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Inclusive electrodisintegration of the deuteron with polarized beam and target is investigated
in detail. The additional polarization form factors are derived and their decomposition into

multipoles is given.

The sensitivity of these form factors to the potential model, to subnu-

clear degrees of freedom, and to electromagnetic form factors is studied in different kinematical

regions.

I. INTRODUCTION

‘The development of new experimental techniques and
facilities will lead in the near future to more scattering
experiments utilizing polarized electrons and/or polar-
ized targets. Such experiments offer the possibility of
new insights into the structure of nucleons and nuclei. In
fact, the use of polarization observables in order to de-
termine the neutron electric form factor Gg, in electron
scattering from light nuclei has already been extensively
discussed.! =5 However, apart from the question of de-
termining G g, or from formal discussions of the nuclear
response functions,®? a detailed study of the dynamical
properties of these polarization responses is still missing.
In other words, there exists no study on how the vari-
ous polarization observables are affected by the potential
model, by meson and isobar degrees of freedom and if
such observables would allow one to investigate the dy-
namical features of the nuclear system in much greater
detail than is possible without the use of polarization.

With this work we will begin such a study for deuteron
electrodisintegration utilizing polarized electrons and/or
polarized targets. In a previous paper we have al-
ready presented the general formalism for the exclusive
reaction.® However, there we were concerned only with
the influence of Gg, on various polarization observables
and considered the deuteron merely as a neutron target.
Here, however, we want to study the more general as-
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pects and physical properties of the two-body system,
e.g., NN potential model sensitivities and the impor-
tance of subnuclear degrees of freedom. We initiate this
study by considering inclusive deuteron breakup which
depends on only 10 form factors instead of the much more
complex exclusive process 2H(€, e/ N)N with its 41 indi-
vidual structure functions. The latter will be studied in
the future.

In Sec. II we derive the formulas required for describ-
ing the 2ﬁ(é’, e’)np process starting from the general for-
malism of Ref. 3. The above-mentioned 10 form factors
will become apparent in the derivation. Explicit expres-
sions in terms of the electromagnetic multipoles will be
given, and we show how each of these form factors can
be experimentally separated by choosing appropriate ex-
perimental conditions. Finally, we study in Sec. III the
various form factors in three kinematical regions which
are selected to represent different areas of sensitivities
to the final-state interaction and to interaction currents
mediated by meson exchange and A-degrees of freedom.

II. FORMALISM

The differential cross section for the coincidence reac-
tion which includes both beam and target polarizations
is given in Ref. 3 as

1022 ©1991 The American Physical Society



43 INCLUSIVE DEUTERON ELECTRODISINTEGRATION WITH . ..

d3o
kb dQlabdQg -

1023
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+ hP{ [P'T D M sin[M (¢ — ¢a)ldigo(0a) + prr Y S sin ﬁMd?vm(gd)} } (1)
M=1 M=-2
[
with respectively], h is the degree of longitudinal electron po-
o klab larization, k!2P and k}*" denote the laboratory frame mo-
c= _—2'_1321)_4 , (2) menta of the initial and the scattered electrons, respec-
672 k1*>q) tively, while ¢2 is the four-momentum transfer squared
(¢ = k1 — k2). The structure functions f§21M (f/(\zgoo =
& = M(¢—¢a)+ ¢, (3) f§'”)) are all calculated in the final n-p c.m. system to
which also Q7" = (0, ¢), the spherical angles of the rel-
Ym = M(é— ¢a) +2¢ . (4) ative n-p momentum, refers. Effects of the boost from the

The scattering geometry is illustrated in Fig. 1. Note
that only longitudinally polarized electrons are consid-
ered. The quantities p&")‘ [primed and unprimed quan-
tities, py, and p),, are here referred to collectively as
pf\'l)‘; a similar convention is used for fﬁ')"M and Ff')IM]
describe the virtual photon density matrix [(Ap) = (00),
(11), (01), and (—11) correspond to L, T, LT, and TT,

[ ORIENTATION PLANE |

SCATTERING PLANE

_ REACTION PLANE /

FIG. 1. Geometry of exclusive electron-deuteron scatter-
ing with polarized electrons and oriented deuteron target.
Relative n-p momentum is denoted by kyp characterized by
angles 6 and ¢ and deuteron orientation axis by d character-
ized by angles 84 and ¢a.

laboratory to the c.m. system are included in the virtual
photon density matrix which thus has to be evaluated in
the c.m. system leading to

