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We explore the dependence of the magnetic and charge form factors of *He and *H on
nucleon structure models and NN interaction models within the traditional framework of
nucleons, isobars, and mesons. We utilize wave functions which incorporate the effect of a
genuine three-body force, and include contributions to the nuclear current from a variety of
mesonic exchange and isobaric processes. The importance of the high momentum transfer
region as a source of information on short-range processes in the nuclear medium is reiterat-

ed by our results.

NUCLEAR STRUCTURE Trinucleon systems; electromagnetic form
factors; three-body force and mesonic exchange currents.

I. INTRODUCTION

Our present understanding of nuclear phenomena
is in a state of “creative discontent.” The basically
nonrelativistic dynamical theories involving point-
like nucleons, isobars, and mesons lead to theoretical
predictions which appear to be in disagreement with
globally available nuclear data by as much as 10%
to 15%. It is not clear how much, if any, of this
discrepancy could be cured by relativistic considera-
tions. Difficulties associated with the introduction
of relativistic aspects into nuclear dynamics have so
far discouraged widespread efforts in this direction.
At the same time the emergence of the view that
quantum chromodynamics (QCD) may be the fun-
damental theory of strong interactions is promoting
the perception that a search for more basic micro-
scopic processes than meson exchanges, derived
from QCD principles, is in order now. This search
is still in a very preliminary stage, but the possibility
that a more complete solution to the “nuclear prob-
lem” may emerge through a QCD-based theory with
quarks and gluons as the fundamental units of
strongly interacting matter is attracting a great deal
of attention. Our interest is not focused merely on
phenomena where individual quarks respond in-
coherently to an external probe, e.g., at high values
of momentum transfer, but also on phenomena
where the quarks in a hadron may respond collec-
tively and coherently to an external probe; it remains
to be seen whether or not under these latter cir-
cumstances a composite hadron can still be treated
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as an “elementary” particle as in the hitherto tradi-
tional theories. This point, in fact, is of central im-
portance in current nuclear investigations.

Outstanding among the nuclear observables that
could help provide guidance regarding the role of
hadron quark-compositeness in the nuclear bound
system are the four elastic electron-scattering form
factors (charge and magnetic) of the 4=3 systems,
3He and *H. Our experience so far, based on
theoretical investigations within the traditional
theory of the nuclear interaction phenomenon, indi-
cates that these form factors as functions of momen-
tum transfer ¢ are capable of posing constraints on
the content of theoretical models, provided that we
survey an extensive range of momentum transfer q.
Extrapolating from this state of affairs, we may op-
timistically predict that if there is truly a need to
augment the present theories by including quark-
based dynamical processes then this need will be-
come apparent as we probe more rigorously the elec-
tromagnetic form factors of *He and *H.

We recall that the cross section for elastic
electron-nucleus scattering is

do/dQ
=(e'/€)oul 4(q,>)+B (g, )tan’(6/2)], (1)

where 0 is the electron scattering angle, €’ and € are
the final and initial electron energies, and o, is the
Mott cross section. The spin=- character of *He
and H dictates that the structure functions 4 and B
have the form
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2 Fcz(q”2)+TFM2(q2)
A(g,%)= 47 ,

B(g,*)=27Fy*q,%) ,

(2)

where 7'=qlu2/4MT2 and F¢ and F), are the charge
and magnetic form factors. M7 is the nuclear mass.
The experimental data for Fc(g?) and Fy,(g?) of 3He
extend to ¢ ~9 fm~! and ¢ ~5.5 fm ™, respectively,
while those for *H are limited presently to the low g
region (<3.0 fm~!). Fortunately, measurements of
e->H scattering are now in their initial stage at both
the Bates-M.LT. and the Saclay electron facilities.!
The simultaneous investigation of *He and *H will
reduce somewhat the impact of theoretical uncer-
tainties and will allow for a more precisely directed
exploration of nuclear dynamics.

In the last decade or so there have been several ef-
forts to calculate the charge form factor of *He,?~8
while only moderate effort has been invested in the
magnetic form factor of this nucleus.>'° Because of
the scarcity of data *H has not attracted as much at-
tention so far, but this is bound to change presently.
Due to long-standing discrepancies in the region
g <5.0 fm~!, the charge form factor of 3He became
the subject of wide-ranging discussions. The early
calculations for F- and F),, treating the trinucleon
as an S-state system and the electromagnetic interac-
tion in the impulse approximation, were gradually
augmented by the introduction of the nuclear D
state,>>7 isobaric admixtures in the nuclear wave
function,>>% and mesonic-exchange currents (MEC)
arising from a small number of meson-exchange pro-
cesses>* and later from a more complete set of
mesonic processes® and isobaric processes™®; in addi-
tion, the role of the three-body force has been ex-
plored in the case of Fc.® In a recent paper we re-
ported that we can successfully predict the magni-
tude of the charge form factor of *He at the position
of the second maximum by taking into account
MEC effects, isobaric currents, the contribution
from at least a portion of the three-body force, and
the small relativistic-order contributions to the sin-
gle body charge density. Beyond ¢ ~6.0 fm ™!, how-
ever, there remain discrepancies which afford ample
opportunity for testing further improvements to
traditional models, as well as QCD-inspired ideas
and nontraditional quark-based models.

