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Electron-deuteron scattering observables, including the tensor polarizations T, Ty 15 Thys, are calculated
for a variety of N-N potential models. The main goal is to determine how the tensor polarization
experiments can help distinguish competing potential models with respect to off-shell behavior and tensor
force strength. The pair meson-exchange-current correction of Gari and Hyuga is included in the analysis as
well as a correction suggested by Friar for energy-dependent potentials. It is found that whereas electron-
deuteron elastic scattering cross sections do not readily distinguish different potentials, the tensor
polarizations do. The tensor polarization T,, mainly distinguishes potentials with different deuteron s-wave
momentum distributions, but does not distinguish potentials with different d-state probabilities (Pp). The
tensor polarization T,,,, since it factors essentially into a product of the magnetic and quadrupole form
factors, allows for the extraction of the quadrupole form factor which is closely related to the tensor force
strength and Pj,. The tensor polarization T,,, is completely determined by the elastic scattering cross
sections and magnetic form factor, and yields no additional information on the N-N force unobtainable
from elastic scattering measurements. The tensor polarizations T, and T, have maximum values of order
unity in the region ¢ =2 to 5 fm~!. The calculations indicate that measurements of Ty for 25¢ S5 fm™!,
and Ty, for 35¢ =5 fm~" could yield important information on the off-shell behavior and tensor force
strength. The meson-exchange-current and energy-dependence corrections are important and must be taken
into account to extract potential properties from such experiments.

NUCLEAR STRUCTURE ’H: form factors, tensor polarization calculated: de-
pendence on off-shell behavior and Pp; seven potential models; pair currents in-

I. INTRODUCTION

One of the main hopes of electron-deuteron (e-d)
scattering experiments has been to “measure”
certain features of the deuteron wave function and
relate these to determining unknown properties of
the nucleon-nucleon force. In particular, one
would like to employ e-d scattering to help pin-
point the nature of the short-range repulsion and
the tensor force strength.’? These features are
undetermined even after forty years work on the
N-N force as evidenced by the fact that the cur-
rent literature contains competing potential mod-
els with strong local short-range repulsion,®4
“supersoft’ local repulsion,’ and “soft” nonlocal
repulsion.®=8 An even more disconcerting unknown
is the tensor force strength, as indicated by the
uncertainty in the deuteron d-state probability P,
(8-7%).° Despite these differences, these com-
peting models all give good fits to the existing
N-N data!®; however, the uncertainties in the
short-range repulsion can lead to sizable uncer-
tainties in nuclear matter predictions!! and nuclear
electromagnetic form factors (at medium to high
¢%),'? while the uncertainty in P, is more serious,
even affecting static few-nucleon properties such
as the triton binding energy.!®* The aforemen-
tioned uncertainties exist even for potentials de-

22

cluded.

rived from meson theory (for example, compare
the s- and d-wave coordinate and momentum space
wave functions? of the Paris!? and Bonn!® poten-
tials).

One source of the incomplete knowledge of the
N-N force comes from the fact that phase shifts
are known over only a finite energy range (0-600
MeV).!? However, even if phases were known to
all energies, one can use the “off-shell” freedom
(by using unitary transformations,!! for example)
to show that the phases alone determine uniquely
neither the potential nor the wave functions at
short distances (or equivalently, in momentum
space language, the off-shell T matrix elements).
It is here that electron scattering experiments be-
come most useful since they measure largely the
charge and magnetic densities of nuclei, quantities
very closely related to the entire wave function,
whereas N-N scattering experiments measure
only the asymptotic wave function, The main
purpose of this paper is to indicate how e-d tensor
polarization measurements can help distinguish
different nuclear force models especially with re-
spect to the short-range (or “off-shell”) behavior
and tensor force strength.

Electron-deuteron elastic scattering cross sec-
tions depend on the electric form factor [ A(g)]
and magnetic form factor [B(g)]. These form fac-
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tors, in turn, depend on the monopole (or charge)
[ Fz(@)], quadrupole [Fy(q)], and magnetic

[ F,@)] structure functions of the deuteron,® i.e.,
integrals involving the s- and d-wave components
of the deuteron wave function and the momentum
transfer q. The cross sections measure the com-
bination (Ref. 17) A(g) +B(g)tan®6/2, where A(g)
depends on all three structure functions, B(q)
depends only on F,(q), and 6 is the scattering
angle of the electron in the lab system. Therefore
it is possible to separate B(g) from A(g) by mea-
suring angular distributions [and so determine
Fy(@)], but F(g) cannot be separated from Fy(q).
This leads to a major difficulty in using e-d cross
sections to differentiate nuclear potential models;
competing potential models, which differ greatly
in the behavior of the s-wave function [ which in-
fluences mainly Fc(q)] , and also differ greatly in
the d-wave function [ which influences P, and
Fo(@)], can give similar values for the experi-
mentally measurable quantity A(g), at least for
low and moderate ¢q2 (g% =25 fm~2), 1’18 Ap exam-
ple of this is given in Sec. V of this paper. More-
over, F.(q) and F,(q) separately are more poten-
tial dependent than A(g),% % hence it is desirable
to be able to measure these individually. True,
F,(q) can give further information about the deu-
teron wave function. However, F,(g) is slightly
less sensitive to changes in the potential model
than F.(g) or Fy(g), and is not sensitive to the
tensor force. It is also related to the wave func-
tion (and interaction) in a more complicated way.?
In this paper we mainly concentrate on the charge
scattering (but we do not ignore the magnetic scat-
tering).

