no minimum and continues to
decrease after q =50 fm . The new data from SLAC
(Ref. 3) shows a diffraction minimum or a knee near
q =50 fm and a value of (1.9+1.1)X10 ' at q =63
fm . The prediction of model C [obtained by including
the constraints of OBEP and TPEP in the NN sector,
OPE coupling to the isobar channels, the NN scattering
data for Ti,b (1 GeV, and finally the 8 (q ) data for
q (28 fm ] is in agreement with the positions of the
minimum and of the secondary maximum, but the max-
imum is too small. The situation is similar for model D
which, however, is not fully adequate at q =28 fm
Model E illustrates that for ro ——ro the position at the
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P ='V [u(r )fq= ~ W(W W )2
~ 0 PNN, NN

7p I

+2u (ro)ua ( o)PNN, aa

+"~s(ro)P~~, ~~1 . (26)

Only the lowest pole W, is treated in the models, as the
higher poles have negligible inAuence on the energy
dependence of the boundary condition in the relevant
scattering region and do not affect the properties of the
six-quark resonance at W, . The contribution of this
lowest six-quark state pole to those models where
ro ——ro is less than 0.15%, using Eq. (26).

However, as the deuteron energy 8'=M„+M —BE
is far from W, , Pf is not necessarily dominated by the
lowest pole. The increasing factor ( W —W, ) in the
denominator of Eq. (26) can be compensated by the large
number of higher poles, whose p' may be somewhat
enhanced. The p' are proportional to the product of
fractional parentage coefficients for the hadronic chan-
nels, which provide a factor of 0.2 for the lowest state 1.
If we assume equal spacing of states with the same quan-
turn numbers, and an effective average fractional paren-
tage factor of 0.5, then the higher poles will contribute
2.5 g, &i = 1.5 of the first pole contribution. Such a
value would imply a Pf ——2. 5&0.15%=0.4%. Such a
value is too small to have a significant effect on the
deuteron form factors. Comparison with Ref. 33, in
which Pfq 5%, shows that in our case for q & 40 fm
the contribution to B (q ) is less than 10% of MEC con-
tributions. This is within the uncertainty of those MEC
contributions. The quark wave function of Ref. 33 is,

minimum changes very rapidly with P&7/P~3. This is
not so for rp=rp, for which the correct prediction of
the diffraction minimum is a result of the constraint of
fitting B(28 fm ). Although not illustrated, a model for
which P&7/P&3 is only 1% larger than that of model D
lowers the diffraction minimum to q =45 fm

We remark that the most recent description of the
neutron electromagnetic form factors ' would increase

~
GI

~

by about 25% at q =25 fm and by about
100% at q =60 fm, doubling the negative G& at the
latter q . As shown in Fig. 9, this substantially im-
proves the fit of models C and D for q ) 35 fm . For
q &35 fm it raises model C 1 to 2 standard deviations
above some of the data points while increasing the
values of model D to fit those data well. With these nu-
cleon form factors, model D, and thus rp, is the best
model and fits B(q ) well over the whole momentum
transfer range. The other models are made worse, or are
not substantially improved by these recent nucleon
emff's.

In B (q ) for models D —F, we have not included any
quark current contributions. If the quark amplitude was
sufficiently large, this could compensate for the effect of
the bigger hole in the two-baryon components due to the
larger rp. The R-matrix method provides a formula for
the free quark content, Pf, in r & r p,

like ours, relativistic and massless. (Unlike ours, it has
some non-S-wave single quark components. ) A nonrela-
tivistic, harmonic oscillator, S-wave quark model gives
a similar result for q &40 fm . In future work, for
precise comparison with data at q )40 fm, the quark
current contribution should be included.

We comment here on the reasons why the R-matrix
method predicts a much smaller Pf in the deuteron than
the predictions of other calculations. In some mod-
els, ' the larger value is obtained by fitting to a deute-
ron form factor in the absence of long range MEC con-
tributions. In other cases, it is due to the inclusion of
mixed quark configurations for values of r at which
asymptotic freedom is not valid. These representations
may be dual to our hadronic picture at such intermedi-
ate r. In any case, this longer range description is al-
ready taken into account in our hadronic sector.
Indeed, some quark compound bag computations agree
with our smaller result. In our formalism, the decreased
probability of entering the free-quark region, except at
the energies of six-quark resonances, is due to the
mismatch of the 80%%uo hidden color wave function in the
interior with the color-free external wave function. The
introduction of exterior hidden color components in a
strongly confining potential would somewhat alter our
results and should be investigated in the future.

