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The threshold electrodisintegration cross section and electromagnetic form factors of the deute-
ron are calculated by using the Argonne U&4 model for the nucleon-nucleon interaction to generate
the bound- and scattering-state wave functions. The exchange-current operator is constructed to be
consistent with the interaction model. The calculated electrodisintegration cross section is in good
qualitative agreement with the experimental data over the whole measured momentum-transfer

range, and is sensitive to the electromagnetic form factors of the nucleon. The calculated form fac-
tors appear to be in good agreement with the empirical values, although uncertainties in the isoscal-
ar model-dependent exchange-current contributions and nucleon electromagnetic form factors
prevent definite predictions to be made at high values of momentum transfer. Finally, the cross sec-
tion for radiative capture of thermal neutrons on protons is found to be within less than 1% of the
measured value.

I. INTRODUCTION

The cross section for backward electrodisintegration of
the deuteron ed ~e'np near threshold and the elec-
tromagnetic form factors of the deuteron are the most ob-
vious observables for testing models of the nucleon-
nucleon interaction and the nuclear electroexcitation
operator. Predictions of these operators within the usual
nonrelativistic framework based on nucleonic degrees of
freedom require, in addition to the model for the
nucleon-nucleon interaction, a model for the electromag-
netic form factors of the nucleon and, finally, a model for
the exchange-current components associated with the
nucleon-nucleon interaction.

Here we report a calculation of these observables, and
the related cross section for radiative capture of thermal
neutrons on protons, which is based on the Argonne U&4

two-nucleon interaction. ' The exchange-current opera-
tor is constructed to be consistent with this interaction
apart from its purely model-dependent transverse parts,
which we construct by considering standard meson-
exchange mechanisms. In contrast to most earlier calcu-
lations, the present one is therefore based on a conserved
current. For the electromagnetic form factors of the nu-
cleon, we employ several different, but common, parame-
trizations in order to obtain a realistic estimate of the
theoretical uncertainty limits of the predicted deuteron
observables.

These can be summarized as follows. The calculated
threshold electrodisintegration cross section at backward
angles is in good qualitative agreement with the experi-
mental data over the whole measured range of
momentum-transfer values up to 8 fm '. At high values
of momentum transfer our results are somewhat closer to
the experimental data than those obtained with the Paris

model for the nucleon-nucleon interaction in Ref. 3 (and
later extended to higher values of momentum transfer, as
reported in Ref. 4). However, with the present choice of
nucleon electromagnetic form factors in the exchange-
current operator, our results are clearly below the empiri-
cal values in the region around 4 fm ' and somewhat too
large in the region 6—7 fm . It is worth noting that re-
sults that are in better agreement with the data over the
whole range of momentum-transfer values have recently
been obtained with an optimal version of the Bonn poten-
tial. Our predicted cross section for radiative capture of
thermal neutrons on protons (331.4 mb) is only l%%uo below
the empirical value and, therefore, very satisfactory.

The calculated structure function A (q) of the deute-
ron, to which the two-body mechanisms mainly contrib-
ute a relativistic correction (evaluated here with a
meson-exchange model), is in good agreement with the
empirical values. The present predictions for the tensor
polarization are qualitatively similar to earlier ones ob-
tained with other potential models, but similar
exchange-current contributions. The calculated values
for the structure function B(q) follow the experimental
data well, but have a large theoretical uncertainty at high
momentum transfer, which is associated with the model-
dependent pay exchange-current mechanism.

We give a complete graphical description of the contri-
butions of the various dynamical mechanisms which
afFect the observables under consideration. The present
calculation is similar in spirit to those reported in Refs. 3
and 6, but which used the parametrized Paris two-
nucleon interaction. The discrepancy between the
present results and those obtained in Refs. 3 and 6 for the
electrodisintegration cross section should, in spite of
some difFerences in detail concerning the two-body
exchange-current contributions, provide a measure of the
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sensitivity to the nucleon-nucleon interaction model.
The paper is organized as follows. We describe the

exchange-current and charge operators, and the methods
used in the evaluation of the required matrix elements in
Secs. II and III, respectively. The calculated results for
the electrodisintegration cross section at threshold (and
the related cross section for radiative neutron capture on
protons) and electromagnetic form factors are reported in
Secs. IV and V, respectively. Finally, in Sec. VI we
present a concluding discussion, while in the Appendix
we give the momentum-space expression for the p~y
current operator used in the present calculation, which
includes corrections to the leading operator arising from
the p-meson tensor coupling to nucleons. An abbreviated
version of the electrodisintegr ation results has been
pesented in Ref. 7.

II. ELECTROEXCITATION OPERATOR

The electromagnetic current operator of the two-
nucleon system separates into a one-body and an irreduc-
ible two-body or exchange-current term. To establish our
notation we note that the current operator of a single nu-
cleon has the form

j(q)= [G (q)+G (q)r, ](p'+p)1

+ [GM(q)+ GM(q)r, ]o.X q .
4m~

(2.1)

with p, = —1.913.
The exchange-current operator can be separated into a

"model-independent" term which has to be consistent
with the two-nucleon interaction so as to satisfy the con-
tinuity equation, and a purely transverse "model-
dependent" term, which is unconstrained by the two-
nucleon interaction. ' The construction of the model-
independent part of the exchange-current operator from
the Argonne v&4 potential has been described in Refs. 13
and 14. The model-dependent part of the exchange
current operator is obtained by considering meson-
exchange mechanisms as described below. The
exchange-current operator used here is the same as that
derived in Refs. 7 and 14.