Of course, cross-section measurements are not
the only experimental possibility. As of yet un-
performed tensor polarization experiments afford
the opportunity of measuring observables that
depend on different combinations of F,, Fg,, and
F,, thus enabling us to separate F; and F, and
better rule on nuclear potentials.!”? The idea of
using tensor polarization to help determine the
N-N force is not new. Schildknecht and Gourdin!?
wrote down the relations of the tensor polarization
quantities to the deuteron wave functions in 1964,
Levinger! suggested tensor polarization measure-
ments to learn about the unknown features of the
N-N interaction. Since then several investigators
have calculated the polarization P (related to the
Ty, of this paper) for different potential mod-
els.1»220=22 Only recently, however, have the ex-
periments at the interesting values of g2 (g% =4
fm~2) become feasible, and now the linacs at
Saclay and M.I.T.- Bates seem logical facilities
to perform such experiments.??

This paper examines the dependence of tensor

6

polarization quantities on the choice of the N-N
interaction. We choose the potential models in
such a way as to assess how tensor polarization
separately medsures the effects of changing the
s-wave momentum distribution (or off-shell be-
havior),?* which mainly effects F4(g), from the
tensor force strengths, which affects P, and
shows up in Fy(g). We consider the tensor po-
larization quantities Ty), Ty, 4, and Ty,, (Ref. 25)
instead of only the previously considered T,,,.
While Ty, , does not yield any new information
[it is proportional to F,(q)], the previously un-
considered T,,, essentially measures Fy(g) and
thus is a most convenient quantity to measure the
tensor force properties.

In our calculations of tensor polarization we in-
clude the pair meson-exchange-current (MEC)
correction of Gari and Hyuga since these are the
most important for F(¢) and Fy(g) in the mo-
mentum transfer region considered.?:27 Since
the MEC are model dependent, they should be
considered in assessing the model dependence of
the total scattering process. Other MEC correc-
tions are important in the magnetic scattering,?®
but since magnetic scattering plays a relatively
minor role in our analysis, we ignore them.
Other relativistic corrections?®28-3! are not in-
cluded, but the reader should be aware that they
are not negligible even at g2=10 fm™2, The rela-
tivistic corrections and excluded MEC mainly
affect the high momentum components of the wave
function and the form factors at large ¢? (although
they can change static properties, like the deu-
teron magnetic moment pu,). One main point of
our paper is that tensor polarization quantities
readily distinguish between potential models even
for q° between 4 and 16 fm™2, where these correc-
tions should not be overly large.

In Sec. II of this paper we express the e-d scat-
tering observables (do/dSQ, Tyy, Tyy s Tous) in terms
of structure functions which are, in turn, related
to the deuteron wave function,!®?5 While T, is a
rather complicated combination of F,, F,, and
Fy, Ty, and T,,, have relatively simple expres-
sions. Ty,, is simply proportional to Ffl(q), while
T, ., is proportional to F, F,. Since F, can be
measured by backward angle cross sections, we
have the important result that T,,, is a direct
measure of Fy, hence closely related to the tensor
force and P,, whereas T,,, does not yield any
new information about the deuteron wave function.
In Sec, III we describe the potential models we
consider. We choose two potentials with rather
strong short-range repulsion (Bonn® and Reid?)
but with different tensor force properties (P,
=4.4 and 6.5%, respectively). We also consider
a pair of potentials of Doleschall (D4 and D7)8 as
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examples of potentials with “soft” separable short-
range repulsion and again varying P, (4% vs 7%).
Therefore, we are in a position to compare poten-
tials with nearly the same off-shell behavior but
varying P, (Reid vs Bonn, D4 vs D7) and also
potentials of nearly the same P, but varying off-
shell behavior (Reid vs D7, Bonn vs D4). We also
consider the Graz,” Paris, 3 and Nijmegen3! poten-
tials as further examples.

In Sec. IV we describe the form factor calcula-
tions both with and without the MEC. We also
consider, for the Bonn potential, corrections to
the form factors, suggested by Friar,%® originating
from the energy dependence of this potential,

This correction is fairly large. We present the
structure functions calculated for the various po-
tential models, and the influence of the MEC. For
both F, and F, the MEC are model dependent in
such a way as to reduce, but not eliminate, the
potential dependence of these form factors. One
important influence of the MEC is that for F, the
MEC corrections depend mainly on the s-wave
momentum distribution, thus disturbing some-
what the correlation between Fy and P, discussed
by Mathelitsch and Zingl.?

Section V presents the e-d observable calcula-
tions, We first survey A(g) for the various poten-
tials in comparison with the experimental data.?®
Usually A(g) cannot distinguish between potentials
as well as F and F, separately. Five of the seven
potentials studied (all except the Doleschall pair)
fit the experimental data very well up to g2=35
fm~? when the pair MEC is included. The tensor
polarization T,, rather clearly differentiates
models of different off-shell behavior even in those
cases where A(g) does not, Furthermore, such
differences appear even around g =2 fm~! where
Ty, is large (2 1,0). However, T,, does not dis-
tinguish different P, values, at least where the
magnitude of T,, is appreciable. The tensor po-
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larization T,,, has qualitatively similar features
to Ty, with a maximum value of ~0.5 at ¢ =3 to
5fm™, Since T,,, provides a rather direct mea-
surement of Fy(g), and F, is related to P,, we
discuss in some detail the usefulness of mea-
suring T,,, to determine P,. For both T,, and
Ty, 1 the MEC are important to take into account.
Generally, they narrow somewhat the model de-
pendence of the tensor polarization results. Ig-
noring them would lead to extracting erroneous
information about the deuteron wave function.
Likewise, ignoring the energy-dependence cor-
rection of Friar®? for the Bonn potential would also
be misleading. Finally we caution the reader that
the state of the art of MEC corrections does not
presently allow a precise calculation of their con-
tribution. QOur treatment of MEC is to indicate
roughly how large they may be and that their
understanding is essential in analyzing e-d scat-
tering experiments.

II. ELECTRON-DEUTERON SCATTERING
OBSERVABLES

As is well known, the e-d scattering cross sec-
tion is given by!?