2
_ a2 2§ _ § [E+m
pL =p Q.,§7—7, prr = B> e (5)
1, § €
PT = 54, (1 + 5;;) ,  PTT = —(13;177 , (6)
1 ¢ 1 &+
/ 23,2 2 n
PLT = 2ﬂqu ok PrT = 545 T , )
with
|Q1ab| (],2, 2 oleab
f=——, €= ——, n=tan , 8
l(lom.l qQap ! 2 ®

where [ expresses the boost from the lab to the c.m. sys-
tem. The deuteron target is characterized by vector and
tensor polarization parameters Pld and P¢, respectively,
and by the angles 85 and ¢4. The latter describe the di-
rection of the orientation axis d of the polarized deuteron
target with respect to the coordinate system associated
with the momentum transfer § (see Fig. 1). d is the
axis with respect to which the deuteron density matrix is
diagonal. Note that the deuteron density matrix under-
goes no change in transforming from the lab to the c.m.
system, since the boost is along {.3

The functions fggIM are proportional to either the real
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or imaginary parts of the quantities

7 — Mg 1 1 1
v (0) = V3 Y (=) (md o, —M)
mam/,
X Zt:mshm{, (G)tsmsurna (9) )

sm,

(9)

where tsm, um, is the reduced transition matrix (i.e., the
¢ dependence has been separated) for the process d4+e¢ —
np + ¢'. In detail one has?

FIM 4(—) Hoee

= 10
MO (1 6x,—p) (1 + 6a106a) (10)

Re(i'lv,\MM) R

FUM __Al_(:)"l__lm(i[v ) (11)
AT (14 ar06a,) AuIM )

Reference 3 should be consulted for a detailed description
of all the terms in (1).

The inclusive cross section is obtained by integration
over the solid angle Qf" which eliminates all terms with
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an explicit dependence on the azimuthal angle ¢ in (1).

We define the inclusive form factors Ff'#)IM for the re-
maining terms by

1 IM
O™ =5 [ a0

T
= 3-6,\_,‘,1‘4 /d(cosb’)f§21M .

The introduction of the vy,rar of (9) leads to

(12)

IM __ m

IM
B = m[(l — é1,1)Re(I3 ) — 671 Im(I{}1)]

(13)
, ™
FM = ZioraRe () — (L= 8 0Im({0), (14)
with
46 '
I]]W — A—pu,M /
A -——-———(1 T Sa0600) d(cosO) vaurm () . (15)

We will now use the explicit multipole expansion
for the t matrix as given essentially by Fabian and
Arenhovel®

] . . N
tamoume = (=)*V/T+ 840 D ;(1mdLulij)(108ms lims)OF#(Ajls)dy m, (0) » (16)
Lijm X
where
O #(Ajls) = Var U7 \NE(AG) (17)
and

NEOG) = 60 (BE(AG) + pME(A)) + 8,0CF (M) -

(18)

The only difference to Ref. 9 is that in (16) the deuteron quantization axis is taken along the momentum transfer q.
The integration over § can be performed explicitly and one finds

32713 (L' L I L' L I /
M (22" (14 6,0)(1 + 6, _,( ){ .}NL,A'*NLA&
M = (s (81 o) 30 (o Sy o)1 1GNNS

(19)
The resulting expressions for the multipole decomposition of the form factors are listed explicitly in the Appendix.
We would like to point out that the above result only contains interference terms between transitions which lead
to the same partial wave Aj of the final state. The radial integrals N‘f‘(/\j) are real below pion threshold. This is a
reflection of time-reversal invariance. Notice, therefore, that in this case all quantities I/{ﬁ’l are real. A consequence
of this is that the two form factors Fg;l and Fffl, which survived the integration over ¢, must vanish. However,
they do not vanish above pion threshold since Nﬁ(z\j) can become complex because of A- and real pion degrees of
freedom.

The inclusive cross section for a polarized beam and target is then given explicitly by
2
Ec;m—ag—p = 6¢{ prFL + prFr + Plprr Fi7" sin ¢ad 5(04)
+P5[(pL FE° + pr F70)d3o(8a) + prr Fiz' cos $ad2 10(0a) + prr Fr7” cos 2¢ad2 50(0a)]
+h P [pp P dgg(8a) + Py Frz ' cos ¢adl 1o(0a)] + hPspla Fiz ' sin gad? 14(0a) }
o(h, P{, Pg). (20)

and it depends on the ten form factors: Fy, Fp, Fiz', FZ°, F2°, Fizt, Fiz? F0 Fprt, and Fyoy b, of which Fizt!
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and F’2 ! vanish below pion threshold.

Parenthetically, we would like to mention that at the photon point one has the following equations which relate the
purely transverse form factors to (a) the total photoabsorption cross section oo of deuteron photodisintegration for
unpolarized photons and deuterons and to (b) the corresponding photon and target asymmetries of the total cross

sectionl?
My F30
Ttot = Q‘E‘;FT , Teo = —Fr"ﬂr" , (21)
Fr10 F2=2
¢ T 1 TT
= 22
T10 Fr 22 Fr (22)

where E and w denote respectively the total n-p and the photon c.m. energies.