In this paper, we endeavor to explore the depen-
dence of the form factors of *He and *H on a variety
of theoretical inputs, all within the traditional
framework of nucleons, isobars, and mesons. We
pay particular attention to nucleon electromagnetic
structure, the NN force, and the meson-nucleon ver-
tex functions as well as the three-body force and
mesonic and isobaric currents. This is the first time

when all these elements are brought together in a
single calculation of the magnetic form factors;
hence there is an enhanced completeness in the
theoretical predictions reported here which, it is
hoped, will help delineate clearly the course of fu-
ture investigations in this area. In the same vein,
the investigation of theoretical input in the case of
the charge form factors is equally instructive.

This paper is organized as follows. In Sec. II we
describe the theoretical ingredients of the present
calculation and present our most complete theoreti-
cal predictions in comparison with available data.
One of our major concerns, however, is the degree to
which the trinucleon form factors are sensitive to
models of the nucleon structure, meson-nucleon ver-
tices, the NN force, and the three-body force. Hence
we devote Sec. III to this topic. We present exten-
sive results in graphical form hoping to illustrate the
model dependence and hence the physics underlying
the structure of A=3 nuclei. Finally, in Sec. IV we
discuss our theoretical predictions and make deduc-
tions based on them.

II. THEORETICAL INGREDIENTS
AND RESULTS

The physical processes that we have considered to
contribute to e-’He and e->H scattering are shown in
Fig. 1. They include the impulse approximation
(IA) without and with isobaric admixture in the nu-
clear wave function, Figs. 1(a) and (b), respectively,
isobaric excitations involving two and one nucleon,
Figs. 1(c) and (d) and Fig. 1(e), respectively, and
two-body mesonic processes (MEC), Figs. 1()—(k).
Note that a p-exchange seagull term (p,;) is also
included in addition to the pNN process. The pro-
cedure for deriving the nuclear current J=(1J,p)
which interacts with the external electromagnetic
field 4 is to start with the covariant amplitude for
the processes in Fig. 1 (Ref. 11) and, following a
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FIG. 1. Mesonic and isobaric processes that have been
taken into account in this work.
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nonrelativistic reduction, the photon-nucleus in-
teraction Hamiltonian H is derived and cast in the
form

H=J,4,,

thus identifying the nuclear current J =J14+J®@,
where J'! is the single-body (IA) current and J‘? is
the contribution from MEC. We treat the nucleons
in the static limit and hence we keep only lower-
order terms in (1/M), where M is the nucleon mass.

The results for J‘* derived in this manner are in
agreement with those derived by the application of
powerful low-energy theorems.!! JV, J2) and the
NN potential Vyy derived from boson-exchange
processes [as in Figs. 1(f), (g), (i), and (j) in the ab-
sence of the photon line] are of the same order in
(1/M). Unfortunately, there are no low-energy
theorems that yield results for pm. This quantity is
of higher order in (1/M) and hence is of a relativis-
tic order of magnitude. The fact that the usual
boson-exchange NN potentials that are utilized to
derive the nuclear wave functions have no
relativistic-order effects makes for a certain incon-
sistency in the evaluation of the matrix elements of
p'?. A portion of the contribution from the NN in-
teraction phenomenon to the charge distribution is
missing and hence our evaluation of the charge form
factors is less complete than that of the magnetic
form factors. It is not within the scope of the
present work to remedy this situation—one would
need to introduce relativistic dynamics into the NN
theory. Nevertheless, there is redeeming value in
this work in that it demonstrates the capacity of the
conventional theory, including MEC, to predict the
charge distribution in the three-body system.

The trinucleon wave functions utilized in these
calculations have been derived by the Grenoble
group'? by solving the Faddeev equations in coordi-
nate space. We are interested in assessing the sensi-
tivity of the form factors to such NN interaction
characteristics as the short range part, the tensor
part, the asymptotic normalization, etc., and, by ex-
tension, in testing the underlying processes that give
rise to these characteristics. For this purpose we
utilize the solutions derived from four different NN
potentials, namely, the Malfliet-Tjon (MT) model'?
which has no tensor part, the Paris model,'* the
Sprung-de Tourreil (SdT) and Sprung-Rouben-de
Tourreil (SRAT) models,'® and the Reid soft core (R)
(Ref. 16) model. In addition, we have attempted to
answer the question regarding the role of a possible
three-body force. Hence a genuine three-body force
derived from the process shown in Fig. 2(a) is uti-
lized,'? in conjunction with the SdT NN interaction,
in the Faddeev formalism and the resulting wave
functions are used to calculate the matrix elements

S ] R

(a) (b)

FIG. 2. (a) Microscopic process giving rise to a three-
nucleon force. (b) Two-pion exchange processes with iso-
bars that may contribute to the three-body form factors,
Ref. 31.

of J. It should be noted that this three-body force
leads to an increase of the *H binding energy by 650
keV.