Figure 10 demonstrates the importance of the MEC
contribution and the sensitivity to g . We only illus-
trate this for cases C and D since they are representative
of the other cases with the same rp. We display G, rath-
er than B because the contributions are additive in the
former. It can be readily seen that MEC contributions
are dominated by the impulse approximation except near
the zero of the latter. The MEC contribution is very im-
portant in that it greatly increases q;„. Nevertheless, as
illustrated here, the result is qualitatively stable if the
variation due to g z is an indication of the MEC uncer-
tainties. The value g =0.406 is 4.5 standard devia-
tions less than the present value of 0.56. The use of a
dipole form factor at the p~y vertex has a somewhat
larger effect if there is no correlated change in g

Figures 11 and 12 (for cases C and D, respectively)
gives an indication of the sensitivity to the q behavior
of the model dependence of the MEC contribution. It
compares the q dependence of the MEC determined by
the modified Reid soft core (RSC) interaction' scaled to
the actual model results at q =0, with the full calcula-
tion for models C and D.

The figures also illustrate the effect of plausible varia-
tions of the nucleon emff factors. The "case 1" nucleon
form factors" are presented with the simplified MEC
contributions. (The eff'ect of using the nucleon emff"s of
Ref. 21 has been shown in Fig. 9.) As shown in Fig. 11,
model C with the "case 1" nucleon emft s is a very good
fit at high as well as at low q . Figure 12 illustrates that
these nucleon emff's make no substantial improvement
for the model D fit. If future electron-nucleon experi-
ments should validate the "case 1" nucleon emff's, then
B (q ) selects model C as the best.

Figure 11 shows that the q dependence of the RSC
MEC is not very different from that of model C. But as



36

1p

DEUTERON PROPERRTIES OF THE COUP ED NUCLEON AND . ~ ~

)0-3
) e r

2489

to 4

C)
5

&0-5

10 6

2—
&0-7

—1
2p

I

Bp
I

Bp
l

7O&0 5p
&q' (frn -2)

8p

shown in Fig. 12 h
more ra

, t elar er
pid decrease with of th

g 0 of model D ccauses a much

q o the size of the MEC.
s ows that the Reid

2
not predict any min'

aris po-
y i i (q')

en EC contnbutio
y in the pure im ulse

'ons are included.

with the n
pu se approximation d

e ne data fro SLAC.

V. THE ELECTRIC FORM FA
AND THE TENS

FACTOR
SOR POLARIZATION

Figure 14 aand 15 show that t
h e proportions of iso

are in-

d b ll 2 'g.
'

i y o the amoun
t h' h d'ff gi ers reat

'so ar

model
bar corn

e o Refs. 27 and 11 , where no iso-
ent. However, for the re r0

fm instead of 20 fm . Also,

FIG. 10. The me magnetic form factor
G

& (q ) of coupled chan
actor amplitudes G'"(

o ef. 17. Model C im
o ted curve' model C t

d td dlC
phyl 9 d h

l h
the us

=o 56 }1e ipole

ulse
, so id curve with '; e

pu se approximation l

wi asterisks; model D '

u se
'

n, so id curve a
e im-

gp~~ =0.56, long dashes.
and model D total with

10-8
'/i

/

y:, I

1

I I I~ ~ i
~

40 50 60 70 80' (fm ')
10 ~

)0 20 pp

G IA is smaller for these mo

lues '""'""' f g

"1'™fff '
l o Ref. 17 with that of Ref.

The MEC contribution

1t fo 11 th od 1

% D-state model r
o e s can be ex epected to resemble th

lar erger core of the r
e results of Ref.e ~ 11. However th

et e

0
C o tib t'o bs su stantially. In G

th ti MEC
tiall y compensates for the

e contribut'u ion therefore par-
or t e change in G But

As illustrated in Fi o
A( q ) &s to decrease it

in ig. 16, the effect ofo the larger r on

2 $1™
FL

agnetic form fac
h fi h C~Me r0 CaSeS are

FIG. 11. B( 2 fq ) or model C. The dott

d ib di th
M

in t e text. The sol d i

contribu-

Ref. 1

e 'case 1" nucleo
e

cleon emff' b
curve is obtained with th

ut uses the a roxi
e case 1" nu-

ibdi th t
the

e text in which th ee t e mode
contribution de-

c normalization at
el dependence is lis ony in

p

in Fig. 9.
e experimental pointss are denoted as



2490 W. P. SITARSKI, P. G. BLUNDEN, AND E. L. LOMON 36

10 I
l

I
l

I
l

I
l

I
l

I
l

I 10 I ( ~
/

I
l

I
l

I
l

I

)0 4 lo 4

10 5 &0 5

)0
CD

cr )0
CQ

&0-7 to-'