The numerically most important part of the model-
independent exchange-current operator is the isovector
operator that is associated with the isospin-dependent

Here p and p' are the initial and final nucleon momenta
and q=p' —p is the momentum transfer to the nucleon.
The nucleon mass is denoted m& and the electromagnetic
form factors of the nucleon are normalized as
Gg(0) =G~(0)=1, GM(0) =0.88, GM(0) =4.706. For
these nucleon form factors we shall employ the most
common parametrizations used in the literature, which
are those of Iachello, Jackson, and Lande (IJL), Hohler
et al. , and Gari and Krupelmann' (GK), and finally the
dipole form D, with inclusion of a neutron charge form
factor that has the form"

2
1

GF(q) = —p„. . .Gg(q),
4m~ 1+q /m~

tensor and spin-spin interactions. This term, which has
the isospin structure (r& Xrz)„was originally derived by
consideration of a simple pion-exchange mechanism, ' '
but the resulting operator does not satisfy the continuity
equation with a realistic potential model. The systematic
method of generating this current operator from the Ar-
gonne v, 4 potential used in Refs. 13 and 14 involves sepa-
ration of the isospin-dependent spin-spin and tensor po-
tentials into terms that may be associated with the ex-
change of isospin one-pseudoscalar bosons ("generalized
pion" exchange) and the exchange of isospin one-vector
bosons ("generalized p-meson" exchange). ' When these
separated potential components are used in place of the
simple pion and p-meson exchange potentials in the
known expressions for the corresponding exchange-
current operators, the resulting exchange-current opera-
tor satisfies the continuity equation with the realistic po-
tential model (here the Argonne u, 4 interaction). The
general expression for this exchange-current operator is
given in Ref. 13.

To construct the exchange-current operator that
satisfies the continuity equation with the spin-orbit in-
teraction, one also has to consider the lowest-order rela-
tivistic correction to the nuclear charge operator, which
leads to a commutator with the central potential that is
of the same order (u/c) as the spin-orbit interaction. '

We shall here use the method of Ref. 14 to construct this
exchange-current operator. This is based on the assump-
tion that the relevant scalar and vector meson-exchange-
current operators can be generalized to a form which
meets the requirement of current conservation with the
Argonne v &4 potential. The explicit form for this
exchange-current operator is given in Ref. 14.

The construction of the exchange-current operators as-
sociated with the quadratic spin-orbit and L corn-
ponents of the interaction that is consistent with the form
of meson-exchange-current operators would, in principle,
require an expansion of the interaction and current
operators to order ( u /c) . However, here we shall be
content to use an exchange-current operator constructed
by direct minimal substitution in these interaction com-
ponents as this procedure ensures that the continuity
equation is satisfied [at least with the isospin-independent
(L S) and L components of the potential].

In addition to these exchange-current operators, which
are required by the continuity equation, we also take into
account the numerically most significant purely trans-
verse "model-dependent" exchange-current operators.
These are the pion-exchange-current and p-meson-
exchange-current operators, which involve an intermedi-
ate 633 resonance [Figs. 1(a) and 1(b)], and the p7ry and
curry exchange-current operators [Fig. 1(c)]. The explicit
expressions for these operators are given in Ref. 14, with
the exception of that for the p~y current which now in-
cludes previously neglected corrections arising from the
tensor coupling of the p meson to the nucleon. The
momentum-space structure of this operator is given in
the Appendix. The numerical importance of these ex-
change current operators depends rather strongly on the
coupling strength parameters for the meson-nucleon ver"
tices as well as on how these vertices are cutoff at high
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'11,Q, (a)

'H, Q, Q0

(b)

FIG. 1. Model-dependent exchange currents associated with
the pion and p-meson excitation of intermediate 533 resonances
(a) and (b), and the pay and con.y mechanisms (c).

FIG. 2. Meson-exchange diagrams that involve the Born
terms in the relativistic amplitudes for photoproduction of vir-
tual mesons.

values of momentum transfer.
We include cutoff factors of the usual monopole form

at the meson-nucleon vertices with the cutoff masses 1.2
GeV/c for the vrNN and 2.0 GeV/c for the pNN and
~NN vertices The ~NA and pNA coupling constants are
those obtained with the static quark model (with the
large pNN tensor coupling constant value v =6.6). For

P
the p~y and ~~@ coupling constants, we use the values
0.56 and 0.63, respectively, as obtained from the widths
of the radiative decays p —+ m. + y (Ref. 19) and
~~m+y. Finally, vector meson pole term form fac-
tors are included at the p~y and coaly vertices, while the
experimental transition form factor is used for the DNA
vertex. The sensitivity to the cutoff parameters will be
discussed in Secs. IV and V below.

As in the case of the current operator, the charge
operator separates into one- and two-body terms. For the
single-nucleon charge operator, we use the standard ex-
pression with the relativistic corrections included to
lowest order '

tic reduction of the Born term of the relativistic m-, p-,
and co-meson photoproduction amplitudes (Fig. 2) and
the charge components of the pray and cony mechanisms
[Fig. 1(c)] considered above.

To reduce the model dependence of the pion-
exchange-charge and p-meson-exchange-charge opera-
tors, we follow the procedure suggested in Ref. 24 and re-
place the meson propagators in the corresponding
exchange-current operators by those constructed directly
from the nucleon-nucleon interaction. The idea is the
same as used in constructing the "generalized pion and
p-meson" exchange-current operators described above by
projecting out the components of the isospin-dependent
spin-spin and tensor interactions, which correspond to
exchange of 0 and 1+ bosons. The explicit forms for
the effective generalized pion and p-meson-exchange
propagators are given in Eq. (3.5) of Ref. 24.

In the case of the co-meson-exchange-charge operator
that corresponds to the diagrams in Fig. 2, we use an co-

meson propagator that is multiplied by monopole form
factors at the coNN vertices with the cutoff mass 2
GeV/c .

1
2

p(q) = — 1 — [Gg(q)+ Gg(q)rz ]
8m~

~ cT qX P+P
[ [Gs( ) 2Gs ( )]

16m~

+ [G~(q) 2GM(q)]~, I . —(2.3)

While the main parts of the exchange current are
linked to the form of the nucleon-nucleon interaction
through the continuity equation, the most important
exchange-charge operators are model dependent and may
be viewed as relativistic corrections. There are neverthe-
less rather clear indications for their relevance from the
failure of the impulse approximation in predicting the
charge form factors of the three- and four-nucleon sys-
tems.

