PHYSICAL REVIEW C

VOLUME 52, NUMBER 3

SEPTEMBER 1995

Nucleon polarization in exclusive deuteron electrodisintegration with polarized electrons
and a polarized target

Hartmuth Arenhédvel,! Winfried Leidemann,? and Edward L. Tomusiak>
Unstitut fiir Kernphysik, Johannes Gutenberg-Universitit, D-55099 Mainz, Germany
2Dipartimento di Fisica, Universita di Trento, I-38050 Povo, Italy
3Department of Physics and Engineering Physics and Saskatchewan Accelerator Laboratory,
University of Saskatchewan, Saskatoon, Canada S7N OW0
(Received 3 May 1995)

Nucleon polarization in exclusive electrodisintegration of the deuteron using a polarized beam and an
oriented target is systematically investigated in a nonrelativistic framework but with lowest order relativistic
contributions to the one-body current including the kinematic part of the wave function boost. The structure
functions and the asymmetries corresponding to the various nucleon polarization components are studied with
respect to their sensitivity to the potential model, to subnuclear degrees of freedom, and to relativistic effects
in different kinematical regions. Furthermore, a few new observables are found which are very sensitive to the

neutron electric form factor G, in the quasifree region.

PACS number(s): 21.45.+v, 13.40.Gp, 24.70.+s, 25.30.Fj

I. INTRODUCTION

Some years ago we started a systematic study of deuteron
electrodisintegration with special emphasis on polarization
observables [1-3]. As stated previously, the main purpose of
this study is to reveal to what extent the use of polarized
electrons and polarized targets and polarization analysis of
the outgoing nucleons will allow a considerably more de-
tailed investigation of the dynamical features of the two-
nucleon system than is possible without the use of polariza-
tion. Specifically, our interest is focused on the role of the
NN interaction model, of subnuclear degrees of freedom
(DOF) in terms of meson and isobar DOF, and, as a new
subject in the present paper, the role of relativistic effects. In
view of current interest in the electric form factor of the
neutron Gg, , we will also study the sensitivity of the polar-
ization observables to G, .

In the first paper of this investigation [1] we considered
the inclusive process and then in [2] the exclusive one
d(e,e’ N)N including beam and target polarization but with-
out analysis of the outgoing nucleon polarization. Most re-
cently, as an extension to previous work in photodisintegra-
tion [4,5] we have formally derived in [3] all possible
polarization structure functions, in total 648, and linear rela-
tions between them since only 324 can be linearly indepen-
dent, considering the fact that each structure function is a
Hermitian form of 18 independent complex f-matrix ele-
ments. Formal expressions for polarization observables using
a different representation scheme for the structure functions
have also been given in Ref. [6]. Considering besides elec-
tron polarization and deuteron orientation only the polariza-
tion of one of the outgoing nucleons, the authors of Ref. [6]
find altogether 162 independent structure functions. This is
exactly the same number which we find in [3] if we restrict
the observables to differential cross section and polarization
components of only one final nucleon. However, this set is
not complete in the sense that there exists an additional set of
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162 structure functions which are linearly independent from
the previous ones. As we have outlined in [3] (see Table 6) a
possible complete set of linearly independent structure func-
tions comprises, e.g., the differential cross section, the polar-
ization components of one nucleon, P,(p), P, (p),
P,,.(n), and the polarization correlations of both nucleons,
P,,and P,,.

With the present work we want to conclude this study by
looking at the polarization of one or both of the final state
nucleons in the exclusive processes d(e,e’N)N and
d(e,e' NN) with various combinations of beam and target
polarizations. Polarization of one outgoing nucleon in this
reaction has been studied previously in [7—13], mainly in the
quasifree region for investigation of the electric form factor
of the neutron [8,9], relativistic [12,13], or other specific ef-
fects [10,11]. In [13] the influence of an oriented deuteron
target has been considered in order to study subnuclear DOF
and relativistic effects but only for one quasifree kinematics.
However, no systematic study exists of how the various dy-
namic ingredients mentioned above manifest themselves in
one- and two-nucleon polarization observables including
beam and target polarization with respect to different kine-
matic regions of energy and momentum transfers. This is the
principal goal of the present work.