Another point of interest is the physical size of
the nucleon in the nuclear medium. In traditional
NN theories the nucleon size effects are not derived
from first principles but are incorporated into the
exchange theories by hadronic form factors append-
ed to meson-nucleon vertices of the general form

Ayt —py?

3
Ay 407’ ®

Fyny(gh)=

where pp is the mass of the exchanged meson and Q
is its momentum. Ay is a constant determined
phenomenologically. For 7 exchange, for example,
A, is of the order of ~1.2 GeV, determined from
fits to wN scattering data. This translates to a 7N
interaction volume with a radius r~0.33 fm, re-
flecting a small, almost pointlike nucleon. In con-
trast, experimental data for electron-nucleon scatter-
ing suggests a charge radius for the proton of about
0.8 fm. The MEC effects are naturally dependent
upon the size of the nucleons in the nuclear medium.
We explore this dependence by allowing A, to ac-
quire values < 1.2 GeV, thus effectively simulating
large-size nucleons.

In addition, there are several models presently in
use of the electromagnetic form factors of nucleons.
While most of them tend to agree for low g values,
they begin to diverge in their predictions for ¢ ~5.0
fm~. In particular, the electric form factor of the
neutron has been difficult to determine so far and
may remain an uncertain variable until perhaps po-
larization transfer experiments and (e,n) coincidence
experiments!” can be performed in a future, high en-
ergy, high duty factor electron facility. In the
present work we explore the dependence on nucleon
electromagnetic form factors by employing four dif-
ferent models [Janssens et al.!® (J), monopole (M)
and dipole (D) forms of the Iachello-Jackson-Lande
(UL) model,”® and the Blatnik-Zovko (B)*]; we
compare these with results obtained for point nu-
cleons.

Our final results for the charge form factors F
of *He and *H are shown in Figs. 3(a) and (b) and
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FIG. 3. (a) The IA (dashed line) and full result (solid
line) of the charge form factor of 3He. The effects of the
three-body force are included in these results. (b) The
charge form factor of *H; see text for details. Experimen-
tal points are from Refs. 21—23.

Table I. The three-body wave functions were calcu-
lated with the SAT NN interaction and incorporate
the effects of the three-body force as explained ear-
lier. We have utilized the Blatnik-Zovko model for
the nucleon electromagnetic form factors and have
set the parameter A, in the vertex functions of the
dominant pion-exchange processes equal to 6.0
fm~!. For the p- and w-exchange processes,
Ay=7.31 fm~! was used. Our results for the mag-
netic form factors of *He and *H, evaluated with the
same input, are shown in Figs. 4(a) and (b) and
Table II. It should be mentioned that the IA results
for Fy; contain the contribution from the nucleon
convection current, and the IA results for F. in-
corporate the Foldy-Darwin and spin-orbit contribu-
tions to the single-body charge density. The MEC
and isobaric processes that were included in this cal-
culation are those from Fig. 1.

The data points in Figs. 3 and 4 are taken from
Refs. 21—26. The results shown in these figures
verify the fact that, within the traditional theory of
nuclear physics, MEC effects are indispensable for
predicting with some success, albeit limited, the ex-
perimental data.

A. Charge form factors

Our results at g ~0.3 fm~! yield a charge rms ra-
dius equal to 1.92 fm for *He and 1.71 fm for *H.
These are in good agreement with the experimental
values of 1.88 and 1.70 fm, respectively.

The theoretical predictions for the charge form
factor of *He are also satisfactory for values of
momentum transfer in the region ¢ < 6.0 fm—!. The
first diffraction minimum is accurately localized
and, importantly, the long-standing discrepancy in
the region of the second maximum is finally
resolved.

However, the theoretical results fall below the
data points in the region 6.0 fm~! <¢<7.0 fm~.
It is also significant that these results display a
second diffraction minimum at g~7.0 fm~! and a
third maximum at ¢ ~8.5 fm—!. This characteristic
structure is present independently of the nucleon
electromagnetic structure models and NN interac-
tion models used in the calculation (see Sec. III). In
this high-g region it is also thought to be likely that
nucleon-meson dynamics may have to be abandoned
in favor of quark-gluon dynamics. If this is so, it is
important to note the fact that dimensional scaling
quark models®’ and relativistic harmonic oscillator
quark models of *He (Ref. 28) yield a structureless
behavior for F¢ in the high-g region in contrast to
the theoretical results in Fig. 3(a). The data present-
ly available are too sparse and uncertain to favor ei-
ther the nucleon-meson theory or the quark-gluon
theory at ¢>6.0 fm~!, but it is obvious that it is
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TABLE L. Charge form factor F¢ of 3He and *H. These results have been calculated with
the SAT NN interaction, the three-body force, and the Blatnik-Zovko model for nucleon form

factors. They correspond to Fig. 3.