Here we shall use the same model for the exchange-
charge operator, which was recently employed in Ref. 24
in a study of the charge form factors of the bound trinu-
cleons and four nucleons. This contains the pion-
exchange-charge, p-, and co-meson-exchange-charge
seagull (or "pair") operators that arise in the nonrelativis-

III. CALCULATION

In the one-photon-exchange approximation, the in-
clusive electron scattering cross section is written as

0 =o M [VI RL(q, co)+UTRT(q, co)], (3.1)

where uL and U„are defined as

Pq
UI =

4
(3.2)

1 qp
UT = tg 0/2+— (3.3)

q and ~ are the electron momentum and energy transfers,
and q =q

—co is the four-momentum transfer. The
P

longitudinal and transverse response functions are given

by
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R (q, co) )L+S+T
LST (3.9)

g g l(flo. (q) li, JM, ) l'5(~+E, —E~),

(3.4)

and

ZL~SM (P ) g ( LML ™sl JMz ) y LM (P ) .
M~

(3.10)

ld, 1M ) = P, ', + P, ',

L

lq;pSMS TMT & =e""g'p SM, TM,(r),

(3.5)

(3.6)

respectively, where r =r, —r2 and R =
—,
'

( r, + r2) are the
M~relative and center-of-mass coordinates, and PLsz are the

spin-angle functions

MLS~ = y (LML, sMsl JMg ) YLM (r)yM . (3.7)
MzMs

Here gM and qM are two-nucleon spin and isospinS T

states, respectively. The ingoing scattering state of the
two nucleons having relative momentum p and spin-
isospin states specified by SMS TMT is written as

TM (r)=4m2+ i 5L. ST[ZLSM (P)]"

LL'

X —uL L(r;p, JST)5'L s~qM
(-)

T T

where i and f denote the initial and final states having en-
ergies E, and EI, respectively, and 0 (q) is either the
charge operator (a=L), or the transverse components of
the current operator (a = T). For elastic scattering, f
represents the initial state i recoiling with momentum q.

We now specialize to the case of electrons scattering
from the deuteron. The initial- and final-state wave func-
tions are written as

The 5LsT factor ensures the antisymmetry of the wave
function, while the Clebsch-Gordon coeScients restrict
the sum over L and L'. The radial functions uL L' are re-
lated to those with outgoing-wave boundary conditions,
denoted as uL+.L', via

uL.L'(r;p, JST)= [uL+L'(r;p, JST)]* . (3.1 1)

where SL L is the 5 matrix in the JST channel and the
Hankel functions

hz" '(x)=jL(x)+inL(x),

JI and nL being the spherical Bessel and Neumann func-
tions, respectively.

In the absence of interactions,

(+)—uL L (r;p, JST)~5L Lj L(pr),r

and the scattering state g' ' reduces to

4,SM TM ( ) P,SM TM

(3.13)

[eip r
( )S+Te ip r]~—S~T (3 14)

1
MS MT

The uL+L' are obtained by solving the Schrodinger equa-
tion with the Argonne U, 4 interaction in the JST channel,
and behave asymptotically as

(+)
uL L'(r—;p, JST) — ,'[5L I hL—'(pr)+SLLhL"'(pr)],

r p' —+ oo

(3.12)

Here we have used the notation

(3.8) that is, an antisymmetric plane-wave state. In the actual
calculations which have been carried out, the exact g'
state in Eq. (3.8) is approximated as

Pp, SM TM ( Np, SM TM ( + ~ X X 5LST[ LSM (P ] L'L ( p ST) 5L'LJL(p ) +L'SJ9M
( —) 1 ~ L JM~ ~ 1 ( ) M~

s r ~ s r S pJM~ LL'

max

(3.15)

so that interaction effects are retained in all partial waves
with J J,„. For the threshold electrodisintegration, it
was found that these interaction effects are negligible forJ,„)2.

The response functions defined in Eq. (3.4) are given by

Rs (q, a))= —g J ~
—lA (qp;MgMS)l

1 dp 1

M~ MS

X 5(co+m„—(q +m )'~ ),
(3.17)

R (q, co)= g R "(q,co),
S, T=O, i

(3.16)

where the contributions from the individual spin-isospin
states are

with A defined as

A (qp;M&MS)=(q;p, SMST MT=0lo (q)ld, lM&) .

(3.18)
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Here the states ~d, 1MJ) and ~q;p, SM&TM&) are de-
scribed by the wave functions (3.5) and (3.6) [with the ap-
proximation (3.15)], respectively. In Eq. (3.17), m„ is the
deuteron mass, while the internal energy of the recoiling
pair of nucleons is taken to be

m =2(p +m )'~ (3.19)

in order to approximately account for the effects of rela-
tivistic kinematics. By integrating out the energy-
conserving 6 function we find

sT 1 m+E
R (q, co) = pm~ 1+

48~ 2 N

p = ,'[(co—+Eq)(co+E~+4m~)—q ]'i

f d (cosH„ ) ~
A (q,p, cos8~;MJMs )

~

MJMS

(3.20)

(3.21)

where Ez is the deuteron binding energy (Ez= —2.225
MeV) and 8„ is the angle between q and p. By using the
partial-wave expansion for g' ', the standard expressions
for R (q, co) in terms of charge, electric, and magnetic
multipoles are recovered. In the deuteron threshold elec-
trodisintegration at backward angles, the contribution to
the cross section from charge scattering is neglected.

For elastic scattering, the relevant amplitudes are
given by

(q;MJMJ ) = (q;d, IMJ i
0 (q) id, IMi ), (3.22)

Go(q) =
—,'Re[ —,

' At (q;00)+ At (q; 11)],
G2(q) =Re[ At (q;00) —A~(q; 11)]/q2,

with the normalizations

(3.23)

(3.24)

Go(0) = 1, Gq(0) =
—,'Qg . (3.25)

Here Qz is the deuteron quadrupole moment.
The initial- and final-state wave functions are written

as vectors in the spin-isospin space of the two nucleons
for any given spatial configuration r. For the given r we
calculate the state vectors 0 (q) ~

d; 1MJ ) with the same
methods used in the variational Monte Carlo calculations
of the charge and magnetic form factors of the three- and
four-body nuclei. ' ' The momentum-dependent terms
in 0, such as those associated with the convection or
spin-orbit current, are calculated numerically. For exam-
ple,

1
~A'e, iM, (r) = [A, &MJ(r+~~) We, iM, (r ~&)] ~

(3.26)

where 5 is a small increment in the n component of r.
The r integration required to calculate the amplitudes is
then carried out with conventional numerical techniques.
Finally, for the electrodisintegration, the additional 0 in-

,tegration [Eq. (3.20)] is performed by means of Gaussian
quadrature.