The form factors in (20) can be separated by introducing various asymmetries and by selecting specific polarization
angles 03 and ¢4. In analogy to the asymmetries we defined for the exclusive deuteron breakup® we write the cross
section in the form

a(h, P¢, P§) = ao[l + P{ay + Pfa] + h(Pfal, + Pfaly)], (23)
where
og = Gc(pL Fr + pr FT) . (24)

The various asymmetries are functions of the deuteron orientation angles (04, %4), and they can be obtained from
specific combinations of experimental settings as follows

g (02,6a) = 553—[o(0, P{, P§) = o(0, =PI, PY)]
6 ~1 .
= O'_OPLTFI{TI s ¢dd1~10(0d) ) (25)
ol (04, 4a) = [0(0 P, P{)+ o(0, —Pf, P§) — 200]
[(pL O+ prF7%)d3,(04) + pLr Fi7" cos pad? 1o(0a) + pr7 Fiz? cos 2¢4d% 50(0a)] , (26)
1
a‘e/d(ed) ¢d) = M[a(h) Pldv Pg) - U(—h) Plda Pzd) - U(h’ —Pldv PZd) + U(‘h” _Pld: Pzd)]
1
6¢ -
00[ 7 F70doo(04) + prr Fr * cos gado(8a)] (27)
1
aZd(ad! ¢d) = 4th0'0 [O'(h, Pldw Pg) - 0(—-h, Pldl P2d) + O'(h, _Pldv P2d) - O’(—h, _Pld: Pzd)]
2
6c —1 .
= PPy sin gadZo(0a) - (28)

As usual Fy and Fr are determined from a Rosenbluth
separation of the unpolarized cross section. Furthermore,

Somewhat more complicated is the asymmetry ag',
since it depends on four form factors. One possibility

Fiz! and F%! are easily obtained from a¥ and o7, re-
spectively. Since these two form factors vanish below
pion threshold, it follows in this case that, on the one
hand, without electron polarization the inclusive cross
section does not depend on the deuteron vector polariza-
tion and, on the other hand, that for a tensor polarized
deuteron target additional electron polarization does not
carry new information.

for separating them is to use the explicit ¢4 dependence.
For example, choosing consecutively ¢, = 0 and 7w
one finds the following relations:

3o (94,0) + af (9, M) +oF (04,7

’27

= —-—(PL *+ prF%)d30(04) ,  (29)
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12¢ For the electromagnetic form factors of the one-body cur-

T T _ 1¢4¢ 2—1 ;2 Yy
ag(0a,0) — g (fa, ) = 7o prr ¥y dZyo(fa) (30) rent we use two models: (i) the dipole fit with the two

Lo (94, 0) + o (00, m)] — oF (04,5

12¢ _
= ’;;'PTTF%ngZ—QO(Hd) - (3D

While F77' and F27? can be directly obtained from (30)
and (31), F2° and F2° can be separated from (29) by the
Rosenbluth technique. Another possibility rests on the
fact that d3,(63) = 0 for 63 = cos~1(1/y/3) ~ 54.7° and
one finds that Fg;l and FTz;z can be determined from
aT (09, 7/4) and oF (09, 7/2), respectively, i.e.,

™ \/6c _

al (92,2) =~ pLrFizt, (32)
T \/60 o

ag (02,5) = prrFiz’ . (33)

Furthermore, for 8; = 0 one finds that to the asymmetry
6¢ .
ag(0,¢a) = ;;(/JLFLZO + prF70) (34)

only FZ° and F2° contribute, and thus again the Rosen-
bluth technique will separate them. Finally, the beam-
vector-target asymmetry is used to obtain the remaining
form factors Fj*° and F;;m ' from oY, at 6; = 0 and

gd = 7('/2.

III. RESULTS AND DISCUSSION

We study the various form factors F)E')IM within a non-
relativistic framework as described in detail in Ref. 9.
The only difference to Ref. 9 is that we do not use the
nonrelativistic approximation in the kinematical factors
of the T matrix as given in Eq. (61) of Ref. 3 but take
instead the relativistic expressions. In the calculation
of the ¢-matrix elements we use a multipole decompo-
sition and include the final-state interaction up to the
multipole order L = 6. For the higher multipoles we
use the Born approximation. This was shown to be a
reliable procedure in Ref. 9. For the deuteron and n-p
scattering wave functions we use the same potential mod-
els as employed in our study of the role of Gg, in the
exclusive deuteron breakup, namely the Paris,!! Bonn!?
(r-space version), and Argonne Vi4 and Vas potentials.!®
The latter explicitly includes A-degrees of freedom within
a coupled-channel (CC) approach. Above pion threshold
Vas is modified for the ! D, channel in order to give a
better description of this channel as described in Ref. 14.
For the other potential models we use the impulse ap-
proximation (IA) for the calculation of the IC.}4

In the current operator we include explicit meson ex-
change contributions beyond the Siegert operators, essen-
tially from 7~ and p-exchange, and isobar contributions.

choices Gg, = 0, Gg, = D (with p = 5.6) 1% for the neu-
tron electric form factor and (ii) the Gari-Krumpelmann
model (GK).! Finally, for the meson-exchange-current
form factor we consider, in view of the unresolved con-
troversial issue, both cases Gl and F} .17 In detail we will
investigate the following effects: the influence of meson-
exchange (MEC) and isobar currents (IC), the potential-
model dependence, and neutron electric (Gg,) and MEC
form factor effects (GY vs FY).