‘H
q (fm™") 1A Total 1A Total
0.0 1.0 1.0 1.0 1.0
0.5 0.865 0.849 0.868 0.868
1.0 0.571 0.556 0.604 0.604
1.5 0.308 0.294 0.347 0.347
2.0 0.141 0.129 0.170 0.169
2.5 0.552x 10! 0.445% 10! 0.719x 10! 0.705x 10!
3.0 0.174x 10! 0.890¢ 102 0.252x 107! 0.236x 10!
3.5 0.322x 102 —0.276 102 0.612x 1072 0.462% 102
40 —0.919x1073 —0.480% 102 —0.294% 1073 —0.162 1072
4.5 —0.150x 102 —0.376 102 —0.171x 102 —0.279x 1072
5.0 —0.112x 1072 —0.232%x 1072 —0.152x 1072 —0.235x 1072
5.5 —0.673x1073 —0.123x 102 —0.102x 1072 —0.163x 1072
6.0 —0.349x 1073 —0.549%x 1073 —0.595% 1073 —0.102x 1072
6.5 —0.162x 1073 —0.185%x 1073 —0.316x 1073 —0.611%x10~3
7.0 —0.659x10~* —0.124x10~* —0.154x 1073 —0.355%x 1073
7.5 —0.223x10~* 0.53210~* —0.696x10~* —0.206%x 103
8.0 —0.445%1073 0.679x10* —0.285x10~* —0.121x 1073
8.5 0.133x 103 0.608x 10~* —0.101x10~* —0.735%10~*
9.0 0.251% 103 0.475x10~*" —0.261%103 —0.46210~*
9.5 0.203x 1073 0.344x 10~ —0.691x10¢ —0.303x10~*
1.0 s
E \ I.O:
IFM| TN - (b)
i FM} C
\ i
IO-I -t \ -l
E \\ 3He 10 t['—
- ! F
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FIG. 4. (a) The IA (dashed line) and full result (solid line) of the magnetic form factor of *He; these results include the
effects of the three-body force. (b) The magnetic form factor of *H; see text for details. Experimental points are from

Refs. 23-26.



836 E. HADJIMICHAEL, B. GOULARD, AND R. BORNAIS 27

TABLE II. Magnetic form factor Fy, of 3He and *H. These results have been calculated
with the SdT NN interaction, the three-body force, and the Blatnik-Zovko model for nucleon
form factors. They correspond to Fig. 4. Theoretical magnetic moments used to normalize

the form factors:

wACHe)=—1.76 py, pu*?(*He)=—2.18 py ,

pACH)=2.57 uy, p°C°H)=3.01 py .

He ‘H
g (fm™") IA Total IA Total

0.0 1.0 1.0 1.0 1.0

0.5 0.843 0.863 0.861 0.874

1.0 0.522 0.576 0.566 0.599

1.5 0.246 0.317 0.298 0.345

2.0 0.873x 10! 0.151 0.130 0.172

2.5 0.163x 10! 0.625% 10! 0.462 10! 0.770x 10!
3.0 —0.719x 102 0.221x 10! 0.113x10~! 0.307x 10!
3.5 —0.107%x 10! 0.587x 102 —0.313x 1073 0.108x 10!
4.0 —0.818x 102 0.358x 103 —0.274% 102 0.301x 102
4.5 —0.494 102 —0.990%x 1073 —0.232x 1072 0.349x 103
5.0 —0.257x 102 —0.975x 103 —0.143x 1072 —0.343x 1073
5.5 —0.116x 102 —0.665x 103 —0.740%x 1073 —0.401x1073
6.0 —0.419%x103 —0.376 1073 —0.321x1073 —0.287x1073
6.5 —0.826x 10~* —0.183%x 1073 —0.107x10~3 —0.171x 103
7.0 0.480x 10~* —0.711x10* —0.104x10~* —0.882x10~*
7.5 0.798 % 10~* —0.153x10~* 0.233x 10~* —0.390x 10~*
8.0 0.735x 10~* 0.840%x 1073 0.296x 10~* —0.132x10~*
8.5 0.554x10~* 0.148x10~* 0.253x10~* —0.160x10~°
9.0 0.379x10~* 0.13810~* 0.18810~* 0.247x 103
9.5 0.241x10~* 0.978x 103 0.125x10~* 0.276 X103

this high g region dominated by short-range process-
es that offers the best test for contesting theoretical
ideas regarding the nuclear medium. In the case of
3H, an excellent agreement between the available low
g data and our theoretical results is noted in Fig.
3(b).

We next examine the charge density pc(r). Figure
5 displays pc(r) of 3He, obtained by Fourier-
transforming the charge form factor, e.g.,

f dgq Fclg?) . @)
N ] " )
R N aHe asmec | o L 3He
010f— \ 010 \\
N\  Point Nucleons

005— 005—

\\

\\
00 1' l\ 3 00 JF l 3

r fm) r(fm)
FIG. 5. (a) The charge density distribution pc(#) of

3He for point nucleons; the dashed line is the IA result.
(b) pc(r) of 3He for physical nucleons described by the
Blatnik-Zovko model. The dashed line is the IA result.