First we will briefly review in Sec. II the definition and
the general expressions of the various polarization observ-
ables in terms of structure functions and the corresponding
polarization asymmetries. The latter constitute the experi-
mental quantities to be determined in an experiment. Then
we will present and discuss in Sec. III the results of our
explicit evaluation of the structure functions and asymme-
tries for the same kinematic regions chosen in [2] in order to
represent different areas of sensitivities to final state interac-
tions (FSI’s), to subnuclear DOF in wave functions and in-
teraction currents, and relativistic contributions. The calcula-
tional framework is essentially the same nonrelativistic one
with inclusion of meson exchange currents (MEC’s) and iso-
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bar configurations or currents (IC’s) as described in [1] ex-
cept for the relativistic contributions to one-body currents as
discussed in [12]. With respect to the treatment of IC’s in
[13] ours is much superior since we do not use the static
approximation as in [13], thus allowing us to consider kine-
matic regions away from the quasifree ridge and excitations
up to the A region. Furthermore, we also include the most

1

important kinematic part of the wave function boost for the
relativistic contributions.
II. OBSERVABLES AND ASYMMETRIES

We start from Eq. (58) of [3] for a general observable X in
exclusive deuteron electrodisintegration:

2
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Here a is the fine structure constant and k'* and k'*® denote
the laboratory frame momenta of the initial and the scattered
electrons, respectively, while qf,=q(2,— c; 2 is the four-
momentum transfer squared (¢ =k; —k;). The virtual photon
density matrix is given by
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FIG. 1. Geometry of exclusive electron-deuteron scattering with
polarized electrons and an oriented deuteron target. The relative n-p
momentum defining with z; the reaction plane is denoted by 1;,,1, and
is characterized by angles 6= 6,, and ¢=¢,,. The deuteron ori-

entation axis forming with g the orientation plane is denoted by d
and specified by angles 6, and ¢,.
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where 6% denotes the electron scattering angle in the labo-
ratory system and S expresses the boost from the laboratory
system to the frame in which the hadronic tensor is evaluated

labl

B

and c; ¢ denotes the momentum transfer in this frame. Often
the hadronic tensor and thus the observables are calculated in
the final n-p c.m. system. This system, which sometimes is
also called antilaboratory system, moves in the laboratory

with total momentum c; 1b In this case one has c; c:c; em.,

Furthermore, So=d>0/dk;"dQ°dQ,5™ denotes the
unpolarized differential cross section. For the deuteron den-
sity matrix we have assumed a diagonal form with respect to
an axis d which is called the orientation axis. Therefore, the
deuteron target is characterized by four parameters, namely,
the vector and tensor polarizations P‘f and Pg, respectively,
and by the angles 6, and ¢, describing the direction of the
orientation axis d of the polarized deuteron target with re-
spect to the coordinate system associated with the scattering
plane (see Fig. 1). Note that the deuteron density matrix
undergoes no change in the transformation from the labora-
tory to the c.m. system, since the boost to the c.m. system is
collinear with the deuteron quantization axis [14].

TABLE 1. Notation for the Cartesian components of the spin
observables and their division into sets A and B.

Observable 1 x0 y0 z0 Ox Oy Oz
Set A B A B B A B

Observable xx  xy Xz yx yy yz zx zy 2z
Set A B A B A B A B A
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The final two-nucleon state in the c.m. frame is described

by the relative momentum l;np characterized by the angles
6 and ¢. The angle J): ¢— ¢, is the angle between the
orientation and the reaction planes, while ¢ is the angle be-
tween the reaction and the scattering planes (see Fig. 1). The
longitudinal electron polarization is denoted by 4. The vari-
ous observables X are listed in Table I. The components of
the polarization components of both particles refer to the
reference frame associated with the final n-p c.m. system
denoted by (x, y, z). It is the same as (x, y, z) in [4]. Its z
axis is parallel to l;np in the reaction plane and its y axis

parallel to (; X 1;,,1, perpendicular to the reaction plane. Thus
the polarization components of particle 1 (here the proton)
are chosen according to the Madison convention while for

particle 2 (neutron) the x and z components of P have to be
reversed in order to comply with this convention. This is
done for the presentation of our results on structure functions
and polarization asymmetries. The observables, listed in
Table I, are divided into two sets called A and B according to
their behavior under a parity transformation [5]. Further-
more, we have introduced in (1)