The computer program has been tested successfully by
comparing the impulse-approximation (IA) results for
electrodisintegration into the 'So, 'P, , Po, and S&- D&
states with the corresponding ones obtained by using the

and from these the charge (Go), magnetic (G&), and
quadrupole (Gz) form factors are easily obtained. For
example, we find

explicit expressions for these contributions in terms of
electric and magnetic multipoles as given by Lock and
Foldy, Ref. 27. We have also checked that the contribu-
tions associated with the generalized pion-exchange and
p-meson-exchange currents are correctly calculated for
the 'So state, by comparing them with those obtained by
Riska, Ref. 17.

IV. CROSS SECTION
FOR ELECTRODISINTEGRATION

AND RADIATIVE CAPTURE

The main component of the cross section for backward
electrodisintegration of the deuteron near threshold is the
M1 transition between the bound deuteron and the 'So
scattering state. ' At large values of momentum transfer
this transition rate is dominated by the exchange-current
contribution. The corrections from higher partial waves
in the final scattering state are much smaller. Here we
take into account all partial waves in the final state, with
full account of the strong interaction in the relative S, P,
and D waves, as discussed in the previous section. We
have verified to our satisfaction that the numerical im-
portance of the final-state interaction in the higher partial
waves is negligible.

In Fig. 3 we compare the calculated cross section for
backward electrodisintegration with the empirical values
given in Refs. 4 and 29—31. In this figure both the data
and the theoretical results have been averaged over the
intervals 0—3 and 0—10 MeV of the recoiling np pair
center-of-mass energy for the Saclay (q ~ 1 GeV/c)
and Stanford Linear Accelerator Center (SLAC) (q) 1

GeV/c) kinematical regions, respectively. In the figure,
the results obtained in the impulse approximation and, in
addition, with the inclusion of only the "model-
independent" exchange-current contributions corre-
sponding to the Argonne v, 4 potential are shown sepa-
rately. It is obvious that the "model-dependent"
exchange-current contribution represents no more than a
minor correction, which improves the calculated results
in the region of 20 fm . The theoretical predictions
displayed in Fig. 3 were obtained with the IJL parame-
trization of the electromagnetic form factors of the nu-
cleon.

Figure 4 is meant to illustrate the sensitivity of the pre-
dicted cross section to the electromagnetic form factors
of the nucleon: the four curves correspond to the IJL
(same as in Fig. 3), Hohler et al. (Ref. 9), GK (Ref. 10),



R. SCHIAVILLA AND D. O. RISKA 43

I

i

I I I I

i

I I I

~~ 10

E
c 10
O

~ 10

C5

10 —model indepe

I i I I I I I I I I I I l i I I I I I

20 40 60
Q (fm }

80

FIG. 3. The cross section for backward electrodisintegration
of the deuteron near threshold as obtained with the IJL parame-
trization' of the nucleon electromagnetic form factors. The re-
sults calculated in impulse approximation (IA) are displayed
along with those obtained with inclusion of the model-
independent (IA+MEC model-independent) and both model-
independent and model-dependent (IA+ MEC) exchange-
current contributions. The gap in the figure corresponds to the
shift between the Saclay and SLAC center-of-mass energy aver-
ages.

and D [with inclusion of the neutron charge form factor
(2.2), Ref. 11] parametrizations. It should be noted that
the large uncertainty in the behavior of the nucleon elec-
tromagnetic form factors (far larger than that in the ex-
perimental data) prevents definitive quantitative predic-
tions to be made for q) 1 GeV/c. In this context we em-
phasize that the isovector Sachs form factor Gz(q) is
used in the model-independent isovector exchange-
current operator, as required by current conservation and
with the further justification that, by using it in place of
the Dirac form factor Fi (q), a transverse relativistic
correction from the Pauli term in the amplitude for elec-
troproduction of virtual mesons is automatically includ-
ed. ' Indeed, as Fig. 5 shows, much poorer agreement
with the data is obtained by using F, (q) rather than
Gz(q), consistent with what was found in the calculation
of the magnetic form factors of the trinucleons, Refs. 7
and 13. It should be mentioned here that previous calcu-
lations of the electrodisintegration cross section ' carried
out with the Paris potential and essentially the same
model for the (dominant) isovector exchange-current
operators (that is, constructed to be consistent with the
Paris potential) have not come close to the data unless us-
ing the F, (q) parametrization, thus demonstrating that
the observable under consideration is directly sensitive to
the interaction model through the exchange-current
operator. In fact, the isospin-dependent pseudoscalar
and vector ("generahzed pion and p-meson" ) components
of the Argonne v, 4 are significantly stronger than those
of the Paris potential. '

In Fig. 6 we display the contributions to the electrodi-
sintegration cross section from the individual spin-isospin
channels of the final scattering state. It is evident that

~ 10)
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FIG. 4. The cross section for backward electrodisintegration
of the deuteron near threshold as obtained with the IJL, H,
GK, ' and D (Ref. 11) parametrizations of the nucleon elec-
tromagnetic form factors. All curves include the exchange-
current contributions.

FIG. 5. The cross section for backward electrodisintegration
of the deuteron near threshold as obtained by using the IJL
(Ref. 8) Gz(q) or F& (q) nucleon electromagnetic form factors in
the isovector model-independent exchange-current operators.
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FIG. 6. The contributions to the backward electrodisintegra-
tion cross section of the deuteron near threshold from transi-
tions to the diAerent isospin (T) and spin (S) channels of the
final scattering state. The IJL parametrization of the nucleon
electromagnetic form factors is used.

the T= 1 and S=O channels give the dominant contribu-
tion except in the region around 20 fm, where the des-
tructive interference between the transitions from the S-
and D-wave components of the deuteron state makes it
small. The next most important contributions are those
associated with the T=0, 1 spin-triplet channels, which
substantially increase the cross section in the 20-fm re-
gion, bringing it closer to the data. The contribution due
to the spin- and isospin-singlet channel is found to be
completely negligible.