Figure 5(a) shows the charge density for point nu-
cleons and 5(b) shows the physical charge density
corresponding to the charge form factor in Fig. 3(a),
along with quasiexperimental data points. The IA
result is also shown (dashed line). In Fig. 5(a) one
notes that the central depression in the full
(IA + MEC) result reverses itself and develops a
small rise very close to the center of the nucleus.
This is easily understood by observing that the
charge density at r=0 becomes

pc<r=0>=f; [ daa*Fc(g?)
w

so that F at hlgh q values is heavily welghed due to
the g? factor in the integrand. This, in conjunction
with the fact that F¢ for point nucleons has a very
prominent (positive) third maximum at ¢ ~8.0 fm~
(see Fig. 12), is finally responsible for the rise in
Pc(r).

The physical charge density for H is shown in
Fig. 6. The IA result is given by the dashed line. In

-both *He and *H the effect of the MEC processes is

to reduce the charge distribution near the nuclear
center. Mathematically, this reduction in the value
of pc(r) is accomplished by the narrowing of the re-
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1 2 3
r(fm)
FIG. 6. The charge density distribution pc(r) of *H for
physical nucleons described by the Blatnik-Zovko model.
The dashed line is the IA result.

gion where F is dominantly positive (¢ <3.5 fm~!)
and/or the buildup of F¢ in the region where it is
negative (¢> 3.5 fm~—!). This is an illustration of
the intimate relation between form factor and densi-
ty characteristics.

In an earlier publication®® we addressed the ques-
tion of the extraction of a quasiexperimental single-
body charge distribution for point nucleons, which
has attracted some attention in recent years.’® We
showed that there is no unambiguous way to deter-
mine this quantity, and, in particular, its form near
the origin is totally beyond our reach at this point.?’
Hence we have no unambiguous (quasi)experimental
results to compare with the theoretical estimates
shown in Fig. 5(a).

B. Magnetic form factors

The magnetic form factor Fj; is displayed and
compared with experimental results in Figs. 4(a) and
(b) for *He and *H, respectively. Our estimates for
the magnetic moments are

p(*He)= —2.188
and
p(®*H)=3.016

in units of uy (uy=nuclear magneton) (the corre-
sponding IA results are —1.760 and 2.568 puy,
respectively). The experimental magnetic moments
are known very accurately to be

Hexp*He)= —2.128

and
Bexp*H)=2.979 ,

in units of py. Hence our theoretical results overes-
timate the data by only 2.8% and 1.2%, respective-
ly, at g=0.0 fm 1,

The most recent measurements of the magnetic
form factor of *He at Bates-M.LT. and at Saclay ex-

tend our knowledge of this quantity to g ~5.5 fm~!.
The results clearly identify a first diffraction
minimum in the neighborhood of 4.0 fm~! and a
second maximum at about ¢~5.0 fm~!. These
features are correctly localized by our theoretical re-
sults which incorporate the effect from the three-
body force, as seen in Fig. 4(a). The latter lowers
the contribution from the nuclear current employed
in our calculation, in the region of the second max-
imum. Indeed, the magnitude of F), at the second
maximum appears underestimated; this deficiency is
independent of nucleon electromagnetic structure
models and NN interaction models (see Sec. III).
The most likely source for this discrepancy is lack
of completeness in the nuclear current. Continued
investigations in this area may still uncover mesonic
exchange processes additional to those in Fig. 1,
which could help improve the agreement with data
in this middle region of ¢q. Alternatively, quark pro-
cesses in the domain where perturbative QCD is
valid may furnish the proper enhancement of the
nuclear current.

As with the charge form factor, the high g region
of the magnetic form factor will prove particularly
useful in testing theoretical ideas on short-range pro-
cesses in the nuclear medium. So far, the data for
3H are very limited and those for *He have just be-
gun to probe the interesting momentum region. Our
theoretical results show structure characteristics at
high g, for both *He and *H, that are qualitatively
peculiar to mesonic exchange theories and quantita-
tively sensitive to nucleon structure and NN interac-
tion models (see Sec. III).

It is also interesting to examine the distribution of
magnetization in the three-body systems. Hence, we
derive the magnetization density p,,(r) by Fourier
transforming the magnetic form factor [e.g., by Eq.
(4) where ZF(q?) is replaced by uFy(g?), u equals
nuclear magnetic moment]. The results for *He are
shown in Fig. 7(a) for point nucleons and in Fig.
7(b) for nucleons described by the Blatnik-Zovko
model.?’ The IA results are shown again by dashed
lines. In the case of py(r), we note that the effect of
MEC processes is to enhance substantially the mag-
netization density of *He within 1 fm from the nu-
clear center, e.g., the MEC contributions have the
opposite effect here than in the case of the charge
density. Mathematically this comes about by the en-
largement of the momentum region where F), is
dominantly negative [from g~2.7 to 4.0 fm~! in
(IA + MEC) results]. The central depression in the
IA result for point nucleons is due to the rather
prominent second diffraction maximum (positive)
from 3.0 fm ! to about 7.0 fm .