8 7=(dxs—n)*, (7
where

1 for XeB,

Oy pi=
X.B 0 for XeA. ®)

For later purposes we define dy 4:=1— 8y p. Finally the
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FIG. 2. E,,,- éf_m plane with indication of the location of the
quasifree ridge and the kinematic sectors, for which the structure
functions have been evaluated.

tain the complete information on the dynamical properties of
the NN system available in deuteron electrodisintegration.

They are functions of 6, E,,, and ‘;c%n the relative n-p
energy, and the three-momentum transfer squared, respec-
tively, both in the.c.m. system. Explicit expressions can be
found in [3] and are listed for convenience in Appendix A.
We would like to remark that compared to the definition of
the structure functions in [2] we have incorporated in [3] in
the definition of f!,™(*)(X) the phase factor (—)’ which
appears explicitly in Eq. (27) of [2] in that part which de-
pends on the longitudinal electron polarization.

In analogy to the asymmetries introduced in [2] for the
differential cross section we now define corresponding quan-
tities for each observable X by

P(X)=Po(X)+PIPY(X)+PiPI(X)+h[P(X)+ P{PV(X)+ PIPT,(X)], )

which we will call in general polarization asymmetries even for Py(X). By comparison with (1) one finds explicitly

Po(X)= ~§—0[(po2°<X> +prf R (X) + profig (X)cosp+ prrfry (X)cos2 ¢]8x .,

+[pLrfiy (X)sing+ prrfyy (X)sin2 ¢16x 5] (10)
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'Primed and unprimed structure functions are here referred to collectively as f(a') M=) (x).
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P.(X)= Sio {=[p1f1 %) +praf 120 (X)cosp]8x g+ pprfirlt (X)sing Sx.a} » (13)
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(15)
For the differential cross section (X=1) we remind the reader that one has with respect to the notation in [2,9]
Po(1)=1, PYT=AYT, P,(1)=A,, PJT=A)T. (16)

In [2] we have described in detail how the asymmetries can be separated experimentally by proper choice of the polarization
parameters A, P‘f, and Pg. The further separation of the polarization structure functions ff,') IM(=)(X) by exploiting the
dependence of the asymmetries on ¢, ¢,, and 6, has also been discussed in detail in [2] for an observable of type A, because
the method applied in [2] to the differential cross section works in general for an arbitrary observable X € A. An analogous
procedure can be used for an observable X € B. Since we have found in the meantime a few more optimal settings compared
to [2], we summarize in Appendix B the settings for both types of observables. One should be aware that for an observable
X#1 the quantity Py is usually defined with respect to the corresponding differential cross section including the beam and

target polarization, i.e.,

Px(h,PY,P9=P(X)/P(1)=P(X)/[1+ P4AY+ PIAT+h(A,+PAY,+ PIAT )], (17)

where P(X) is given in (9). This completes the brief formal
part, and now we can turn to the presentation and discussion
of our results.