S ) 20 0]
E(%>MOTTN. (1)

The form factors A and B are expressed in terms
of deuteron structure functions by!®

A@)=F@) +E P F@) +3nF@)
B@)=4n( +n)F}@,

@)

where n=q%/4M, and M, is the deuteron mass.
The charge (F,), quadrupole (Fg), and magnetic
(F,) form factors are given by>1°

Fol@) = Ggy@) + Gpu(@)] fo TP ,20) + ,20)] jo(%) : (3)
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where ¢, ), are the s- and d-wave deuteron wave
functions and Gg,, Ggp, Gy,, Gy, are the proton
and neutron electric and magnetic form factors
in the usual notation. The form factors F,, Fg,

I

and F, represent Fourier transforms of the elec-
tric monopole, quadrupole, and magnetic dipole
densities, respectively, in the Breit frame.
Strictly speaking, one must add the MEC con-
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tributions to these operators to the respective
form factors.

One separates B(g) from A(g) [and hence deter-
mines Fu(q)] from backward angle scattering cross
sections.!” However, the elastic scattering cross
sections cannot distinguish F,(g) from Fg(g). This
is a major drawback in employing e-d scattering
to learn about the N-N force. F,(g) contains in-
formation mainly of the off-shell behavior (or s-
wave momentum distribution, see Ref. 24), while
Fy(g) is mainly sensitive to the strength of the
tensor force and is closely related to P,. Clear-
ly F, and F, could be such that potentials with
very different F, and F, separately conspire to
give almost the same A(g) (we give an example of
where this actually happens in Sec. V). At low ¢,
F,(q) is sensitive to mainly the same features as
F,(q) but at intermediate and high g it is not as
potential sensitive.? Furthermore, it is not too
sensitive to the tensor force and also is more
obscurely related to the deuteron wave function .
[see Eq. (3c)]. Obviously it is important to be
able to determine F,(q) and F(g) individually.

Since the deuteron is a s =1 system, tensor (and
vector) polarizations are also observables that
could be measured. Since vector polarization is
down by a factor Ma/M,,19 we consider only tensor
polarizations. These observables, which involve
different combinations of F,, F,, and F, than the
cross sections, in principle, can separate the
effects of these three form factors. Following
Schildknecht!® and the Madison convention?® the
expressions for T,;, Ty,4, and T,,, are

Ty=- (V2 )" {7 Fg + i nFcFq
+EnF2[ 5+ (1 +n)tan2(8/2)]},

(4a)
Tys1= (V2 N) [+ 296 - n)tan(6/2)F, F,l ,

(4b)
Tyey=—nF;/@V3 N), . (4c)

€= |§|/MD, where p is the incident electron mo-
mentum,

The tensor polarization T, involves a rather
complicated combination of F,, F,, and F,. For
the momentum transfers considered in this paper,
and at nonbackward angles, the terms involving
F, are not important. In principle, measurements
of A(g), B(g), and Ty, are sufficient to determine
Fg, Fg, and F,. However, since experimental
errors are finite, it is desirable to investigate
numerically the sensitivity of 7,, and Ty, to
changes in F, and F, individually, as is the pro-
cedure in this work.

The heretofore largely ignored tensor polariza-
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‘ tion T,,, is interesting in that it factors into the

products of the magnetic and quadrupole form
factors. The magnetic form factor, of course,

can be extracted from backward angle cross sec-
tions. Therefore, by measuring T,, , and dividing
through by the known magnetic form factor (and
multiplying by N, which is also known) one can
directly extract Fy. Therefore measurements of
T, 4 can yield rather important information con-
cerning the tensor force and P,. In Sec. V we
discuss how useful T,,, is in determining the
tensor force strength as contained in P,. The ten-
sor polarization T,,, does not yield any informa-
tion not obtainable from backward angle cross sec-
tions since it only depends on F,% If for some
reason, however, it is easier to measure the ratio
Tyy/ Tas o than to measure Ty, itself, knowing the
ratio is tantamount to knowing T, itself since

Ty, , is already known from the magnetic form

factor. (The same applies to extracting T,,,.)
Actual calculations® of T,,, indicate that this
ratio is roughly 60 at g =0 and decreases to about
25 at ¢ =5 fm~!, Having now described how tensor
polarization may be used to help determine the
N-N force, we now describe the actual potential
models employed.

III. POTENTIALS AND WAVE FUNCTIONS

In our investigation of deuteron tensor polariza-
tion we employ seven potential models of the N-N
force: the Reid soft core (RSC),! the Bonn (z-
dependent) potential (B),% two potentials of
Doleschall® (D4 and D7, differing in P = 4%
and 7%, respectively), the Paris (P),% Graz (G),’
and Nijmegen (N) (Ref. 34) potentials. The Bonn,
Paris, and Nijmegen potentials are derived from
meson theory. The Bonn potential has an energy
dependence which results from a field theoretic
Hamiltonian which includes one and two boson ex-
change. The Reid potential is phenomenological,
but has a one-pion-exchange (OPE) tail. The
Doleschall and Graz potentials are separable, All
potentials give at least qualitative fits to the N-N
data up to 300 MeV, but are not phase-shift equiv-
alent. The non-phase equivalence is not critical
since the electron scattering probes the interior
wave functions and this is related closer to the so-
called off-shell behavior®! of the force rather than
the phase shifts. Nevertheless, the static proper-
ties of the deuteron, which do affect the e-d scat-
tering results, do depend on the on-shell proper-
ties at low energies, and these are listed in Table
I

The rationale for our choice of the potentials is
as follows. We would like to determine the sepa-
rate effects of changing the s-wave off-shell (or



22 ELECTRON-DEUTERON TENSOR POLARIZATION AND THE...

1289

TABLE I. Static properties of the deuteron.

a (fm) 7, (m) E; (MeV) Q (fm?) A, !
D4 a a 2.2250 0.285 0.790 0.0265
D7 a a 2.2250 0.285 0.743 0.0190
RSC 5.397 1.720 2.2246 0.280 0.878 0.0262
B 5.43 1.77 2.2260 0.271 0.905 0.0255
P 5.471 1.808 2.2245 0.278 0.887 0.0264
G 5.445 1.80 2.2245 0.287 0.887 0.0340
N 5.489 1.846 2.2246 0.286 0.900 0.0263

2Not calculated.

momentum) dependence and of changing the tensor
force (or Pp) in e-d scattering results. A useful
parameter? in describing the off-shell behavior is
b.,, the value of the momentum at which the s-wave
momentum space wave function passes through
zero. Another parameter in describing the off-
shell behavior? is Py, which is defined?