The 3He data for F,,(q?) are not sufficiently ex-
tensive to allow us to obtain reliably from them an
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FIG. 7. (a) The magnetization density py(r) of *He for
point nucleons. (b) py(r) of 3He for physical nucleons
described by the Blatnik-Zovko model. The dashed line is
the IA result.

experimental magnetization density which we could
compare to our theoretical predictions. Hence, this
situation is less informative than the corresponding
one for F-. However, to the extent that the high-¢g
behavior of F), is determined by two-body effects,
as indeed the case appears to be, it is the short-range
two-body microscopic processes that are instrumen-
tal in defining the nuclear magnetization density in
the nuclear interior. These are obviously the same
processes that are responsible for the medium and
short-range NN dynamics and, by necessity, they are
intimately related to nucleonic structure. It is there-
fore appropriate at this point to look into the depen-
dence of F¢ and Fy, on NN interaction models and
nucleon structure models.

III. SENSITIVITY OF THE FORM FACTORS
TO THEORETICAL INPUT

In spite of a great deal of theoretical work on NN
dynamics in the last 20 years or so, our understand-
ing of the medium range and, in particular, the
short-range microscopic processes contributing to
the interaction phenomenon is not on a firm basis.
Even within the traditional framework of nucleons,

isobars, and mesons, different models of the NN in-
teraction currently in vogue incorporate different
medium and short-range microscopic processes and
encounter difficulties in reproducing data over an
extensive energy range. Intimately related to NN
dynamics is the question of nucleon structure
characteristics, such as the nucleon size.

The differences among different NN and nucleon
theoretical models do not become apparent at low
values of g in electron scattering estimates. In the
medium and, in particular, in the high-q region,
however, the differences are rather striking, as ex-
pected. In this section we would like to explore the
sensitivity of the electromagnetic form factors of
3He and *H to different theoretical inputs and thus
identify areas where further work might be useful in
promoting our understanding of the interaction phe-
nomena.

Here the discussion is limited to He; equivalent
deductions can be made on the basis of the *H re-
sults. We begin by showing the individual MEC
contributions to the charge form factor in Fig. 8,
and to the magnetic form factor in Fig. 9. As has
been documented before (Refs. 2—4,8,9), the contri-
bution from the pion “pair” process (wNN) dom-
inates in both cases. In Fig. 8 we display also a
non-MEC result denoted as R; this is the combined
contribution of the (relativistic order) Darwin-Foldy
and spin-orbit terms in the single-body charge
operator. This contribution is essentially of the
same order of magnitude as the dominant 7NN term
and hence it is not appropriate to disregard it as has
been the practice in the past. The results in Figs. 8
and 9 have been evaluated with three-body wave
functions found with the SdT potential and incorpo-
rate the three-body force. The Blatnik-Zovko model
and A, =6.0 fm ! have been utilized here.

Figures 10 and 11 show explicitly the effect of the
three-body force on the IA results [A(IA);;], and on
the MEC results [AMMEC)3,], in the case of F; and
Fyy, respectively. (IA)y, and (MEC),, are the IA
and MEC contributions without the benefit of the
three-body force. We note that in the low and medi-
um q region the three-body force corrections are a
factor of 10 to 100 smaller than the main terms. In
the high-g region, however (> 7.0 fm~!), the correc-
tions are a large fraction of the main terms.

It is worth mentioning that the D-state admixture
in the three-body system increases from 7.9% to
8.5% when the three-body force is taken into ac-
count. This is reflected primarily in MEC contribu-
tions at high g values.

The dependence of the form factors on nucleon
electromagnetic structure models is shown in Figs.
12 and 13 for 3He and °H, respectively. The
Janssens et al. model J is based on best fits of exper-
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FIG. 8. MEC contributions to the charge form factor of *He, corresponding to processes in Fig. 1. We also show the
non-MEC contribution (R) which is the combined effect of the Darwin-Foldy and spin-orbit terms. These results are cal-
.culated with the wave function found from the SAT potential and the three-body force and with the Blatnik-Zovko model

for nucleons.

imental electron scattering data at low g; the IJL
and Blatnik-Zovko models incorporate theoretical
ideas like vector-meson dominance and depend on a
small number of parameters determined again from
available electron-nucleon data. We note that the
theoretical results for F¢ and F), evaluated with dif-
ferent models begin to deviate from each other at

about 4.5 fm~! and the differences among the four
models become extreme in the high-g region above
7.0 fm~!. It is to be noted also that bulk charac-
teristics like a second minimum and a third max-
imum are present in all cases; the locality of these
features, however, and the magnitude of the form
factors at the third maximum are dramatically dif-
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FIG. 9. MEC contributions to the magnetic form factor of *He. For details see Fig. 8.

ferent from model to model. This model depen-
dence is present in both the IA and the MEC contri-
butions to the form factors. As an example we show
in Fig. 14 the nucleon model dependence of the
MEC contribution to Fc of *He. We emphasize
again that it is this substantive model dependence of
MEC contributions that makes it impossible to
derive unambiguously a (quasi)experimental single-
nucleon charge form factor via the subtraction

F*P _ FIMEC) suggested in Ref. 30. It is, in turn,
impossible to determine unambiguously the central
form of a (quasi)experimental single-nucleon charge
density, as discussed in Ref. 29.