&0 8

)0-'
)0 20 30 40 50' (frn ')

60 70 80

to-'

io-'
10 20 30

.-c,

tl

Il

pit

I I I i I

40 50 60 70 80

FIG. 12. The magnetic form factor B(q ) of model D. The
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—30% too small at q =28 fm . When the form fac-
tors of Ref. 21 are used, as shown for models C and D,
the rp model C result js too large for q ) 10 fm, bUt
the rp model D result is good for q &35 fm, only
becoming too large for greater q .

All the models agree with the available t2p data,
which is at low q =3 and 4 fm . But, as shown in Fig.
17, the r p models predict a zero of t2p at substantially
smaller q =18 fm as compared with 22 fm for the
r p" cases. Experiments are underway at the Bates
Linac that will provide values of t2p in this q range.
At these low momentum transfers, t2p is insensitive to
the nucleon emff and uncertainties in the relativistic and
meson exchange current corrections. It follows that the
results of the t2p experiment may be interpreted as an in-
dication of the value of r p, the radius of asymptotic free-
dom.

As shown for model C the new nucleon form factors
of Ref. 21 do not make a noticeable difference to t2p un-
til G', (q ) and MEC contributions become important at
q & 50 fm, because the baryonic Gz cancel in the
Go /Gz ratio [see Eq. (5)].

VI. CONCLUSIONS

The behavior of the NN elastic scattering data for
T„b ( 1 GeV requires substantial coupling to isobar
channels. In the 'D2 and I3 channels this is strongly

FIG. 13. B I', q ) with and without MEC corrections for the
Paris and RSC potentials. Paris IA, dotted; Paris total, dash-
dotted; RSC IA, solid; RSC total, dashed. The experimental
points are denoted as in Fig. 9.

indicated by the inelastic resonances at T~,b
——600 and

750 MeV, respectively. However, the nonresonant
S

&
D ] channel also requires such coupling and a good

fit to the data can be obtained by coupling to those 1+,
I=0 channels with the lowest threshold energies. These
are the bb, and NN*(1440) channels with even angular
momenta. The large OPE coupling to the AA( D, )

channel implies that D states must be considered as well
as the S states for the AA system. The coupling required
by the S, - D, NN scattering data results in about
1.5 —7 % isobar content in the deuteron depending on r p,
but this data is insensitive to the proportions of the
above mentioned channels.

The nonmagnetic properties of the deuteron are also
relatively insensitive to the isobar distribution, and a
variety of choices give good results for As, AD, and Q
as well as the binding energy. We also have shown that
models A —C (with ro ) all have Go(q ) and G2(q
similar to that of the nonisobar models with 5.2% D
state'' and are consistent with the data for A (q ) and
t2O(q ). The Go and G2 for models D —F (with ro )

differ to some extent from those of the rp models, but
may also be consistent with present 2 and t2p experi-
ments depending on the final choices of the nucleon elec-
tromagnetic form factors, and on uncertainties in the rel-
ativistic and MEC corrections. Measurement of t2p for



36 DEUTERON PROPERTIES OF THE COUPLED NUCLEON AND. . . 2491

10 g
l

g )
I

i
I

i
I

/
I 10 r

l
r

l
s

I s
I

~
l

s
l

s [ so6

10

1O'

104

O -210
C3

10-'-

10 4
0 10

t/

~,
('I

jI,I ',

I I'

f

~

~ ~

~ ~

s I i I ~ I s I s I

20 30 40 50 60 70' (frn ')
80

1O'

10

1O'

/
I

I s I s I s I (s I a I is I

10 20 30 40 50 60 70
'(fm ')

80

FIG. 14. The deuteron elastic monopole form factor ampli-
tude in the impulse approximation, Go (q'), for models A —F.
The model curves are designated as in Fig. 9, except that the
model E curve is the same as the model D curve.