In Figs. 7 —10 we show the contributions to the transi-
tion rates in the four separate spin and isospin channels
of the final state due to the single-nucleon current (IA),
the model-independent exchange currents associated with
the pseudoscalar (PS) and vector (V) parts of the isospin-
dependent tensor component, and the spin-orbit (SO), L
(LL) and quadratic spin-orbit (SO2) components of the
Argonne interaction, and finally those due to the model-
dependent exchange currents that involve excitation and
deexcitation of intermediate virtual 633 resonances
through pion and p-meson exchanges [b(vr+p) j, and the
co7ry (curry) and per) (pny) mechanisms (the different
corrections are added successively in this order). It
should be noted that the PS, V, b, (rr+p), and co~@ opera-
tors are pure isovector, and therefore their contributions
to transitions to the T=O and S=0,1 channels vanish.
Furthermore, the p~y current is isoscalar, and its contri-

lp 10-8

L ]0

-g

E

c10

(I' 10-11

o
a 10-12

&~ 1p13

10

-15. . . , ). . . I l, I I

0 2 4 6 8
Q(fm }

10

10"—
O

E~ 10-12c
O'~ 1p-13

~10
~o1015
(D~1O"—
& 10

10

10
0

+LL

+SO ——

2 4
Q(fm }

\

I
I

l I l l l II l ll I

6 8

FIG. 7. The individual contributions to the backward elec-
trodisintegration cross section of the deuteron near threshold
from transitions to the T=1 and S=O final states, as obtained
with the IJL parametrization of the nucleon electromagnetic
form factors. The contributions due to the single-nucleon
current (IA), and to the exchange currents associated with the
pseudoscalar (PS) and vector (V) parts of the isospin-dependent
tensor, and spin-orbit (SO) components of the Argonne U&4 in-
teraction, and with the 633 excitation and ~my mechanisms are
displayed. Note that they are added successively to the IA re-
sults in the order stated above.

FIG. 8. The individual contributions to the backward elec-
trodisintegration cross section of the deuteron near threshold
from transitions to the T=O and S=1 final state, as obtained
with the IJL parametrization of the nucleon electromagnetic
form factors. The contributions due to the single-nucleon
current (IA), and to the exchange currents associated with the
spin-orbit (SO), L (LL), and quadratic spin-orbit (SO2) com-
ponents of the Argonne U, 4 interaction, and the pay mechanism
are displayed. Note that they are added successively to the IA
results in the order stated above.
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Current component
Cumulative cross

section (rnb)

TABLE I. The np ~d y cross section obtained with the
single-nucleon current operator (IA), the model-independent ex-
change currents associated with the pseudoscalar (PS) and vec-
tor (V) parts of the isospin-dependent tensor and spin-orbit (SO)
components of the Argonne v i4 interaction, and with the
model-dependent A(a+p) and co~@ mechanisms. The different
contributions are added successively in the order stated above.

10

—10

) 1p10

~+ )p-11
E

-12
c: 10

o lp-13

I I I I

I
l I

T=p, S=p

I t I

I

I l l I

I
I I I I

IA
+PS
+V
+SO
+A(m+p)
+C07TQ

Experimental value

304.1

322.7
326.1

326.9
330.1

331.4

334.2+0.5

10-14

o lp-15
CD

t0 10

+10

10

10-19
0

+S

2 4
Q (frn )

I. . . ,')I, ,

6 8

bution is nonzero only in transitions to the T=O and
S=0,1 channels, while the LL and SO2 operators are di-
agonal in the nucleon pair spin states, and therefore their
matrix elements between the deuteron (S= 1) and the
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FIG. 10. The individual contributions to the background
electrodisintegration cross section of the deuteron near thresh-
old from transitions to the T=O and S=O final states, as ob-
tained with the IJL parametrization of the nucleon electrornag-
netic form factors. The contributions due to the single-nucleon
current (IA), and to the exchange currents associated with the
spin-orbit (SO) component of the Argonne v, 4 interaction, and
the p~y mechanism are displayed. Note that they are added
successively to the IA results in the order stated above.
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FIG. 9. The individual contributions to the backward elec-
trodisintegration cross section of the deuteron near threshold
from transitions to the T=1 and S=1 final states, as obtained
with the IJL parametrization of the nucleon electromagnetic
form factors. The contributions due to the single-nucleon
current (IA), and to the exchange currents associated with the
pseudoscalar (PS) and vector (V) parts of the isospin-dependent
tensor component of the Argonne v ~4 interaction, and with the
cony mechanism are displayed. Note that they are added suc-
cessively to the IA results in the order stated above. The +co~y
curve also includes the very small exchange-current contribu-
tions associated with the spin-orbit, I. , and quadratic spin-orbit
components of the Argonne v, 4 interaction, and the 633 excita-
tion mechanism.
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FIG. 11. The threshold electrodisintegration cross sections of
the deuteron near threshold calculated at the np pair center-of-
mass energies 1.5 and 5.0 MeV are compared with those ob-
tained by averaging over the center-of-mass energy intervals
0—3 and 0—10 MeV, respectively. The experimental data corre-
spond to the cases of averaging over the intervals 0—3 MeV
(low-momentum-transfer region, Refs. 29 and 39) and 0—10
MeV (high-momentum-transfer region, Ref. 4).
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T=0, 1 and S=O scattering states vanish because of the
spin-state orthogonality. Finally, it should be noted that
the V contribution also includes a very small correction
due to the central isospin-dependent component of the
Argonne v &4 potential.

For the T= 1 and S=0,1 channels, the PS and V opera-
tors give the most important and next most important ex-
change current contributions. The exchange currents
due to the momentum dependence of the U&4 (SO, LL,
and SO2), and the pny mechanism give small corrections
to the IA predictions in the T=O and S=0,1 channels
(these corrections, however, become significant at large
values of momentum transfer).