II1. RESULTS AND DISCUSSION

As already mentioned in the Introduction, the various
structure functions £/’ "(*) are calculated within the same
nonrelativistic framework that has been used previously in
[1,2]. It is described in detail in Ref. [7] with the one excep-
tion that we do not use the nonrelativistic approximation in
the kinematical factors of the 7 matrix but take instead the
relativistic expressions as given in Eq. (61) of Ref. [9]. In
addition we include the most important relativistic contribu-
tions to the one-body current, which are those arising from
the nonrelativistic reduction of the Dirac current and the ki-
nematic boost as described in [12]. In the calculation of the
t-matrix elements we calculate explicitly all electric and
magnetic multipoles up to the order L=6. That means we
include the final state interaction in all partial waves up to
j="1. For the higher multipoles we use the Born approxima-
tion for the final state, i.e., no final state interaction in partial
waves with j=8 as has been described in Ref. [7]. We would
like to remark that for the electric transitions we use the
Siegert operators in the convention of [15] except in the case
of the Born approximation. In this way the major MEC con-
tribution is incorporated implicitly.

For the calculation of the initial deuteron and the final n-p
scattering wave functions we use the Nijmegen [16], the
Paris [17], Bonn [18] (r-space version), and Argonne V4
and V,g potentials [19]. The latter explicitly includes A de-
grees of freedom within a coupled channel (CC) approach.

[

Above the pion threshold V,g is modified for the ' D, partial
wave in order to give a better description of this channel as
described in Ref. [20]. For the other potential models we use
the impulse approximation for the calculation of the IC’s
[21,22]. In the current operator we include explicit meson
exchange contributions beyond the Siegert operators, essen-
tially from 7 and p exchange, and isobar contributions. For
the electromagnetic form factors of the one-body current we
use the dipole fit with a nonvanishing neutron electric form
factor [23]. The electromagnetic nucleon form factors are
taken in the Sachs form which has the advantage that the
next to leading order relativistic contributions to the charge
density are considerably reduced [12]. For this reason we
expect in general relativistic effects to be significantly
smaller than reported in [13] where Dirac-Pauli form factors
are considered. Finally, for the MEC form factor we use
G . The structure functions are calculated in the c.m. system
of the final n-p state. In detail we will investigate the fol-
lowing effects: The influence of FSI MEC’s beyond the Sieg-
ert current and IC’s, the potential model dependence, relativ-
istic contributions (RC’s) as mentioned above, and the
neutron electric form factor G, .

In addition to their dependence on the relative c.m. n-p
angle 6, the structure functions £’ "*) are also functions
of the relative n-p energy E,, and the squared three-
momentum transfer éc%n both in the c.m. system. As we
have outlined in [2], we have chosen for this exploratory
study three different cuts in the E ,,p—(;cfn_ plane in order to
cover regions with different dynamic properties: A cut at a
constant low energy E,,=30 MeV taking momentum trans-
fers of 1, 10, and 20 fm™2, a second one at a constant inter-
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FIG. 3. The structure functions of the observable P,(p) for unpolarized electrons and target in the nine kinematic regions of Fig. 2:
fgo (top left), ﬁo (top right), fﬁof (bottom left), and f(}OTJr (bottom right). Notation of the curves: N (short dashed line), N +MEC (dash-dotted
line), N+MEC+IC (long dashed line), total= N+ MEC+IC+RC (solid line), and Born approximation with RC’s (dotted line). The top left
inset “[(—n) fm]” indicates the unit [10™" fm] for the structure function and the top right inset “[E,l,,/qg'm_],” where E,, in [MeV] and

g2, in [fm~2], indicates the kinematic sector of Fig. 2.

mediate energy E,,= 120 MeV choosing momentum trans-
fers of 2, 12, and 25 fm 2, and finally a third cut at
E,,=240 MeV, the region of A excitation, with momentum
transfers of 5, 15, and 30 fm 2. These different kinematic
sectors are marked in Fig. 2 where we also introduce a num-
bering in order to facilitate the following discussion of the
results.