FIG. 15. The deuteron elastic quadrupole form factor am-

plitude in the impulse approximation, G z (q ), for models
A —F. The model curves are designated as in Fig. 14.

q =20 fm can be expected to differentiate between the
two values of ro.

On the other hand, the magnetic properties pd and
B (q ) are sensitive to the isobar magnetic moments and
to the orientation of the spins and orbital angular mo-
menta of each channel. Hence, the magnetic properties
discriminate strongly among the infinite families of mod-
els that satisfy all the other constraints. We present
model B as one in strong disagreement with the B (q )

data, while being in good agreement with the NN
scattering data and consistent with the static properties
and A (q ) and tzo(q ) of the deuteron. This is due to
the small increase of the b, b, ( D& ) component over that
in model A, as required by the OPE coupling. Any
model, constrained by the NN scattering data, with
more than 0.5% b, h( D

&
) component for r 0 cores

(more than 2% for ro cores) would disagree with the
B (q ). Furthermore, the value of pd requires a substan-
tial coupling to either the b, h( D, ) or the NN*( S, )

channels. In the latter case the isoscalar magnetic mo-
ment is constrained to a particular, negative, value.

In the Ab, ( D, ), NN*( S& ) models such as A and B,
B (q ) is too small for q ~ 25 fm and the diffraction
minimum is at a value of q;„smaller than that deter-
mined by the recent SLAC data, because the NN*( S, )

state is not as effective in reducing the slope as the

b, b, ( D& ) state convective term. For the best of these
models, A, plausible modification of MEC or nucleon
form factors at high q may allow a fit to the data, but
the model lacks the physically required OPE coupling to
the b, b( D, ) state.

Model C, with ro and with the hb, ( Dt ) replacing
the NN*( S& ) channel, includes the OPE coupling to the
D

&
state. When used with the nucleon emff of Ref. 1 7

it fits all the data well, even better with the "case 1" nu-
cleon emff, " and has the advantage of not being affected
by the unknown value of p, . In this class of model,
fitting B(q ) for q 528 fm predicts the diffraction
minimum at q = 50 fm

We also investigate the effect of including quark de-
grees of freedom in the interior, r & ro, as it results from
CBM dynamics via the R-matrix method. The main
observable effects result from the increase in size of the
core, ro, from ro ——0.74 fm to ro ——1.05 fm. The inte-
rior quark content is found to be &0.5%%uo and therefore
leads to only partial compensation for the increased hole
in the two-baryon wave function. The effect is to change
the overall curvature of the energy dependence of the
NN phase parameters and of the q dependence of the
deuteron form factors. When using the Hohler nucleon
emff, ' it results in an inadequate fit to A (q ) and
B (q ). For models D and E, A (q ) is somewhat too
small for q & 15 fm and is 30%%uo low at q =28 fm



2492 W. P. SITARSKI, P. G. BLUNDEN, AND E. L. LOMON

I0 0
I

' I '
I

'
I

to-'
0.5—

10

0.0

CD
C4

I—

—0.5—
to-4

10-'

)0 6
] 5 I I t I 1 I I I I I I

0 1 2 3 4 5
q (tm ')

I i I

)0-7 i I i I ~ I i I ~ I i I i I

0 )0 20 30 40 50 60 70 80
q' (frn ')

FIG. 16. The deuteron elastic electric form factor 2 (q ) for
models A —F with the nucleon emff' of Ref. 17, and for models
C and D with the nucleon em' of Ref. 21. Model curves are
designated as in Fig. 9 (model E is indistinguishable from mod-
el D). The data are those of Ref. 38.

For model F it is too small for q &60 fm . With
respect to B (q ), if the ratio of b, b ( D

&
) to b, k( D

&
) is

close to that required to have a diffraction minimum at
q = 50 fm as in model D, then B(28 fm ) is about
30% (2 standard deviations) too small. B is very sensi-

tivee

to the isobar channel ratio at q =50 fm, but in-
sensitive at 25 fm . Consequently, a small change in
that ratio, as in model E, removes the minimum to well
above 70 fm, but makes little improvement in B at
q =28 fm

If the Hohler nucleon form factors are replaced by the
new version of Gari and Krumpelmann, ' then the situa-
tion changes and model D fits both A (q ) and B(q )
better than does model C. Only A (q ) for q &30 fm
does not agree with the data, and that could be correct-
ed by a relativistic effect between that of Refs. 23(a) and
23(b). The experimental determination of tzo near
q =20 fm will provide important information on
which of models C and D is better (and therefore on the
best radius of asymptotic freedom ro) because of the in-
sensitivity of this observable to the nucleon form factors.