Finally, in Fig. 11 we compare the electrodisintegra-
tion cross sections calculated at E, =1.5 and 5.0 MeV
with those obtained by averaging over the E, intervals
0—3 and 0—10 MeV, as for the kinematics of the Sa-
clay ' and SLAC (Ref. 4) experiments, respectively.
Hence, the effect of the width of the energy interval
above threshold of the final state over which the cross-
section values are averaged is very small.

The cross section for threshold electrodisintegration is

closely related to that for the radiative capture of thermal
neutrons on protons (the required matrix elements are
connected to each other by time reversal). This radiative
capture reaction, which proceeds entirely through the 'So
scattering state, in fact provided one of the first convinc-
ing cases of a substantial calculable exchange current
effect in a photonuclear reaction. ' In Table I we give
the values for the (successive) contributions to this cross
section from the different components of the current
operator as obtained with the Argonne v, 4 potential and
the present model for the current operator. The
impulse-approximation and total cross-section values pre-
dicted here are 304.1 and 331.4 mb, respectively. The
latter is less than 1% below the empirical value
334.2+0.5 mb, ' and should thus be viewed as satisfacto-
ry. In comparison to the original evaluation of the
exchange-current correction in Ref. 15, we find a rather
small contribution from the exchange currents that in-
volve excitation of intermediate 633 resonances. This
smaller contribution is a consequence of the large cancel-
lation between the pion-exchange-current and p-meson-
exchange-current operators that involve the 633 reso-
nance, and the use of the measured transition moment
in place of its static quark-model prediction at the @X'
vertex (the former is about 30% smaller than the latter).
The satisfactory numerical result for the cross section
provides a measure of the quality of the exchange-current
operator.

B (q) =
—,'rl(g+ 1)GM(q), (5.1b)

where g=q /4md. Here Gc, G~, and GM are normal-
ized as Gc(0)=1, G&(0)=g„m„, and GM(0)=m„p„/
m&, respectively. The observable that separates the
charge and quadrupole form factors is the tensor polar-
ization t20(q), defined as "

—x (x +2)+y/2
1+2(x +y)

(5.2)

where the variables x and y are defined as

Gg(q)

Gc(q)

GM (q)
f(~) .

Gc q

(5.3)

(5.4)
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The auxiliary function f (8) is —,'+(1+r))tan 8/2.
In Fig. 12 we show the predicted charge form factor as

a function of momentum transfer. The calculation is
based on the Argonne vi4 potential and the Hohler et al.
parametrization for the electromagnetic form factors of
the nucleon. The effect of the exchange-charge operators
is to bring the zero in the form factor predicted in the im-
pulse approximation t;owards lower values of momentum
transfer. The main exchange correction is that due to the

V. DEUTERON ELECTROMAGNETIC
FORM FACTORS

2 (q) =Gc(q)+ —', gGM(q)+ —89' Gg(q), (5.1a)

The basic electromagnetic form factors of the deuteron
are the charge, quadrupole, and magnetic form factors
Gc(q), G&(q), and GM(q). ' More closely related to the
empirical observables are the A (q) and B(q) structure
functions which are defined as

FICx. 12. Individual contributions to the charge form factor
of the deuteron as obtained with the Hohler et a/. parametriza-
tion of the nucleon electromagnetic form factors. The contribu-
tions due to the single-nucleon (IA) and the PS ("generalized
pion") meson-exchange-charge operators are displayed along
with those associated with the Darwin-Foldy and spin-orbit
corrections (DF-SO). Note that they are added successively to
the IA results in the order stated above. The curve DF-SO also
includes the very small contributions due to the V ("generalized
p-meson"), co-meson, and p~y exchange-charge operators.
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pseudoscalar ("generalized pion") exchange-charge
operator. Adding the corrections due to the vector
meson-exchange-charge operators and to the Darwin-
Foldy and spin-orbit terms in the single-nucleon charge
operator amounts to only a very small additional contri-
bution.

In Fig. 13 we show the predicted quadrupole form fac-
tor (normalized to Qd/2) as obtained with the Hohler
et al. parametrization for the electromagnetic form fac-
tors of the nucleon. In this case there is a cancellation
between the contributions due to the pseudoscalar and
vector ("generalized p-meson" ) exchange-charge opera-
tors. The correction due to the co-meson-exchange-
charge operator serves to cancel most of the remainder of
the exchange-charge contribution. The Darwin-Foldy
and spin-orbit corrections are also small so that, in the
case of the quadrupole form factor, the impulse approxi-
mation is quite good. {The value for Qd obtained with
the Argonne U &4 interaction is Qd =0.286 fm; the
exchange-charge-operator contributions to this quantity
are negligible. )

These results for the charge and quadrupole form fac-
tors are qualitatively similar to earlier ones obtained with
simple meson-exchange-charge operators and deuteron
wave functions that correspond to alternative potential
models. ' ' The important role of the exchange-
charge operators in bringing the zero in the charge form

-1
10

factor towards a lower value of momentum transfer is
similar to that in the case of the bound three- and four-
nucleon systems, where this effect is required for agree-
ment with the empirical charge form factors. ~

Rather than presenting results for the magnetic form
factor G~(q), we shall give predictions for the structure
function B (q), which is related to G~(q) via Eq. (5.1b).
In Fig. 14 we show the calculated values for B (q) as ob-
tained in the impulse approximation and with inclusion
of the isoscalar exchange-current contributions of Sec. II
(IA+EC). The data points in this and the following
figures have been taken from Refs. 37—48. The effect of
including the exchange-current contributions improves
the fit at low values of momentum transfer, but leads to
an overprediction at high momentum transfer, where the
impulse-approximation results are too small. Most of
this overprediction can be ascribed to the estimate of the
very model-dependent p~y mechanism, the magnitude of
which is far from certain. The results in Fig. 14 were ob-
tained with the Hohler et al. parametrization for the
electromagnetic form factors of the nucleon. However,
the sensitivity to the nucleon form-factor parametrization
is not very large, as is evident from Fig. 15 where the re-
sults obtained with the IJI. (Ref. 8), GK (Ref. 10), and D
(Ref. 11) parametrizations are also displayed.