The form factors F{)'M

\u  are functions of Epp and ¢2, ,
the relative n-p energy and the three-momentum trans-
fer squared, respectively, both in the c.m. system which
cover a whole plane. Guided by the results of an earlier
study® we have chosen three specific kinematical regions
in the E,,-¢2,. plane where the various above-mentioned
effects show up in different ways:

(i) crossing the quasifree peak at a fixed momentum

transfer (¢2,, = 12 fm™?), since for the quasifree kine-
0.20
015 A
E on]
b 010
0.05
0
0
15
(v)
10 e =
o7 -~ ~
\ ' N
051\ 7 N
NS N
—- - =2
NS T — .
> ~
H - FL/FT ~ -
e _p 10
P /FT
______ _F,LT’—’/FT
-0.5 - T — T
0 100 200 300
E'np [MeV]
FIG. 2. The form factors Fr (full curve), F1 (dash-dotted

curve), F'° (dashed curve), and Fj;' (dotted curve) at
g2 . =12 fm~2 with the Paris potential, and Ggn = 0. (a)
absolute magnitudes, (b) Fr, F1'°, and F';! relative to Fr.
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matics the influence of final-state interactions and inter-
action currents such as MEC and IC is minimal;

(ii) near the deuteron breakup threshold (E,, =
1.5 MeV'), where one has a strong influence from #- and
p-MEC and to a lesser extent from A-IC on the domi-
nating transverse M l-matrix elements;

(iii) the A-resonance region (E,, =240 MeV), where
the A-excitation and thus A-degrees of freedom play a
very important, if not dominant, role.

Though the nonpolarization form factors Fy and Fr
are already well studied in the literature, at least below
pion threshold, we will include them in our discussion
in order to have a scale for comparison of the various
possible effects.

For the first kinematical region (¢2,, =12 fm~2) one
may divide the eight form factors—here F}El and
Fi%_,?l are not considered since they either vanish or are

negligible—into two groups. Members of the first group
(FL, Fr, FI'LI.IT'I, F%) have corresponding counterparts in
electron scattering from a single nucleon N(&,¢’)N and
should therefore exhibit a typical one-body response in
the quasifree region. In other words, the scalar and vector
form factors are dominated in the quasifree kinematics by
the one-body process, while effects where the two-body
density enters do not significantly contribute. The re-
maining tensor form factors (F2°, F2°, F2r!, F277%) are
not present in the single nucleon process. Their exis-
tence thus is intimately related to the presence of the
other nucleon in order to form a spin S = 1 system nec-
essary for a tensor polarization. This fact presumably
leads to a different response, and, therefore, we expect
in contrast to the one-body character of the scalar and
vector form factors that the tensor form factors exhibit
a larger sensitivity to the deuteron D state, to the final

0.20 0.20
a b
() N Born ® Bonn
015 1 TN 015 - ==V,
E - - N +M EC rg —_ . V28
< ) | g —— Paris
= 010 - — 010
T T
s 5
ET' 0.05 1 [?‘ 0.05 A
[/, — T T (15 —r " T
0 100 200 300 0 100 200 300
Eop (MeV] B p [(MeV]
0.20
(c)
o Con
015 - VR 0
T g\ T2
S A . ——— CGK
— 010 - R N
T, 7\
= / \
2 ) \
[T‘ 0.05 - Y \
y .
P \ .
0 . .
0 100 200 300
E np [MeV]

FIG. 3. The form factor Fﬁf’ at ¢2 . =12 fm 2. (a) influence of final-state interaction and subnuclear degrees of freedom
with Paris potential and Ggn = 0: normal part (N) consisting of one-body currents plus Siegert operators with inclusion
of final-state interaction (dashed curve), Born approximation (Born) as N but without final-state interaction (dotted curve),

N with additional # MEC (N+MEC, dash-dotted curve) and further addition of IC (T, full curve).

(b) potential model

dependence (Ggn = 0): Paris (full curve), V14 (dashed curve), Bonn (dotted curve) and Vs (dash-dotted curve) potential. (c)
influence of Ggn (Paris potential): Gen = 0 (dotted curve), Ggn = D (dashed curve), and Gg, = GK (full curve).



1028

state interaction, and to MEC and IC.

Figure 2 shows the results for the first group. As ex-
pected they all have a peak in the quasifree region. The
peak heights of Fr, F}°, and Fy ! are rather similar,
while that of F, is about a factor of 3 smaller. The shapes
of the curves of F° and Filfl are somewhat different
from those of F, and Fp as is evident from the lower
part of Fig. 2. In particular, F/1° has a stronger fall-off
on both sides of the peak.