The B (q ) data which has recently become available '

considerably improve our knowledge about the non-
nucleonic structure of the deuteron. Combined with the
available A (q ) data and the tzo(q ) data expected soon,
the isobar content, radius of asymptotic freedom, and
neutron form factors will be separately determined

FIG. 17. The deuteron elastic tensor polarization form fac-
tor t2O(q ) for models A —F. The model curves are designated
as in Fig. 16. The data are from Ref. 39.

within useful limits. More theoretical study of the MEC
and quark and relativistic contributions is needed to in-
crease our confidence in the interpretation.
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APPENDIX

We consider the mesonic currents arising from pair
terms due to vr, p, and co exchange, as well as the p~y
exchange current. Our expressions for the two-body
charge and current densities in momentum space agree
with those of Gari and Hyuga (Ref. 24, Secs. 3.2 and
3.3), except that a nonlocal term in the p exchange cor-
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responding to a convection current has been included.
This term was not considered previously; however, for
the deuteron its overall efT'ect is quite small.

Rather than work in momentum space, as has been
done in Ref. 24, we prefer to immediately transform the
current densities to coordinate space. For brevity, we

present here only the expressions for G, (q ) and only in
the absence of hadronic form factors. Formulae for
Go(q ) and G2(q ) and all the results with hadronic
form factors may be obtained from one of us (P.G.B.) on
request.

For the pion exchange,

Gn( 2) Gs ( 2)'q
M M

&& f"dr(A (r)[Yo(m r)jo( ,'qr)+ Y—2(m r)j2( —,'qr)]

+B(r)[Y2(m r)jo( ,'qr)+ —,'—[Yo(m„r)+Y2(m r)]jz( —,'qr)I ), (Al)

while for the rho exchange,
2

G~&(q )= F&(q ) f dr I(1+K„)[A(r) —,'B(r)](1—+m r)Y&(m r)

——,'w (r)Yo(m r)I [jo( ,'qr)+j 2—( ,'qr)] . — (A2)

Here, A (r)=u (r) —
—,'w (r), B(r)=&2u (r)w(r)+w (r), Yo(x)=e "/x, Yz(x)=(1+3/x +3/x )Yo(x), and GM(q )

and F
& (q ) are the isoscalar magnetic and Dirac form factors, respectively. The omega exchange contribution is ob-

tained by making the substitution m ~m, K„~K,, and g NN~g„NN in (A2), and multiplying by —
—,.

In the p~y exchange current the double propagator in the expression for the current density has been rewritten in
terms of a single propagator by means of Feynman's integral. The resulting expression is

Md
G y( 2) d K ( P) gPNNg NNgP r

P 7 4~ypz
P P

)& f dr f dz IL (1+Lr)Y&(Lr)[A (r)j2(y)+B (r)jo(y)] —(2 Lr)LYO(Lr) A (r—)jo(y)
0 0

+ —,'(2Lr —1)LY&(Lr)B (r)jz(y) —
,
' qzLrYo(Lr)[J, —(y)+j3(y)]B(r))

where L =m +(m —m„)z+q z(1 —z), y = —,'(1 2z)qr, and K (q—) is the form factor at the pay vertex, assumed

to be given by vector meson dominance. The q ~0 limit of the above expressions may be obtained readily. The con-
tributions to the magnetic moment from the various terms are (in units of e/2M)

p(n-pair)= (1+K, ) f [A (r)Y&(m„r)+B(r)Yz(m„r)]dr,
2~ (2M)3 o

p(p-pair)= f [(1+K,)[A (r) ——,'B(r)](1+m r)Yo(m r) ——'w (r)Yo(m r)]dr,

gpNNg nNNg p~y. 1
v(s~r =

m(m —m )

)& f [A (r)[m„Yo(m r) —m Yo(m r)]+B(r)[m Y2(m r) —m Y'2(m r)]]dr .
0
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