The individual contributions to the structure function
B (q) from the different components of the current opera-
tor are shown in Fig. 16. It is evident that the exchange-
current operator that is associated with the spin-orbit in-
teraction gives a significant positive contribution to the
structure function. This correction here thus has the op-
posite sign from that obtained in Ref. 49. However, the
spin-orbit exchange current used in the present work in
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FIG. 13. Individual contributions to the quadrupole form
factor of the deuteron as obtained with the Hohler et al. pa-
rametrization of the nucleon electromagnetic form factors. The
contributions due to the single-nucleon (IA), and the PS ("gen-
eralized pion"), V ("generalized p-meson" ), and co-meson
exchange-charge operators are displayed along with those asso-
ciated with the Darwin-Foldy and spin-orbit corrections (DF-
SO). Note that they are added successively to the IA results in
the order stated above. The curve DF-SO also includes a very
small contribution due to the p~y charge operator.
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FIG. 14. The deuteron B structure function in the impulse
approximation (IA) and with the inclusion of the exchange-
current contributions (IA+EC). The Hohler et a/. ' parame-
trization of the nucleon electromagnetic form factors is used.
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contrast to that employed in Ref. 49 satisfies the con-
tinuity equation with the corresponding central and
spin-orbit components of the potential, when the single-
nucleon charge operator that appears in the continuity

FIG. 15. The deuteron B structure function as obtained with
the IJL, H, GK, ' and D (Ref. 11) parametrizations of the nu-
cleon electromagnetic form factors. All curves include the
exchange-current contributions.

equation includes the relativistic corrections proportional
to mz . The importance of taking into account these
corrections in the continuity equation has been em-
phasized by Blunden' and Ichii et al. The contribu-
tions from the exchange-current operators associated
with the L and quadratic spin-orbit interactions have
opposite signs (the latter is negative in agreement with
the result found in Ref. 51). Finally, the effect of the pny
exchange current mechanism is large and positive, in
agreement with earlier calculations ' tbecause of the re-
cently raised issue of the sign of this effect, we point out
that we use the same (conventional) sign for the pmy cou-
pling constant as in Ref. 36].

In the evaluation of the p~y exchange-current mecha-
nism, we have taken into account the anomalous tensor
coupling between the p meson and the nucleon (the expli-
cit expression in momentum-space of this operator is
given in the Appendix). The importance of this term was
recently stressed in Ref. 53 in a relativistic boson-
exchange-model calculation of the deuteron form factors,
based on the Bethe-Salpeter equation. As is evident from
Fig. 17, the inclusion of the anomalous tensor coupling
term substantially reduces the contribution (in the
present framework) of the p~y exchange-current mecha-
nism at intermediate values of momentum transfer.

It has to be stressed that the magnitude of the p~y
exchange-current correction can only be estimated within
fairly wide uncertainty limits, because there is little infor-
mation on how to describe its short-range behavior. In
Fig. 18 we show how the predictions for the structure
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FIG. 16. The individual contributions to the deuteron B
structure function as obtained with the Hohler et al. parame-
trization of the nucleon electromagnetic form factors. The con-
tributions due to the single-nucleon current (IA) and the ex-
change currents associated with the spin-orbit (SO), L' (LL),
and quadratic spin-orbit (SO2) components of the Argonne U]4

interaction, and the p~y mechanism are displayed. Note that
they are added successively to the IA results in the order stated
above.
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FIG. 17. The B structure function as obtained with and
without taking into account the anomalous pNN tensor cou-
pling constant in the prry exchange current mechanism [Eq.
(A2)]. The predicted curves include all other exchange-current
contributions. The Hohler et aI. parametrization of the nu-
cleon electromagnetic form factors is used.
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FIG. 18. The effect on the deuteron B structure function of
varying the cutoff mass values in the n.NN and pXN vertex form
factors of the pm. y exchange-current operator. The predicted
curves include all other exchange-current contributions. The
Hohler et al. parametrization of the nucleon electromagnetic
form factors is used.

FIG. 19. The deuteron A structure function in the impulse
approximation (IA) and with the inclusion of the exchange-
charge and -current contributions, as well as the Darwin-Foldy
and spin-orbit corrections to the single-nucleon charge operator
(+EC). The Hohler et +al. parametrization of the nucleon
electromagnetic form factors is used.

function B (q) change when the cutoff masses at the mNN
and pXN vertices in this operator are varied between the
two limits A = 1.2 GeV/c, A =20 GeV/c and
A =0.6 GeV/c, A =1.0 GeV/c . With the intermedi-
ate pair of values A =0.9 GeV/c, A =1.5 GeV/c, we
would obtain an excellent fit to the empirical values over
the whole measured range of momentum transfer under
the assumption that the form factor has a break in slope
but no zero at 50 fm . An equally good prediction
could be obtained by reducing the magnitude of the p~y
coupling constant from the value 0.56 (Ref. 19) to the
previously preferred smaller value 0.4. "

In Table II we Anally give the contributions from the
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di8'erent components of the current operator to the mag-
netic moment of the deuteron. With the deuteron wave
function that corresponds to the Argonne v, 4 potential
model, the impulse-approximation value differs from the

TABLE II. The deuteron magnetic moment obtained with
the single-nucleon current operator (IA), the model-independent
exchange currents associated with spin-orbit (SO), L, ' (LL), and
quadratic spin-orbit (SO2) components of the Argonne U, 4 in-
teraction, and with the model-dependent pry mechanism. The
different contributions are added successively in the order stated
above.
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+SO
+LL
+SO2
+p7TQ

Experimental value

Cumulative magnetic
moment (p&)

0.8453
0.8636
0.8682
0.8580
0.8638

0.8574
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FIG. 20. The deuteron A structure function as obtained with
the IJL, ' H, GK, ' and D (Ref. 11) parametrizations of the nu-

cleon electromagnetic form factors. All curves include the
meson-exchange contributions and the Darwin-Foldy and spin-
orbit corrections to the single-nucleon charge operator.
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empirical one by 0.012pz, which amounts to a relative
difference of only 1.5%. Adding the exchange-current
contributions considered here reduces the magnitude of
this difference by half to 0.0064p&. The contribution to
the magnetic moment from the pm. y mechanism is
0.0058p&. Reducing the values of the coupling constant
g z and/or of the cutoff masses in the rrNN and pNN
vertex form factors would bring the theoretical predic-
tion very close to the empirical value.