Since all four form factors are affected in a rather simi-
lar way by MEC, IC, and final-state interactions, we will
only discuss F['}T_1 in detail. We choose this form factor,
because it is the only one with a strong dependence on
GEn. One readily sees this dependence in Fig. 3 where,
for example, the maximum of the peak is reduced by 10%
and 17% for the D and GK fits, respectively. These re-
sults are not surprising (see also Refs. 2, 4, and 5), since
the relatively small Gg, enters linearly in FI’}:,TI through
interference with Gar, and not quadratically as for the
other three form factors of this group. On the contrary,
MEC and IC have only negligible effects in the peak re-
gion, while in the tails their influence can become larger.
Also the various potential models lead only to very small
differences over the entire energy range considered. The
tiny influence of subnuclear currents and the almost neg-
ligible potential model dependence are particularly inter-
esting and encouraging with respect to the effects of the
neutron electric form factor.

Therefore, we will investigate in addition the momen-
tum dependence of this effect along the quasifree ridge,
ie., Epnp/MeV=10 ¢2_ /fm~2. However, for this pur-
pose we prefer to directly discuss the asymmetry agd.
The results in Fig. 4 show that even at lower momentum
transfer G, has a significant influence. Furthermore,
increasing momentum transfer the effects become even
more pronounced. Thus a determination of G g, seems to
be quite possible. However, compared to the asymmetry

-01 A

>3 0.2
o]
-0.3
-04 T T
0 0 10 20 30
-2
Yo LfT7]
FIG. 4. Influence of Ggn on the beam-vector-target asym-

metry aZd(g,O) (Paris potential, quasifree kinematics with
e = 60°). Notation as in Fig. 3(c).
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AY, of the exclusive process the uncertainties are larger
due to the fact that ai’d does not vanish for Gg, = 0.
Thus a higher accuracy is required and the extraction of
GEn from afd would have to rely heavier on a theoretical
calculation. Since the dependences on potential models
and on subnuclear degrees of freedom are small, the ma-
jor theoretical uncertainties arise from relativistic effects
which we have ignored completely in the present work
and which might have a significant influence on the ab-
solute value of aY,;. Assuming that relativistic effects are
similar in size for the two form factors F,7 ' and Fp°
one could use the latter one to check their importance by
studying a¥,(0,0), since in this case only F/°, which is
almost not affected by Gg,, contributes to o).

Now we turn to the second group of form factors
(FF°, F2°, FLZ;l, F:,%'T',z). Figure 5 shows that they are
rather small and that they all exhibit an interference pat-
tern instead of having the typical quasifree peak struc-
ture. Their different behavior is also illustrated in Fig. 6,
where one readily notes a sizeable influence from the
final state interaction even at quasifree kinematics for
F%O,FLZ;I, and Fqg}z Only FLZO is not shown because
the effects are small. In one case (FZ31) it even leads to
a complete sign change. Furthermore, these form factors
are also quite strongly influenced by MEC and IC. Iso-
bar effects are particularly large for F;;Z The size of
the potential model dependence is rather similar for all
four form factors and for this reason we only show it for
F2z' and F27% in Fig. 7. It is evident that there is only
a moderate influence from the potential model.

We would like to point out a specific sensitivity of F2°
to the deuteron D wave. In fact, it is easy to show using
the explicit expressions in Ref. 3 that for a pure S-wave
deuteron F2° vanishes identically in Born approximation.
Final-state interaction and subnuclear degrees of freedom
do not change this result significantly. This is demon-
strated in Table I, where we list for quasifree kinematics

012
1
— 20
] Fy
J —-— p 20
0.08 ok
FLT
—_ 2-2
g frr
= 004+
T
s~

g . —!TIN >

- / ~—_ _

ot e
7K s R
-0.04 — ,
0 100 200 300
E np [MeV]
FIG.5. The form factors F2Z° (dotted curve), F7° (dashed

curve), FZ7' (dash-dotted curve), and F27% (full curve) at
42.m. =12 fm~2 (Paris potential, Ggn = 0).
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012 0.3
(a) ) Born
' 0.2+
N+MEC —
Eg 0.06 - g  01-
= o
T IQ 0
S =
[~ (/s \ T -0.1 A
Ng, Q N
AN
= N k0.2
N
—0.06 1 , , — -0.3 , ,
0055 100 200 300 0 100 200 300
Enp [MeV] Enp [MeV]
06
----- Born
(c) ——— N
L
b
S
=
3
) ,
£ y
LT.‘ ’
-0.3 ——— T r
0 100 200 300
E np [MeV]
FIG. 6. Various contributions from final state interaction and subnuclear degrees of freedom to the form factors F2° (a),

F271 (b), and F272 (c) at ¢Z.m. =12 fm ™2 (Paris potential, G, = 0). Notation as in Fig. 3(a).