Pyp = f,, p2ap P2 ()

and is a measure of the “high energy component”
of the deuteron wave function. Generally nuclear
structure calculations (binding energies, spectra,
etc.) are more sensitive to p, than to Py,.%"38
However, form factors at large ¢ and nuclear
matter calculations are also sensitive to Pyg.
Furthermore, if the high energy component of the
deuteron wave function could be experimentally
determined, it could help judge between the vari-
ous approaches of deriving the N-N interaction
from meson theory.?® In this investigation we
primarily focus on the p, parameter. For the
tensor force strength we adhere to the traditional
choice of P, as the parameter of importance.
Table II lists P,, p,, and py; for the potentials
of our study. The reader should note that RSC
and B have very similar p, (but different Py;) but
varying P,, and the same is true of D4 and D7.
Likewise, the B and D4 pair, and the RSC and D7
pair, both have P,’s that vary only by ;% yet

TABLE II. p,, Pyg, Pp for the different potentials.

b, (fm™) Puz (%) Py %)
D4 2.85 0.11 4.00
D7 2.70 0.27 7.00
RSC 1.97 0.79 6.47
B 2.04 0.43 4.40
P 2.15 a 5.45
G A 0 2.63
N 1.97 0.29 5.39

2Not calculated.

have quite different values of p,. Therefore, we
are in a position to examine separately the effects
of varying P, and p,. The Graz, Paris, and
Nijmegen potentials are employed for further
comparison, but most of our comparisons will
involve RSC, B, D4, and D7.

Before proceeding to describing our calculations
of e-d scattering quantities, we plot in Figs. 1 and
2 the s- and d-wave configuration space wave
functions of our study. Figures 3 and 4 show the
corresponding momentum space wave functions.
The difference between potentials show up most
dramatically in s waves at distances » <0.7 fm,
where differences between hard, soft, and “soft”
nonlocal repulsion greatly affect the amount of
suppression in the wave function. In momentum
space the difference between a “hard” and “soft”
local repulsion (compare RSC, B, and P) does not
show up very much at all until p =3 fm™!, although
the potentials with soft nonlocal repulsion do differ
(for s waves) even at p 1.5 fm~!, For s waves
all potentials are virtually the same up to p=1.5
fm~!, evidencing the similarities in their long
range or static properties. Additional variations
show up in d-wave functions because of the dif-
ferent normalizations (i.e., P, is different). One
might question the type of the behavior of the
Doleschall potentials since they are separable
and do not have explicit OPE tails. True, most
potentials derived from meson theory give p,
~2 fm~1.4" This, however, is not an explicit con-
straint of such potentials, and one such potential,
the Paris (75) potential,!4 gives s-wave momen-
tum space wave functions fairly similar to the
Doleschall pair. So we should consider p, a pa-
rameter that should be experimentally deter-
mined. Finally we submit that the parameter p,
and P, are not just of academic interest. Nuclear
matter predictions are very sensitive to both p,
(Ref. 11) and P,,*! and even the properties of light
nuclei, such as the triton binding energy, are

slightly sensitive to p, and rather sensitive to
P, 121338



1290 M. I. HAFTEL, L. MATHELITSCH, AND H. F. K. ZINGL
—— DOL4% ¥, () /’\\
Woir) —— DOL7% 0.16} // N (a)
o7k ———- REID // \
—-—- BONN \
0.14} \\
\
0.6 (a) / \\ \\
—_
. 0.12} / ///
05} / NN / / \ \
/ \ 0.10f / / \\
o= /
04+ //f‘— —= \\\\ ; | \
Y NN oy ||
/ / \,\ ’ / /
0.3 / ~ II
/ j
0. / DOL 4%
/! OT / / — —DOL 7%
02f -/ / / ———— REID
/) / / —— BONN
o 004 |/ /
/ / / /
0.1} Ly /
/ ] /
/
// 0.02f / /
ol==2% 1 I L /
. /
) 05 oo 5 V. ‘ | |
0 05 1.0 15
PARIS (fm)
Yolr) o 0.14 PARIS
. e NIJMEGEN T T AR (b)
07F ———— NIJMEGEN
N b)
N ( 0.2}
06} AN
‘pz(f)
b N 0.10} N
N )
0s} ~
N
A AN 0.08
0.06
0.04}
0.02} /
0.5 10 e 15

0.1
1 I
1.5 .
r

1
0.5 1.0 (fm)

0
0
FIG. 1. s-wave functions in configuration space (a) for

the Doleschall D4 and D7, Reid SC, and Bonn potentials
and (b) for the Paris, Graz, and Nijmegen potentials

IV. FORM FACTOR CALCULATIONS

0
FIG. 2. d-wave functions in configuration space (a) for
the potentials in Fig. 1(a) and (b) for the potentials in

Fig. 1().

F,, in terms of the deuteron wave function have

M
been discussed in Sec. II. Expressions for these
form factors in terms of momentum space wave

functions have been given by Mathelitsch and

Expressions for the form factors A(g), B(g) in
terms of F,, Fy, and F,, as well as F,, F,, and
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zingl.? The present calculations employ integrals
evaluated in 7 space for the local potentials

(RSC, P) and p-space wave functions for the rest.
We use the dipole nucleon form factors, i.e.,

Gpy@)= (1 +¢%/18.235 tm™2)~2,
Gga@)=0,

Gy, @) = 1L,Gg, @)

Gyn@) = 1LaGgp@)

where p, and u, are the proton and neutron mag-
netic moments in nuclear magnetons. The dif-
ference in deuteron form factor results between
the dipole nucleon form factors and the para-
metrization of Jachello, Jackson, and Landé
(ITL)* has been discussed by Gari and Hyuga.2®
Generally, the difference is only a few percent
for ¢ <20 fm™2, but greater at larger ¢%. In-
terestingly, the uncertainty for g*> <20 fm™2 is
even smaller if MEC are included.