In Ref. [3] we defined a complete set of polarization ob-
servables. Knowledge of all structure functions for this set
completely determines the process d+e—e'+n+p. Of the
nine double polarization observables one need only to con-
sider a smaller number since many are related to single po-

larization observables. In fact one requires only one of either
xx or zz and one of either xz or zx. In order to complete set
A one also requires the observables 1 and y0. For the set B
the observables x0, Ox, z0, and 0z form a complete set. It is
obvious that we cannot show all the 324 linearly independent
structure functions. Thus we will begin with an overview for
which we restrict ourselves to an unpolarized deuteron tar-
get. In this case one is left with 36 structure functions corre-
sponding to the observables 1, y0, xx, xz, x0, Ox, z0, and
0z. The A-type observables consist of four unprimed and
one primed structure functions for unpolarized and polarized
electrons, respectively, whereas the B-type observables con-
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FIG. 4. As Fig. 3 but for the observable P,, .

sist of two unprimed and two primed structure functions [see
Eqgs. (10) and (13)]. The four unprimed structure functions of
observable 1 describe the unpolarized differential cross sec-
tion and have already been discussed previously in [2]. The
remaining 31, calculated with the Paris potential, are illus-
trated in Figs. 3—10.

Each figure is divided into four (in one case three) panels,
each representing one specific structure function. A panel
contains in turn nine parts, one for each kinematic sector of
Fig. 2 arranged accordingly. In these figures we show sepa-
rately the so-called normal part (N) without explicit MEC’s,
IC’s, and RC’s and then consecutively added explicit MEC’s,
IC’s, and finally RC’s. Furthermore, where nonvanishing, the
Born approximation including RC’s is shown. One should
note that the angle 6 always refers to the outgoing proton
even in the case of neutron polarization structure functions.

Among the structure functions of P,(p) in Fig. 3 the LT
interference one is the largest. It is generally forward peaked
and also peaked in the backward direction for higher mo-
mentum transfers (sectors Ib/c, IIb/c, and IIIb/c). Except at
low momentum transfer, there is little dependence on the
various current contributions. These show a stronger influ-
ence in the 7- and TT-structure functions, in particular away
from the quasifree region in the sectors Ib/c, Ila, and IIla.
Relativistic contributions show sizable effects in f(,io( y0) at
higher momentum transfers [sectors IIb (quasifree), Ilc, and
IIc]. The structure functions of the polarization correlation
P, are shown in Fig. 4. The largest ones are the L- and 7T
structure functions, especially on the quasifree ridge. Both
are strongly forward peaked while the TT function displays
also a smaller backward peak. The xx polarization structure
functions are particularly interesting at low g: f‘ZO(xx) and



1238 ARENHOVEL, LEIDEMANN, AND TOMUSIAK 52
25 M{—#)m] [240/5] {(~3)tm] [240/15] [(-3)im][240/30] [(-3)im] T240/5]] 3 [[(~2)im] [240/15]] o5 [[(~2)im][240/30]
20 18k 1 oH— — 4r R~

~ 15 LA & / — 2t 0.0
N Br 1 N 2} A Lo.s
E 0 1 3 - o
s ( 8w o Py Al 1 -1
ol 1 4 hal 1.5
° v ] -2} { o 2.0
= 4 e — 25
8 [((-5)im] [26/21] ® [I(-D)m] (20/2]] ° [[(~4)fm] [20/25]  [[3Em] T2572]] o [[2)im] nioﬁ ! [[-3)#m] [120/25]
6F - { | A
— IS 4 A| 5f
B 4 7 o -
822 12 1 7 -5
° S oy \:-7 -0
-2 —L e n ——
‘:_[(—z)iml fso/1]  [L(-3)tm] [30/10) [(-4)1m] [30/20] 20 [{{-9)fm]  [30/1] , [[(-3Fm] Boy®1] * [[(9)m] [30/20]
0 o| 15| 4 L |
~ 8}a™ 4 —~ /3 0 X
2\ {-2 1-1 2w -1 - /—'A
%_‘_\ 2 .‘.‘. 1 §_‘l- St iy \e/ L.
—4 { -2}
0 == O = sl
29" "0 w0 8080 @0 Bo S0 60 20 B0 S0 80 120 10 0 6 120 w0
6[deg] 8[deg 6[deg] 6[deg] 8[deg]
s [[-9im] [240/5]] , [[(-DEm] [240/8]] *[T(-)fm] [240/30]] 10 [[(-3)im] [240/5] [(-2)tm] [240/85]] , [[(-2)m][240/30]]
0 \ 8TA ! 1o Vi
. 1, : 2 - |
-3 0 1 1-6
L 0 -8
— . - .
20 [{DTm] (26/2)] 2 [[loyem] (12072 ¢ [[(-)im] [120/25] [[(-Dm] [2o/2]] , [[(-3)tm] [120/25]]
( N o« 0 —
1 2 -2 4
| o 1=+ 4
1 ]
-8
)=l 13071 s [[(-3im] [3o/%]] [[(-4)tm] [30/20]] 1o [l 136/7) ° [[-5)Em1 (0/%]] , [[(~4)Fm] [30/26]]
; ~ Al oo o N
\E(, 5} :‘. V S V
%-F‘ o W -4 ;
] . ] s }_'. . . -6 . ) 4
60 120 1] 120 60 120 60 120
o[deg] o[deg] 8[deg] 6[deg]