the results for F72° with and without the D wave. One
notes for T' = N+MEC+HIC a reduction by almost an
order of magnitude if the D wave is switched off. In
order to see whether this sensitivity allows one to inves-
tigate the D wave in greater detail, we have studied F?°
along the quasifree ridge. However, the differences be-
tween different potential models are small and, moreover,
final-state-interaction effects are sizeable. Therefore, de-
spite its sensitivity to the D wave, F#° is not suited for
a study of the deuteron D wave. Finally, with respect to
the neutron electric form factor only F7° and Fir' are
significantly affected as can be seen in Fig. 8 for Fg}l.
Deuteron breakup near threshold is the classical re-
gion for the study of MEC in electron scattering. In
this case it is not sufficient to use only the = MEC
consistent with the potential model because also the p
MEC leads to important contributions here. Other ex-
change currents which in principle are required for consis-
tency can safely be neglected because their effect remains
small.'® For the Paris and Bonn potentials we take the 7

and p parametrization consistent with the corresponding
potential, while for the phenomenological Argonne po-
tentials we use the following parameters: A, =5 fm~!
(monopole), g?VNp/lhr = 0.95, fNNp/9NNp, = 6.1, and
A, =1.3 GeV (dipole).

According to the importance of the MEC contribution
we again divide the eight form factors into two groups.
The first group (Fr, FZ°, F27%, Fi*°) contains all the
form factors where the MEC dominated M1 transition
to the 1Sy quasi-bound state contributes. If one had only
this transition, one would obtain from (A2), (A5), (A9),
and (A10) of the Appendix the following simple relations

1

10 -

Ffi® = —\/§FT, F}° = 7§FT, Fi7? = —V/3Fr .
(35)

Figure 9 shows that the above relations are approxi-

mately fulfilled, thereby underlining the dominance of
this transition. Of course, these relations are no longer
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FIG. 7. Potential-model dependence for the form factors

F27' (a) and F27% (b) at ¢2,n. =12 fm ™2 (Ggn = 0). Nota-
tion as in Fig. 3(b).

valid in the region of the minima because here transitions
to other partial waves of the final state become impor-
tant.

In view of the similar behavior of these form factors,
apart from the minimum region, it is sufficient to discuss
in the following only one of the four form factors, e.g.,
F}10. The crucial role of MEC becomes evident in Fig. 10.
One notes that the strong MEC contribution shifts the
minimum of the normal part N to a much higher momen-
tum transfer. With respect to the potential model depen-
dence, the very different behavior if one uses the Bonn

TABLE 1. The longitudinal tensor form factor F7° at
Enp = 120 MeV and ¢?,, =12 fm™2 with and without D
wave in 107 fm.

D wave N T Born
Yes 2.33 2.36 2.42
No —-0.319 —0.315 0.0

0.3
______ gE'n

0.2 ——_ D
LN
b
(=]
=
T
Ng,

~3
& -0.2-4
-0.3 T T
(/] 100 200 300

B p [MeV]

FIG. 8. Influence of Ggn, on the form factor Ff;l at
gém. =12 fm~? (Paris potential). Notation as in Fig. 3(c).

potential is most evident. For Fp this fact has already
been discussed in Ref. 19, where we have pointed out
that this different behavior cannot solely be attributed
to a lower D-state admixture in the deuteron. Another
strong effect of similar size originates from the choice of
the MEC form factor, i.e., whether one uses F]V or Gg‘
This latter effect also depends very much on the model
for Ggn.t”

The four remaining form factors (Fr, F2°, Fiz!, Fiimt)
are shown together in Fig 11. With increasing momen-
tum transfer they all fall off rather rapidly. F exhibits
the weakest and F ! the strongest slope. For the purely
longitudinal form factors F, and F7Z° there are of course
no MEC contributions. However, even for the two LT
interference form factors one finds only a tiny influence
from MEC. This is explained by the fact that the lead-

[fm]

10710°10°% 10107107107 10°
1 Hlul.ll 1 unml 1 llll“.ll 1 llllml 4_Lunul4num[ L

)

FIG. 9. The form factors FZ° (dotted curve), FZ;?
(dashed curve), F*° (dash-dotted curve), and Fr (full curve)
at Enp =1.5 MeV (Paris potential, Ggn = 0).
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FIG. 11. The form factors F2° (dotted curve), Fi;'
(dashed curve), F;'7' (dash-dotted curve), and Fy (full

curve) at E,, = 1.5 MeV (Paris potential, Gg» = 0). A
sign change is indicated by (-).

S

ing LT interference originates from the C0,C2, and M1
multipoles of the transition to the coupled 35,-3D; state.
Since this is an isoscalar transition, the dominant isovec-
tor MEC do not contribute even for M1. We should men-
tion that there is no interference of the strongly MEC
influenced M1 transition to the 1S, state as there is no
Coulomb transition to this state.