Finally, Figs. 12—14 also show the form factor re-
sults obtained with point nucleons. The effect of
smearing the charge within a finite nucleonic
volume is positively dramatic.

We continue now with results showing the sensi-
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FIG. 10. The IA and MEC results for Fc of *He
evaluated with the SAT potential (no three-body force)
and corrections A(IA)3,,A(MEC)3, due to the three-body
force.

tivity of the form factors to NN interaction models.
Only soft-core NN models have been employed in
this work,'3~!¢ like the Paris model (P), the Reid
model (RSC) and the Sprung-de Tourreil super soft
core model (SAT). In addition, we have results with
the unphysical Malfliet-Tjon potential (MT) for the
reason that this model has no tensor component;
hence, by comparison with the results evaluated
with the realistic models, we may gain an apprecia-
tion of the role of the tensor interaction.

One is reminded that the RSC model is fully
phenomenological, constructed by fitting NN phase
parameters and low-energy data. Neither its short
range form nor the central-to-tensor ratio in the im-
portant S and D partial waves is unambiguously
fixed by the data. The Paris model contains theoret-
ical long and medium range parts arising from one-
pion and two-pion exchange and parts of three-pion
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FIG. 11. The IA and MEC results for Fy of *He
evaluated with the SAT potential (no three-body force)
and corrections A(IA);5,AMMEC);;, due to the three-body
force.

exchanges (v and A; meson exchanges). The two-
pion exchange contributions were derived by means
of dispersion relations from pion-nucleon and pion-
pion (S and P wave amplitudes) data. The short-
range part of the potential is purely phenomenologi-
cal and velocity-dependent, satisfying the condition .
that it does not influence the medium- and long-
range parts beyond 0.8 fm. The 1977 version of the
Paris model is utilized in this work. The SAT model
contains theoretical -, p-, and w-exchange contribu-
tions, while additional mesonic exchange effects are
taken into account phenomenologically by means of
one-boson exchange potential (OBEP) functions
with free ranges and amplitudes. Inside 1 fm a
phenomenological core is adopted which does not
influence the medium- and long-range parts of the
potential.
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This input translates into a softer repulsion at
r~0.0 fm and a weaker attraction at intermediate
range for the ST model compared to the Paris
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FIG. 13. The dependence of Fj of *He on nucleon
electromagnetic models. These results are evaluated with
the SdT potential and the three-body force.
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FIG. 14. Nucleon model dependence of MEC contribu-
tions to F¢ of *He.

model, and for the latter compared to RSC. The
value of the triplet effective range is highest for SAT
and lowest for RSC. We recall that there are no
two-pion or three-pion exchange processes among
those in Fig. 1 contributing to the two-body nuclear
current employed in the present work. Hence, our
sources for MEC appear to be more consistent with
the dynamical one-boson exchange (OBE) processes
giving rise to the SAT potential model. It may be
worthwhile, however, to examine in the future two-
pion exchange processes suggested recently in Ref.
31 and shown in Fig. 2(b). These may play a signifi-
cant role in the region of medium g values.

The dependence of the 3He form factors on NN
potential models is shown in Figs. 15 and 16. These
results do not include the effect of the three-body
force; the Blatnik-Zovko model and A,=6.0 fm
have been utilized here. We note, first of all, the
large difference between the predictions from the
realistic interaction models and the results obtained
with the MT model which has no tensor component.
The magnetic form factor reflects more significantly
the impact of the tensor interaction because this
latter’s contribution arises primarily via S-to-D and
D-to-S matrix elements of the IA M 1 operator
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FIG. 16. The dependence of the magnetic form factor
of 3He on NN models. The effects of the three-body force
have been omitted.
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This contribution is proportional to the D-state am-
plitude (~29%), rather than the D-state admixture
(~8%) as in the case of the charge form factor
where there are nonzero S-to-D matrix elements.

The differences in the short-range behavior
among the realistic models begins to be reflected sig-
nificantly in the three-body form factors only after
about ¢~7.0 fm~—!. Obviously, experimental ex-
ploration of this high-q region is strongly suggested
by these results also, if we hope to understand the
short-range processes in the nuclear medium.

It is worth recalling that tentative attempts to
generate NN interactions based on quark dynamics
appear to fail to produce a short range repulsion.’
There is, however, considerable uncertainty in the
input for these calculations, compounded by the fact
that we have no firm convictions as to what to aim
for in the short-range regime. The available data do
not provide adequate guidelines so far. We may be
certain of one point, however, namely, that the
short-range NN correlations are very much depen-
dent on the nucleon radius. This dependence can be
quantified in simple quark models of the nucleon,
for example. Very crudely we attempt here to assess
the effect of the nucleon size by examining the
dependence of the *He form factors on the meson-
nucleon interaction volume as it is reflected in the
value of the parameter A,. We limit the discussion
to the dominant one pion exchange (OPE) processes
and then only as they affect the two-body current. _