FIG. 5. As Fig. 3 but for the observable P,, .

f2F (xx) are sensitive to FSI’s (sectors Ia, Ila, and Illa),
while the purely transverse ones—especially f(}o(xx)——are
sizably influenced by IC’s. The other polarization correlation
P,, shown in Fig. 5 receives the largest contribution from the
LT- and TT-structure functions. Both show a forward peak
which is most pronounced at higher g and close to the qua-
sifree kinematics. Remarkably there is a strong RC effect in
f¥(xz) on the quasifree ridge (IIb). Furthermore, one also
finds some sensitivity to FSI’s and various current contribu-
tions at low E,, and/or low g (sectors la—c, Ila, and IIla).
For the A-type observables only one primed structure
function f,'})m (X) exists which is the so-called fifth struc-
ture function in case of the differential cross section. We
show it in Fig. 6 for the observables y0, xx, and xz. For y0
the only remarkable feature is the pronounced forward peak

of f, i;)OJ'(yO), particularly sharp in the sectors IIb, IIIb, and
IIIc. One notes some sensitivity to FSI’s in sectors Ia and Ila.
Quite a different behavior in the various kinematic sectors is
seen for xx and xz. Their structure functions are in general
an order of magnitude smaller than the ones of y0, but show
a rather strong sensitivity to MEC’s, IC’s, and RC’s in sector
IITa and in the case of xx also in sector Ilc.

Now we will turn to the B-type observables which with-
out beam and target polarization contain only L7- and T7-
interference structure functions. They are particularly sensi-
tive to FST’s since they vanish in Born approximation. Figure
7 shows the structure functions for P,(p) and P, (n). For
both proton and neutron, the dominant one is fﬁoT_ . For the
proton it is almost an order of magnitude larger than ngT_ It
is strongly forward and backward peaked in the sectors IIb/c
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and IIlb/c, while in the other sectors it shows a significant
size over a larger angular range. In particular in the a sectors
it exhibits a distinctly different pattern. Here one finds in
135" considerable sensitivity to various current contributions,
especially strong in the sector Ia for the proton while for the
neutron the largest effects are seen in the sectors Ila and Illa,
in particular from IC’s and somewhat weaker from RC’s. In
39 the influence from MEC’s and IC’s is sizable in all
sectors whereas relativistic effects are noticeable in the
high-g sectors only. For the other two observables P,(p) and
P,(n) the LT- and TT-structure functions in Fig. 8 are com-
parable in magnitude. In contrast to the x components here

20~ vanishes in the forward and backward directions. Fur-
thermore, f(%of shows in general a greater sensitivity to sub-
nuclear contributions in the sectors Ia—Ic, Ila, and IIla. Ef-

FIG. 6. The fifth structure function of the ob-
servables P,(p), P,,, and P,, for polarized elec-
trons and an unpolarized target in the nine kine-
matic sectors of Fig. 2: f/7 0+ (y0) (top left),

190% (xx) (top right), and f’ 0+ (xz) (bottom
left) Notation of the curves as in Fig. 3.

fects from IC’s are particularly strong in sectors Ila and IIla,
while explicit MEC’s are especially large for the proton in
sectors Ib and Ic.