Since all four form factors are influenced similarly in
size by the various effects we are considering here, we
only discuss F?° in more detail. Figure 12 shows that
there is only a small IC contribution and, furthermore,
that differences due to the various potential models also
remain small. The effect of Gg,, is a little more sizeable.
However, apart from the uncertainty due to unknown
relativistic effects, one would not base a determination of
GEn on a measurement of this quantity since the analysis
would be marred by the potential model dependence and
IC contribution which are almost of the same size than
the influence of Gg,,.

For the third kinematical region, the A-resonance re-
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gion, we divide the form factors into three subgroups.
The first two groups are identical with the two groups
of the second kinematics, while the third group consists
of the additional two form factors F[{}l and FII}ZT_I As
mentioned previously these vanish below pion threshold,
but might become important in the A-resonance region.
The reason for the separation of the first two groups is
again an M1 transition, but in this case to the ! Dy par-
tial wave. This transition is most strongly affected by
IC contributions, since only in this case there is a cou-
pling of an N A-partial wave in a relative S state (°S,)
to the NN configuration. We will show the various form
factors at a fixed energy E,p, = 240 MeV but for vary-
ing momentum transfer ranging from the photon point,
ie., ¢, =134 fm~2, up to ¢2,, =20 fm~2. The upper
limit is already quite close to the quasifree peak which is
located at ¢2,, =24 fm~2.

Figure 13 shows the results for the various form factors
of the first group. Fr and FA0 are similar in size, while
F2° and F}7? are about one order of magnitude smaller.

The form factor FZ° at E,, = 1.5 MeV. Notations as in Fig. 3. A sign change is indicated by (—).

[10 = fm]

0 5 10 15 20
-2
qc.m.2 [fm ]

FIG. 13. The form factors FZ° (dotted curve), FZ7?
(dashed curve), F£° (dash-dotted curve), and Fr (full curve)
at Enp = 240 MeV (CC with V2s potential, Ggn = 0). Note
that the curves for F2° and F;If.z are multiplied by a factor
of 10.
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They all increase towards higher momentum transfer as
the quasifree peak is approached (see Fig. 2). The contri-
butions of MEC and IC are shown in Fig. 14. One finds
for the two stronger form factors (Fr, Fj'°) the largest
IC effects at lower momentum transfer, e.g., at ¢2,, =2
fm~2 where one has an increase from IC by a factor of
3.3 for Pr and by 5.1 for F/°. The large influence from
IC makes Fji° particularly interesting for the study of A
degrees of freedom.

The other two form factors, though much smaller, also
exhibit strong IC effects, which for these two cases are
not restricted to the lower-momentum-transfer region.
The potential-model dependence of Fr and F/0 is rather
unimportant, even if one compares the CC calculation us-
ing Vg with the IA of the other potential models. There-
fore, we only show the potential influence for one of them
(F4*°) in Fig. 15. But this might change if one moves

away from the A peak according to what one finds in the
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g
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=
B~
= 071
0
0
01
0 — == ——
_ 4
S -01 -
]
R -0z
S T
. —0sl — == N+MEC
T
(c)
045 5 10 15 20
-2
Qo [fm™™]
FIG. 14.

Vas potential, Ggn = 0). Notation as in Fig. 3(a).

photodisintegration of the deuteron in the A region,!*
where the CC results show a considerable sensitivity on
the NA interaction. Compared to F%O and F;{,:z we find
that F2° and FZ72—also shown in Fig. 15—are quite sen-
sitive to the method by which A degrees of freedom are
incorporated, i.e., IA or CC. The CC calculation leads to
significantly different results underlining the importance
of a proper treatment of A degrees of freedom for these
two form factors.

The second group of form factors is depicted in Fig. 16.
While Fp and F}}T‘l are similar in size one finds that
Fg;l and F}° are respectively about one and two or-
ders of magnitude smaller. Figure 17 shows the effects
of subnuclear currents only on FL2° and FZ;I, because
the other two form factors are not significantly affected.
The IC contribution increases FZ° by about a factor of
2 at lower momentum transfer, while Fg,;l is similarly
influenced at somewhat higher momentum transfers. In

01
(b) ———-N /
—_ / /
g 0
S
*
R
—_—
-01
S
e,
-0.2
0
04
0.3
£  o02]
“—
¥
o 011
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-02 y , :
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Various contributions to the form factors Fr (a), F2° (b), F{° (c), and F232 (d) at En., = 240 MeV (CC with
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FIG. 15. Potential-model dependence for the form factors F7° (a), FZ° (b), and F,f,f (c) at Enp =240 MeV (Ggn = 0).
Notation as in Fig. 3(b).

Od T 100F 20 addition, Fg;l has a rather strong MEC contribution.