Even for g2 <20 fm~2 MEC are significant, For
the momentum transfers under consideration we
assume that the “pair current” is the most im-
portant for F, and F,.%?" Gross* has demon-

(5)

J

strated that for pseudoscalar coupling the standard
MEC calculations (including “pair,” “recoil,” and
renormalization effects) are consistent with his
relativistic deuteron theory to order M =3, Gari
and Hyuga®’ demonstrate that the recoil and re-
normalization effects cancel in the nonrelativistic
limit for F,(g), but are of the same order
[0(M~%)] for F, and F,. In this work we consider
only the pair contributions and do not consider the
recoil and renormalization effects. OQur pre-
liminary calculation of the recoil and renormaliza-
tion effect shows it to be 1-20% of the pair term,
but model dependent even with respect to the sign.
The p-w MEC is important?¢*44 for the magnetic
form factor in this region whereas the pair cur-
rent gives a relatively small correction to F,@).
At g2 <20 fm~? and at forward angles F, plays a
very small role in A(g) and Ty, In T,,,, F, does
play an important role, but we emphasize that the
main utility in measuring T,,, is to divide by an
experimentally known F, to get Fy, in which case
the MEC corrections to F, become irrelevant,
With the MEC of Gari and Hyuga, the pair current
corrections to F,, F,, and F, are given by*6»45

2 o
Fé(q)=—T%%[GM,(qHGm(q)]qfo k2 dk{[ 3q95(,q) +kI7 (o, )] [ Ipgy () + Ly (k)]

+[ag3k,q) +2rIT(k,q)] [ -2 V2 Iy (k) + Lpy (k) ]}, (6a)

27T, 2

= nFQ(q)=ngé—M#27W“3[Gup(‘1) + Gun(q)]qj; Rk {[ 5q9 50, @) +k3 (k)] [ Ijgy(k) + Ly )]

[ 54930, 0) +28 06, )] o 2)

+hl 2095k, ) + B RITE,0) +H 2950, )] By (k)

+ ] fag &, ) +RI3E, D L @)} (61)
PO =~ (6@ + @] [ @B (B L8300 536 O D) - Hh )

-{R[ 95k, a) - 95k, )] + S ak[I1k,q) - 95k, q)]}
X[ V2 Ipgg (k) + Ipgy ()], (6¢)

[
where g, ., is the pion-nucleon coupling constant,

M is the nucleon mass, §7(k,q) are the pion cur-
rents given by Gari and Hyuga,?® and

Before discussing the structure functions and
scattering observables, we address two important
points. First, the “standard” approach to MEC,
including ours, is an ad hoc one. One is presented
a prescription for the MEC contributions to the
electromagnetic (em) operators which contains
In calculating 7 (2,g) we use the monopole vertex certain assumptions concerning the N-N potential
function which, in the notation of Gari and Hyuga, (especially the OPE part). These assumptions are
is not necessarily consistent with the potentials under

o0 _ 2/ 2y=1 consideration. Of course in our study, which in-
Keonnld®) = (1 +4°/a?) cludes purely phenomenological as wZil as meson-
with ®=5.3160 fm™1, exchange potentials, one is forced to such an ap-

Ly ()= fo " P 00 07, ) @)
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proach. However, a better approach would be to
treat the potential and electromagnetic operators
in a consistent manner—say from a reduction of
the Bethe-Salpeter equation with both strong and
em interactions.®® In this case the MEC opera-
tors themselves would have additional potential
dependence. Conceivably these corrections could
either overwhelm or completely cancel the dif-
ferences between potentials for e-d observables
that occur in the impulse approximation. A first
calculation in this direction by Tjon and Zuilhof%¢
suggests that the situation is not that pessimistic
as they find that standard MEC calculations are
probably overestimates of the true MEC con-
tributions.

The second point concerns the corrections to
the em operators due to wave function nonortho-
normality resulting from energy-dependent poten-
tials, such as the Bonn potential. According to
Friar?® the simplest way to handle this is to let

i~ (1+35 ) ®)

in the calculation of form factors, with the re-
quired renormalization. This correction is simi-
lar in character to the recoil current. At the end
of this section and in the next one we consider this
correction for the Bonn potential, To simplify the
calculation we include only the 7 and o exchange
parts of the Bonn potential, whose momentum
dependence (but not energy dependence) we treat
in the static limit.

We now proceed to discuss the structure func-
tions calculated for each of our models with and
without the pair MEC correction. Figure 5 il-
lustrates F,(g) for the different potentials in the
impulse approximation (IA). Immediately one can
see that F distinguishes potentials with different
p. values quite well, but not different values of
P,. A diffraction structure appears with the
diffraction minimum being correlated with the p,
value; in fact, as previously pointed out by
Mathelitsch and Zingl,? the point of the diffraction
minimum (g,) is related (in the impulse approxi-
mation) to p, by q,=2p,. Unfortunately, this dif-
fraction structure does not appear in the observ-
able quantity A(g) because it is “washed out” by
the quadrupole form factor contribution, The dif-
fraction structure, however, does appear in *He
and °H because, as these are s =} nuclei, there
is no electric quadrupole contribution. In fact,
the diffraction minimum in F_(®He), F,(*H), and
in F,(*H) are also correlated, and if there were
no such thing as possible 3N forces and MEC then
3He and 3H would provide “looking glasses” at
F,(H). When MEC are included in F,, as shown
in Fig. 6, g, is decreased for all potentials and

10 s
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6 [fm™] 8q

FIG. 5. F((q) inthe impulse approximation (a) for the po-
tentials in Fig. 1(a) and (b) for the potentials in Fig. 1(b).

the height of the second maximum is increased.