In Fig. 17 we show the contribution of the 7NN
process to the charge form factor of *He as a func-
tion of the parameter A, in the monopole 7-N form
factor, Eq. (3). The values of A, range from 2.0
fm~! corresponding to an interaction volume with a
radius of about 0.9 fm to A, =6.0 fm~! correspond-
ing to a radius of about 0.33 fm. The case with
A, = (point nucleons) is also shown. We note
considerable reduction in the MEC effect with nu-
cleon size. A similar trend is observed in Fig. 18
where we present the full magnetic form factor of
3He for four different values of A, namely, A, = «
(point nucleons), 6.0, 4.0, and 2 fm~—!. A value of
A,=5.08 fm~! was suggested by a recent analysis
of y+p—m* +n data.>®> We note again that the
MEQC result is trivially small for A, =2 fm~L.



844 E. HADJIMICHAEL, B. GOULARD, AND R. BORNAIS 27

o -

o4 u .
o 2 4 6 8

q(fm™

FIG. 17. The contribution of the 7NN process to the
charge form factor of 3He as a function of the 7NN ver-
tex parameter A, (A, = oo corresponds to point nucleons).,

Also, model-dependent calculations of nucleon ra-

dii based on chiral quark models of nucleons®* find
that the experimental charge rms radius of the pro-
ton (0.88 + 0.03 fm) can be reproduced for a quark
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FIG. 18. The magnetic form factor of *He for four dif-
ferent values of the 7NN vertex parameter A,.

bag radius of about 1.0 fm, while the neutron charge
(r?) radius (—0.12+0.01 fm? is almost indepen-
dent of the bag radius. If, indeed, the enhancement
of the nuclear current due to the familiar pion-
exchange processes in the nuclear medium is drasti-
cally reduced, as shown in Figs. 17 and 18, by virtue
of nucleons of larger spatial extension than hitherto
assumed, then new microscopic processes based on
quark degrees of freedom must be found that will
furnish the necessary current. Investigations in this
area have not yet begun.

In summary, we have explored in this section the
dependence of the form factors of *He on nucleon
structure and NN interaction models, and have iden-
tified the high ¢ region, ¢ > 6.0 fm !, as the critical
region where experimental data of sufficiently good
quality can have a strong impact on theoretical ideas
regarding short-range processes in the nuclear medi-
um. We find no combination of theoretical models
examined in this work which can predict successful-
ly the available *He data at ¢ > 6.0 fm~! in the case
of the charge form factor, and at ¢>5.0 fm~! in -
the case of the magnetic form factor.

IV. DISCUSSION

We have presented results for the charge and
magnetic form factors and the corresponding charge
and magnetization densities of 3He and ‘H. We
have brought together in these calculations a num-
ber of theoretical elements such as two-body
currents, isobaric degrees of freedom, a genuine
three-body force, considerations of nucleonic size
and electromagnetic structure, etc., all within the
traditional framework of nuclear physics. Within
this framework, we have made no approximations
other than to consider nucleons in their static limit
and use nucleon electromagnetic form factor models
which were constructed on the basis of free nucleon
data. In addition, the NN dynamics employed here
are of nonrelativistic order (while some of the con-
tributions to the nuclear charge density are of rela-
tivistic order). The Coulomb potential is omitted
but earlier calculations®> show its effect to be insig-
nificant. We expect that most microscopic processes
that contribute nontrivially to the nuclear current
have been taken into account in this work. Finally,
the three-body force employed here is certainly not
complete.’® We find that our theoretical results
reproduce the available data in the range of momen-
tum transfer ¢ from zero to about 4.0—6.0 fm~'.
Thus we predict correctly charge rms radii and mag-
netic moments of *He and 3H.

In comparing *He and *H, we find fairly similar
bulk characteristics of the form factors, although
the diffraction minima and maxima are slightly
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shifted from one nucleus to the other by about 0.5
fm~!. Except for this last feature, our results are in
basic agreement, regarding MEC effects to the mag-
netic form factor, with calculations of Ref. 10.

We speculate that if there are any flaws in the
theoretical constructs incorporated in the present
calculations, which account for disagreement be-
tween our predictions and *He data at values of ¢
greater than 4.0 to 6.0 fm~!, these flaws will mani-
fest themselves in a qualitatively similar manner in
the case of H data. Yet, extensive *H data are now
needed because they will supply additional quantita-
tive constraints to our theoretical input.

Assuming that further experimental testing will
not change significantly the present *He data for Fy,
at 40 fm~'<g<6.0 fm~!, and for F; at 6.0
fm—! < g <8.0 fm~!, we are confronted with serious

discrepancies with theoretical predictions in these ¢
regions. We have shown in Sec. III that these
discrepancies cannot be eliminated in the framework
of a nonrelativistic theory as long as we rely on NN
interaction models and nucleon -electromagnetic
models based exclusively on traditional meson ex-
change theories and the elementarity of nucleons.
Hence there appears to be a need to augment the
theory by considering short-range contributions
from quark processes. This is a problem for the im-
mediate future.
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