L : The potential-model dependence is shown in Fig. 18.
— — — - 10F PO E i .
e g ’ﬁ, ] Only Fy7 " is not shown, since the interesting effects are
0.2+ LT small. Comparing the results for Vi4 and Vas, one notes
— FL PR a rather strong effect leading to a reduction in size from
g R the CC treatment at lower momentum transfer which is
gy Oo—=— e particularly interesting in the case of F. Though the
'Q | T - T -7 T direct IC contribution is very small, Fy is considerable
™~ '~ reduced in the CC calculation with Vg, which is an indi-
-0.2 AN rect feedback effect of the IC channels on the NN chan-
. nels. The other three potential models lead to almost
identical results. A similar reduction is found for the
-04 T ; T normal contribution in deuteron photodisintegration in
0 5 10 15 20

the A region from a CC treatment.!* Compared to Fi,
qc_m.z [fm_z] the potential effects on F2° and Ff;l are notably differ-

FIG. 16. The form factors F2° (dotted curve), FZy! ent. Besid‘es the' s}zeable inﬁl}ence of the CC treatment,
(dashed curve), F/~' (dash-dotted curve), and Fy (full ~ One notesin addition strong differences among the results
curve) at Enp = 240 MeV (CC with Vas potential, Ggn = 0). of the other three potential models. We close the discus-
Note that the curves for F7° and F77! are multiplied by fac- sion with Fig. 19, which shows the form factors FLI;’l and
tors of 100 and 10, respectively. F27'. Since they originate from the inelasticity due to
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the A dynamics, we only show the results for the CC cal-
culation. However, they are both quite small compared
with the various other form factors, so that A effects are
much more pronounced in some of the other form factors.

Finally, we would like to summarize the most im-
portant results of our study. We have shown that the
?H(&,e')np cross section depends on ten—below pion
threshold eight—form factors, and each of these form fac-
tors can be separated experimentally. With respect to A
degrees of freedom we find various interesting aspects.
The form factors Fr, FA% F2°, and FT%}Z all exhibit
quite considerable IC contributions in the A-resonance
region at lower momentum transfer of which F7*° shows
the comparatively strongest influence for this kinematics.
The two transverse tensor form factors FZ° and qu,}z are
also affected in other kinematic regions. The latter one
even shows rather strong IC contributions for quasifree
kinematics. However, these two form factors are about an
order of magnitude smaller than Fr and F°. Further-
more, also the purely longitudinal and the longitudinal-
transverse interference form factors show influences from
A degrees of freedom. We only mention here Fr, F?°,
and Fg}l, which show notably different results if one
compares the IA with the CC calculation. This is par-

- (L L 1\ [L L
FgT1=—327r2x/§Z(~)J<O 7 1){1 )

LL/j

(L L 1\[L L
/1-1 __ 2
iy _327”/52(—)1(0 a 1){1 .

LL'jA

ro=tow S ¢ (55 O T HReUEEOd) + ME QI EE O + PO

LL/jx
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ticularly interesting for Ff, since on the one hand IC
contributions are negligible and on the other hand dif-
ferences among potential models without explicit A de-
grees of freedom remain small. As regards the MEC we
do not find such a variety of effects as due to the A reso-
nance. The strongest MEC influences are present at the
deuteron breakup threshold. Because of the dominance
of the M1 transition to the 'Sy partial wave Fii0 F20,
and F;,}z are very similarly affected as is the well-known
Fp. One further interesting result is the rather strong
dependence on the neutron electric form factor of F}}T*l
in the quasifree region, while at the same time potential
and interaction current effects remain negligibly small.
Thus the inclusive reaction 2H(€, e’) with a vector polar-
ized deuteron target could be an interesting alternative

to the more involved exclusive processes 2H(€, e'n)p or
2H(€E, e'R).
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APPENDIX A

Here we will list the explicit expressions for the multi-
pole decomposition of the various form factors.
The unpolarized form factors are given by

1672 1 Loy o2
_ Al
Fi= 53 o 1GNP, (A1)
Ljx
1672 1
Fp = Ly V12 Lx121.
r = o= Y s UBRODP + IO (A2
Ljx
The vector polarization form factors are given by
J
1 NN . .
§ Pm{C i) (ER O + ME G, (A3
1 PN . .
 PRe(C () EBE ) + MEOD, (A1)
(A5)
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Finally, the tensor polarization form factors

re=-ien 3 S v (5 5 o) (Y T 2 reler 0areron (A6
LL'j\
Fizt =322/ 37 (-y (L ){L L 2}Re{0L'(A ) [EE(A) + ME(A AT
LT 7I' 3 y 0 1 1 j J J + ( J)]} ( )
LL'jA
it =-sn R S r (5 5 DY e oarron + mro, (A8)
LL’jA
=15 S 7 (5L D T I ResT0n + M AP B D + MEGID, (A9)
LL'jx
-2 _ 2 5 7 L’ L 2 L’ L 2 L' . L' Nk L . L .
=163 X (55 DY T 3 rets 0d) - ME i EF () + MEOD.
LL'jA
(A10)
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