Jackson et al 4" have previously noted this and the
similarity between the MEC effects in F,(*H) and
F.(*He). [If one wants a looking glass into F,(*H)
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FIG. 6. Fc(g) with MEC included (a) for the potentials
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in the 1A, F,(*H) is better than F (*He) because
the MEC are smaller.!8] The model dependence of
F, is slightly less with the MEC than without, but
the narrowing of the range of results does not
appear as great as in *He.!® The potential depen-
dence of the MEC contribution to F, (F,") appears
in Fig. 7. Generally speaking, softer potentials
give a larger Fc", but the true dependence seems
to depend in a somewhat complicated manner on
both the off-shell behavior and the d wave (e.g.,
D4 and RSC give similar F;"). The MEC also re-
duce the model dependence of the height of the
second maximum which, in the IA, primarily
reflects the high energy component. Figure 8
illustrates F,(¢g?) in the IA. At low g7 this form
factor is ~Qp,° q%, where Qp is the deuteron quad-

a
(a) £
DOL 4%
— — DOL 7%
———~ REID
—-——-- BONN
1072
iy
1073 -
8 q
(b)
" E
PARIS
10-2 — —— GRAZ
r —————NIJMEGEN
!
1073 L
0 8q

FIG. 7. MEC contribution to Fc(q) (a) for the poten-
tials in Fig. 1 (a) and (b) for the potentials in Fig. 1 ().
(“E” in all the figures stands for exchange currents).
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~ rupole moment, Hence, all potentials are similar.
For g 21,5 fm~!, and especially for ¢> 2 fm™1,
F,(gq) starts to become model dependent and in

the region ¢ =2.5 to 4 fm~! appears to scale with
P,. Mathelitsch and Zingl have discussed ex-
tensively the relation of P, and F,(q) especially
with regard to the peak in Fy(g)®. The fact that

B and D4 have almost exactly the same peak value
of Fy(g) despite a P, difference of 0.5% probably
results from the slightly lower @, value for B
[hence, Fy(q) starts off with not a steep enough
slope at small p]. However, in the region 2.5

=g =5fm™, F, does indeed scale with P, and
evidently slight differences in @, do not play an
important role here. Later in Sec. V, in our dis-
cussion of T,,,, we come back to the quantitative
relation between Fy and Py,

With MEC added (see Fig. 9), the relation be-
tween F, and P,, is scrambled somewhat. For ex-
ample F, for Bonn is now lower than that for D4
despite the fact that B has a higher P,. This be-
havior results from the potential dependence of
the MEC. The MEC account for ~10% or more in
the region 2 fm~!<q <5 fm~! and are quite depen-
dent on the potential. To be exact, they depend
almost exclusively on p, and not on P,, with softer
pbtentials (larger p,) giving a larger MEC con-
tribution. Now that F, has a contribution (the
MEC) strongly dependent on p,, but not on Py,
means that F, is no longer an exclusive measure
of P,. Furthermore, the MEC (and also its
model dependence) is comparable to the differ-
ences in F, between different potentials,

Figure 10 indicates the corrections to F, and
F, due to the energy dependence of the Bonn po-
tential. The curves indicate results for the im-
pulse approximation (IA), the inclusion of the
energy-dependent correction (with renormaliza-
tion) of Eq. (8) (IA +3V/3E), and finally with the
inclusion of MEC also (IA +3V/9E + MEC). Gen-
erally the 9 V/9E effect is larger than the MEC
contribution for F, and smaller for F,, except
that as ¢ increases, the 9 V/3E term cancels more
and more of the MEC effect in F,.

We do not discuss in detail the behavior of F,.
Its features are similar to F, for low g [ owing to
the common J,,(g/2) contribution, see Eq. (3)],
and the pair MEC are relatively small. However,
other MEC are presumably important and we do
not calculate these. The magnetic form factor
itself only gives a small contribution (at nonback-
ward angles) to the observable quantities A(g),
and Ty, for ¢ <5 fm™. For T,,, and T,,,, F,
plays an important role, but the fact that it can
be measured independently by backward angle
cross section means that we can divorce its role
from that of F, and F, in the tensor polarization

100

—— —— 1A+ 9V/3E
IA+3V/9E + MEC

T T T T
Z

107"

,
==
=

/

\ ,,kt\
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0,3 1 1 1 1 ) l/ 1 N

1 1 2 3 4 5 6 7
qlfm™)

FIG. 10. F¢(q) and Fy(g) for the Bonn potential in the
impulse approximation (IA), with the 8V/8E correction
of Eq. (8) (IA+08V/8E) and with MEC (IA +8V/8E + MEC).

quantities. The next section considers the role of
the above observables in distinguishing N-N po-
tential models.

V. ELECTRON-DEUTERON SCATTERING
OBSERVABLES

How do the changes in F, F, noted in the pre-
vious section influence the observable quantities
[namely A(g), Ty, and T,,,]? What is the role

.of the MEC? These are the questions addressed

in this section.