With respect to the primed structure functions of the
B-type observables which require electron polarization, Fig.
9 shows them for P,(p) and P,(n). For both proton and
neutron, the dominant one is fi})o_ which is strongly for-
ward peaked. For the proton it is almost an order of magni-
tude larger than £,.%. There is little sensitivity in f; 70 to
FSI’s and subnuclear effects while f7 % exhibits some mod-
erate influence at low g or low E,,. For the other two ob-
servables P (p) and P (n) the qualitative features of the
structure functions in Fig. 10 are almost interchanged. Here
f4 is in general larger than f}°" . The latter one for the
neutron is strongly modified by FSI’s at E,,=30 MeV and
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FIG. 7. The structure functions of the observables P,(p) and P,(n) for unpolarized electrons and target in the nine kinematic sectors of
Fig. 2: j‘,iOT_(xO) (top left), f‘;’%-_ (x0) (top right), fmT"(Ox) (bottom left), and f‘;OT'(Ox) (bottom right). Notation of the curves as in Fig. 3.

c;cz.m_= 1 fm™2. Also for the proton one observes sizable FSI
effects at low g. This concludes the overview over the struc-
ture functions without deuteron orientation.

As mentioned above Figs. 3—10 show only 31 of the 324
independent structure functions and one can easily imagine
that a complete experimental determination of deuteron elec-
trodisintegration would be a tremendous experimental effort.
However, it is improbable that all of these are sufficiently
interesting to warrant a detailed experimental study. For this
reason we have scanned all the 324 structure functions with
respect to the influence of the theoretical ingredients and
made a selection of the most remarkable cases. Therefore,
we will present in the following discussion only those struc-
ture functions, mostly for an oriented deuteron, which show

notable effects due to a specific theoretical ingredient in or-
der to give a guideline for such type of experiments involv-
ing an oriented deuteron target.

The most pronounced FSI effects are found in the sector
Ia. Figure 11 illustrates two typical examples. Comparing
with Fig. 4 one sees that fi’(yO) and fgo(xx) are almost
identical. The strength of both structure functions is strongly
reduced over a large range of angles by FSI’s. Furthermore,
neither exhibit any dependence on subnuclear DOF or rela-
tivistic effects. The second structure function of Fig. 11,
f,lfT—(Oz), shows quite a different and more dramatic behav-
ior. Without FSI’s it has a negative forward and a positive
backward peak whereas inclusion of FSI’s reverses the sign
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FIG. 8. As Fig. 7 but for the observables P,(p) and P,(n). Notation of the curves as in Fig. 3.

of both peaks and, furthermore, increases them in magnitude
by almost a factor of 2.

One might expect to find a strong potential model depen-
dence for the above mentioned structure functions, but un-
fortunately this is not the case. It turns out that all structure
functions which show strong FSI effects over a large angular
range exhibit almost no potential model dependence. There
are of course cases with rather strong potential model effects.
However, apart from the above structure functions they van-
ish without FSI’s and sizable potential effects are present
only in a smaller angular range. The strongest effects are
found in the quasifree region (sector IIb) at forward angles.
This is illustrated in Fig. 12, where the structure functions
with the strongest dependence on the potential model are
shown in the angular range 0°-60°. The most dramatic ef-

fect is seen in fi]( y0) which is positive for the Bonn poten-
tial while all other models give a negative value though dif-
ferent in magnitude for Paris and Nijmegen on one side and
V14 and V,g on the other side. This grouping of some poten-
tial models is also observed in the other two examples,
namely very similar results in fg();(yO) for the Bonn and
Nijmegen potentials, and V4 and Vg, respectively. The lat-
ter two give also almost equal results for f22+(0x) whereas
the other three potential models give each a different predic-
tion. The same structure functions exhibit also relatively
large potential model effects in the sector Ilc as is illustrated
in Fig. 13 for two of them. The relative size of the effect is
similar, though somewhat smaller in f22+(0x).