In Fig. 19 we show the predictions obtained for the
structure function A (q) [Eq. (5.la)] using the deuteron
wave function that corresponds to the Argonne v&4 in-
teraction with and without the exchange-charge and
-current contributions. Here the Hohler et al. parame-
trization for the electromagnetic form factors of the nu-
cleon is used and the data points are from Refs. 37, 38,
45, and 55 —57. As is illustrated in Fig. 20, the uncertain-
ty in the behavior of the nucleon electromagnetic form
factors at large values of momentum transfer produces
large differences in the predictions obtained with the IJL,
GK, H and D parametrizations. In fact, these differences
are larger than those between the IA and IA+MEC re-
sults, shown in Fig. 19.

Finally, in Fig. 21 we consider the results for the tensor
polarization t2o(q) [Eq. (5.2)], predicted in the impulse
approximation and with the inclusion of the contribu-
tions from the exchange corrections to the charge and
current operators (+EC). The main part of the exchange
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FIG. 22. The deuteron tensor polarization as obtained with
the IJL, H, GK, ' and D (Ref. 11) parametrizations of the nu-

cleon electromagnetic form factors. All curves include the
meson-exchange contributions, and the Darwin-Foldy and
spin-orbit corrections to the single-nucleon charge operator.
The data points are from Refs. 34, 58, and 59.
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contributions is that due to the pseudoscalar ("general-
ized pion") exchange-charge operator, as shown separate-
ly by the curve PS. The curves correspond to setting
8=70 in the function f(8) in (5.4). The sensitivity to
the electromagnetic form factors of the nucleon is small
up to about 6 fm ', as can be seen from Fig. 22. The ex-
perimental data in Figs. 21 and 22 have been taken from
Refs. 34, 58, and 59. It should be stressed that the last
three data points at the highest q values from Ref. 59
should be considered preliminary.

VI. DISCUSSION
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FIG. 21. The deuteron tensor polarization in the impulse ap-
proximation (IA) and with the inclusion of the exchange-charge
and -current contributions, as well as the Darwin-Foldy and
spin-orbit corrections (+EC). The results obtained when the
contribution due to the PS ("generalized pion") exchange-
charge operator is added to the impulse approximation are also
shown (+PS). The Hohler et al. parametrization of the nu-
cleon electromagnetic form factors is used. The data points are
from Refs. 34, 58, and 59.

The two main goals of this work were to test the quali-
ty of the Argonne v, 4 nucleon-nucleon interaction and
the accompanying model for the nuclear current operator
on the low-energy electromagnetic observables of the
two-nucleon system. The importance of this task is obvi-
ous as it is a prerequisite for a quantitative theoretical
study of the corresponding electromagnetic observables
of larger nuclei.

Overall we find that the predicted observables are in
fairly good agreement with the empirical values over
most of the measured momentum-transfer range. In fact,
the predicted static observables, namely, the radiative np
capture cross section and the deuteron magnetic moment,
are in excellent agreement with the empirical values. At
intermediate values of momentum transfer the present re-
sults for the threshold electrodisintegration obtained by
using the Argonne v&4 potential are, however, not in as
good agreement with the empirical values as the very re-
cent results obtained by using an optimal version of the
Bonn potential.
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The main source of theoretical uncertainty in our re-
sults is that associated with the detailed behavior of the
electromagnetic form factors of the nucleon. The most
common semiempirical parametrizations of these difFer

widely, especially in the case of the neutron electric form
factor. Hence, until this form-factor uncertainty is nar-
rowed, quantitative predictions of electronuclear observ-
ables will remain rather tentative. Another source of un-
certainty in the present calculations arises from the
model-dependent exchange-current mechanisms. The
best example of this is the large uncertainty in the predic-
tions for the structure function B (q) at high values of
momentum transfer (Fig. 18), which is due to the un-
known short-range behavior of the p~y exchange-current
mechanism [Fig. 1(c)].

The present investigation of the exchange-current
corrections and the quality of the Argonne U&4 potential
in the two-nucleon electromagnetic observables in a way
completes the corresponding studies of the charge and
magnetic form factors of the bound three- and four-
nucleon systems reported in Refs. 7, 13, and 24. Overall
these predictions of the electromagnetic observables of
the few-body systems appear to be fairly satisfactory,
given the theoretical uncertainty limits mentioned above.
Naturally, the nonrelativistic framework used is rather
restrictive, and especially at the higher values of momen-
tum transfer explicit relativistic corrections, beyond
those considered here, are expected to become apprecia-
ble.

APPENDIX

Here we give the expressions used for the p~y
exchange-current and -charge operators [Fig. 1(c)]. The
pmy exchange-current operator contains the term pro-
portional to the pe% tensor coupling constant, which has
recently been found to be important.

For the p~y exchange-charge operator, we use the usu-
al expression

f.wag.p, gp(1+&)
S «i k2)= — " '

&i &z2' ~Pl fly~

o, .k, (o2Xk~) (k, Xk2)

(m +k, )(m +k2)
o 2 k2(rr, X k, ) ~ (k, Xk2)

(m +k, )(m +k& )
(Al)

Here f &z is the vrNN pseud vector coupling constant,

g& &
the pay coupling strength, and g and ~ the p&&

vector and tensor couplings. The pion, p meson, and nu-
cleon masses are denoted I,m, and m~, respectively.

For the p~y exchange-current operator we use the ex-
pression

f ~~gp„rg o~ k~(k, Xk~)

k)
X 1 —

( —,'+Ir)
4m~
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+ (1+2m. )o, k, X(pi+p', ) +(1~2).
8m~

The terms in this expression proportional to m&
represent relativistic corrections, which would be
insignificant if it were not for the large value of the pNX
tensor coupling constant a. (a.=6.6).
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