Figure 11 illustrates [ A(g)]!/? for the various
potentials in the IA along with the experimental
data. Uptog=4fm™! A(g), for the potentials in
Fig. 11(a), primarily seems to distinguish the
different off-shell behaviors, but not different P,
values. Up to this point the data favors the poten-
tials with p, 2 fm™!. Past this point, where Fy(q)
dominates and washes out the diffraction structure,
A(g) depends more strongly on F, and hence on the
deuteron d wave., The data is more uncertain in
this region and it is difficult to say what it implies
about the deuteron wave function. Figure 11(b)
demonstrates the basic difficulty in using A(g)
alone to distinguish potential properties: Poten-
tials that yield significantly different off-shell and
tensor force properties (such as Paris and
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FIG. 11. [A(g)]'/? in the impulse approximation (a) for
the potentials in Fig. 1(a) and (b) for the potentials in
Fig. 1(b). The experimental points are taken from (also
see Ref. 35): o Elias et al. (Ref. 35); 0 C. D, Buchanan
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The experimental data are the same as in Fig. 11.
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Nijmegen versus Graz) can give nearly the same
A(g) values, and also values in agreement with
experiment. This occurs because A(g) only mea-
sures the combination F%+§ n?F,? and the dif-
ferences in F, between G and P (or N) evidently
cancel out the differences in F, in this expression.
When the MEC (Fig. 12) are added, the above
situation with regard to A(g) does not qualitatively
change. With the MEC, five of the seven potentials
(i.e., all except D4 and D7) give very good fits to
the data all the way up to g =6 fm~!. On the other
hand, the A(g) data still does not distinguish dif-
ferent P, values very well, or simultaneous
changes in F, and F, (or p, and P,); e.g., A(g)
(Paris) ~A(q)(Graz) ~data. Obviously, different
combinations of F, and F, need to be measured,
which can be accomplished with tensor polariza-
tion.

Figure 13 gives [ A(g)]!/? for the Bonn potential
with the effects of the 8V/9E [Eq. (8)], and MEC
corrections. The energy-dependence correction
lowers the prediction of [ A(g)]!/2 below the data
for g < 3.5 fm~!; but for larger g the MEC domi-
nates, bringing the Bonn potential in agreement
with experiment. At any rate, the energy depen-
dence does have an appreciable influence,

Figure 14 illustrates T,, for the different poten-

100 <
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L IA + dV/E + MEC
107
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FIG. 13. [A(g)]'/? for the Bonn potential in the impulse
approximation, with the 8V/9E correction of Eq. (8), and
with MEC. Labels same as Fig. 10.
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in Fig. 1(b).
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tials (at 6=0°) in the JA. The tensor polarization
T,y mainly senses differences in the s-wave off-
shell behavior (i.e., p,), with perhaps a residual
but small dependence on P,. The fact that the
dependence on P, is small is surprising since F
would seem to dominate the expression in the nu-
merator of Eq. (4a) for Ty, The zero in Ty oc-
curs at a higher value of ¢ than it does in F(g).
"To get a zero, F, must be negative enough so that
the %ﬂFcFo term in Eq. (4a) cancels out the posi-
tive contributions of the §nFol+3nF, [ 5+ (1
+n)tan?(6/2)] term. Therefore the so-called
“high energy component” of the s-wave deuteron
wave function (or of the deuteron F,) is involved.
On the other hand, T,, does not distinguish dif-
ferent Py, values as well as one might have hoped
(compare B and RSC for ¢ =5 fm~!). Note that
one need not go up to ¢ ~5 fm~! to distinguish dif-
ferent off-shell behaviors (i.e., p, values). Signifi-
cant differences occur even by g =2 fm~! (around
20%) and increase greatly for larger g%, Con-
veniently for experimental measurements, dif-
ferences are quite large, even percentagewise,
where T, has its maximum values. Also, the
electron energies involved are not so high as to
be unavailable at the Bates-MIT or Saclay acceler-
ators. For g =3 fm~! and §=30° the needed elec-
tron energy is about 1200 MeV. However, for
g~3 fm~! and 6=90° the needed T,,,, is only about
460 MeV. Up to 90°, Ty, is virtually angle inde-
pendent but decreases for larger angles (and F,,
becomes more important). So a measurement of
Ty at ¢ =3 fm™!, 9~90° appears quite useful and
feasible. Inclusion of MEC (Fig. 15) narrows
somewhat the model dependence of T,,, decreases
the values of g? at which T,,=0, and narrows the
peak for all potentials, The maximum value of
T,y, however, is not greatly affected. Still, T,,
senses the difference between the p, values of
different potentials with ¢ =2 fm~! being the best
region to test the off-shell behavior. The MEC
are important and need to be carefully considered
before “extracting™ the off-shell behavior from
possible Ty, measurements, Figure 15(b) con-
firms that even with MEC, Ty, still distinguishes
very well different potentials (like Graz and Paris)
that give essentially the same A(g). The presence
of MEC, however, renders even more difficult the
determination of Pyg.

Figure 16 shows T,; at §=90° in the IA and also
with MEC for the potentials studied. The features
are qualitatively similar (to within a sign) and the
comparisons between potentials are similar, to
the T,, calculations. The link is the (qualitatively)
similar behaviors of F, and F,: The combination
F,* F, occurs in Ty, , While the combination
Fg* F, occurs in Ty, [ see Eqgs. (4a), (4b)]. Both
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FIG. 15. Ty at 6=0 with MEC included (a) for the po-
tentials of Fig. 1(a) and (b) for the potentials in Fig. 1(b).
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FIG. 16. T, at 6=90° in the impulse approximation
(lower graph) and with MEC included (upper graph) (a)
for the potentials in Fig. 1(a) and (b) for the potentials in
Fig. 1 ().

the position of the peak value of T, and that at
which Ty, goes through zero are larger than the
corresponding g values in Ty,. The peak position
is shifted to larger g because of the kinematic
factors in Eq. (4b). The zero is associated with
the zero in F),(g) which occurs at much larger ¢
than the zero in F, (q).2 The magnitudes are a
factor of 2 or 3 lower than in T,;, and measure-
ments in the region g =3 fm~! are needed to be
useful as opposed to ¢ 2 fm™! for T,,. As a func-
tion of 6, T,,, (at ¢ ~3 fm~!) maximizes at about
120°. The following table tells the relevant elec-
tron energies for ¢ =3,4 fm™!, 6=90°,120°.

To10c(MeV)
6=90° 6=120°
3 fm™! 461 351
4 fm™1 631 487

Again, experimental measurements in the im-
portant region are feasible. Again (as with Ty)
MEC are important to include in the analysis.
Figure 17 shows the influence of the 8 V/3E term

for the Bonn potential in predicting Ty, and Ty,.

Its influence is fairly small on both quantities for
g <3 fm™!, but becomes quickly dominant (over
MEC) for larger values of q. So large is its in-
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FIG. 17. Ty and Ty for the Bonn potential in the im-
pulse approximation, with the 8V/9E correction of Eq.
(8), and with MEC. Labels same as Fig. 10.



22 ELECTRON-DEUTERON TENSOR POLARIZATION AND THE... 1301

TOT
|
I q=3.0 —
'1’/'/
o
0.021 q=4.0 e e —o T
 _  — )
[<]
o L L 1 1 I . )
L 4 5 6 7
1A
0.06
D7
RS
P —
D4 B N /'/-'i’/—
G q=146 __f—% E—
0.043%(}——;‘20’ * [ -
[ a8 /,Lt/‘/{/}
q=30 _ —+
002
e — %
=40 o — 2T
o
1 1 " 1 1 - J
3 5 6 7
Pp (%)

FIG. 18. Fy(g) versus P for several g values.. Data
points represent the Fg values for each potential at a
given g, while the lines indicate an approximate linear
relation between Fg and P, at each g value.

fluence for ¢ 3.5 fm™! that one could be tempted
to say that measurements of Ty, (or T,) for g 3.5
fm™! could help determine the role of energy de-
pendence in the N-N force.

The main virtue in measuringT,,, is notdirectly to
compare potentials (7,, would be better for that be-
cause T, is larger with qualitatively similar features
to T,,) but to obtain a clear determination of Fy by
dividing through by an experimentally known F,
and multiplying by the also known N [ N= (do/dR)/
(do/dQyorr] [See Eq. (1)]. In turn, F, is closely
related to the d wave of the deuteron and to P,
Since F, is now an essentially measurable quan-
tity, how closely is it related to P,? How does
this relation change if MEC corrections are in-
cluded in F,? Figure 18 indicates Fy(g), at
various values of ¢, for each potential versus its
P, value. The bottom graph includes no MEC
while the top graph includes the pair current. In
the TA the relation between F, and Py, is approxi-
mately linear (indicated by a straight line for each
g value) with a small amount of scatter. This
scatter is smaller at =3 or 4 fm~! than at ¢
=1.46 or 2 fm~!, This is fortunate because T,,,

has its largest values at g =4 fm~!, The implica-
tion is that a precise measurement of T,,, at ¢
=3 or 4 fm™ (and of F,, N as well) could fix P,
to within small limits (about to within 0.2% in the
P, value). However, when the MEC are included,

. more scatter develops in this relationship (see

graph marked TOT). The scatter is again less at
g =3 or 4 fm™! than for lower ¢g. This scatter oc-
curs because the MEC are model dependent, but
depend on the s-wave behavior, not on P,. Using
the curve marked ¢ =4.0 we can judge by the slope
and the scatter that even a precise measurement
of Fy (by measuring T,, () would leave P, uncer-
tain to about 1%. Of course the final uncertainty
would be larger due to experimental error (here

a 10% experimental uncertainty implies about a
0.6% uncertainty in P,). Also the 3 V/3E correc-
tion could upset the relation for energy-dependent
potentials. The fact that the MEC prevents a pre-
cise determination of P, reflects the statements of
Amado?® and Friar?® that P, partially depends on
the high momentum components and are hence
dynamically linked to MEC and relativistic effects
and is therefore “immeasurable.” On the positive
side, if one employs T,, measurements to fix the
off-shell behavior, this could also fix the pair
MEC correction and eliminate most of the scatter
in Fig. 18 in the F,,- P, relationship. More pre-
cisely it' would eliminate most of the scatter in the
Fo(TOT)- Fy(1A) relationship. Then the T,,, mea-
surement would then again be very useful in ex-
tracting F(IA) or perhaps P,. Finally, the im-
portance of the MEC is indicated by the fact that
the MEC corrections to F, are comparable to

(or larger than) the differences in F, between
different potentials.

VI. CONCLUSIONS

The preceding sections have shown how elec-
tron-deuteron scattering and polarization experi-
ments can help determine two major uncertainties
in the N-N interaction-—the tensor force strength
and off-shell behavior. Whereas cross-section
measurements, which determine A(g), cannot
separately distinguish the charge and quadrupole
form factors (F; and F,) between different poten-
tial models, the tensor polarization quantities T,
and T,,, can, The tensor polarization Ty, pri-
marily distinguishes potentials with different s-
wave off-shell behavior, i.e., with different F,
values, while T,,, can be employed,. as discussed
in Secs. Il and V, to determine Fy and the tensor
force strength. In addition, because of the con-
tributions to the em operators for energy-depen-
dent potentials, tensor polarization could be use-
ful in exploring the possible energy dependence of
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the N-N force. One main point is that the mea-
surements that can readily distinguish different
potential models involve neither measurements
at very high g or very large electron energies.
T,, should be measured at 2 fm™' g <5 fm~!, ¢
<90° which implies Ty, (for §=90°) of 300 to
800 MeV. For T,,;, ¢=3to 6 fm™!, 6~120°
would be most propitious, which implies Tg;q.
~400 to 900 MeV. In either case the tensor
polarizations are near their maximum values (~1
for Tyy, ~0.5 for Ty,). Inthe case for T,, we
would be looking for 20-100% effects, while in
T,. We are looking for 10% effects (i.e., to de-
termine Fj to 10%). These types of experiments
should be feasible at existing facilities.

In the intermediate momentum transfer region
@ fm~!<q <5 fm™) of interest, the pair MEC
corrections are important enough that it would be
unrealistic to extract potential properties without
them. Therefore, a good description of the OPE

currents is necessary in analyzing these possible
tensor polarization experiments. If more correct
MEC calculations do not either swamp or compen-
sate the potential dependence of tensor polariza-
tion quantities, these experiments appear to be
good ways to learn about the N-N force. Finally,
wave functions with isobar components should be
employed in tensor polarization calculations to
determine how these experiments may also detect
the A-A component of the deuteron wave function.
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