The most remarkable explicit MEC effects are found in
the sector Ic for the structure functions f; U+(Ox) and
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FIG. 9. The structure functions of the observables P, (p) and P,(n) for longitudinally polarized electrons but unpolarized target in the
nine kinematic sectors of Fig. 2: £ %(x0) (top left), f’L}mf (x0) (top right), f5.%(0x) (bottom left), and f ,";’O’(Ox) (bottom right). Notation

of the curves as in Fig. 3.

1 717 (20). Figure 14 shows that MEC is dominant between

0° and 60°. However, concerning the role of MEC’s one
should bear in mind that the region near the deuteron
breakup threshold offers the best possibilities for their study
in M1 transitions (see, e.g. [24] and references therein). Here
we do not consider this region because polarization experi-
ments cannot lead to significant additional information, since
the dominant transverse part is governed by just one transi-
tion.

With respect to IC’s we discovered a few notable ex-
amples. Not surprisingly, the best ones are found in the
A-resonance region at lower momentum transfer (sector I1la)
and are shown in Fig. 15. All four cases flTl(yO), fITO(ZO),

f17(0z2), and f227 (xx) exhibit a very strong effect due to
1C’s, while all other effects remain remarkably small. With
Fig. 16 we discuss another aspect of the A DOF, namely, the
influence of a coupled channel approach with the Argonne
V,g potential compared to the impulse approximation (IA).
We show four particularly interesting cases, where all the
four structure functions lead to rather similar results in IA
with the four conventional NN potential models, while the
results for the V,g potential are considerably different. The
structure function f; 2°" (xz) is particularly notable, since it
exhibits a completely different structure in the CC approach
with Vzg .

Now we turn to the relativistic effects. They are mainly
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FIG. 10. As Fig. 9 but for the observables P,(p) and P,(n). Notation of the curves as in Fig. 3.

present for the LT interference structure functions at higher
momentum transfer. Figure 17 shows that f}; (y0) is
strongly affected at forward angles, whereas f;5 (z0) is con-
siderably influenced at forward and backward angles, in par-
ticular for the higher momentum transfer.

Having discussed the various aspects of FSI’s, subnuclear
DOF and relativistic contributions, there remains the ques-
tion of how strongly these effects will show up in the polar-
ization asymmetries. In fact, the signature of any one of these
effects could be masked in two ways. First of all, the cross
section S in the denominator could be strongly affected by
at least one of the theoretical ingredients which could result
in a drastic change of the asymmetry. Second, the structure
function in question could be too small in comparison to the
other polarization structure functions entering the same

asymmetry. Furthermore, one has to take into account that
most of the structure functions cannot be measured by one
experimental setting. In fact, Table II in Appendix B shows
that only six structure functions of a given observable can be
obtained from a single asymmetry measurement and only
one of the cases discussed in Figs. 11-17 belongs to this list.
These considerations show that it is not guaranteed that a
specific effect in a structure function will show up in the
polarization asymmetry which contains that structure func-
tion. In the following we discuss this point in some more
detail.

In contrast to the structure functions which depend only
onk,,, q‘fm. and 6, the polarization asymmetries depend in
addition on the specific electron, reaction, and orientation
kinematics, i.e., on the laboratory electron scattering angle
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FIG. 11. ESI effect: f1!(y0) (left) and f}5 (0z) (right) in the
kinematic sector Ia. Notation of the curves as in Fig. 3.

Gleab , the azimuthal n-p angle ¢—the angle between the scat-
tering and reaction planes (see Fig. 2)—and the deuteron
orientation angles 6, and ¢, viz., ¢= ¢ — ¢, . These angles
are indicated in each of the following figures of the asym-
metries in the upper left inset. Furthermore, for a given ki-
nematics we present the asymmetries over a range
0=<0=<2 where for m=<0<2m we set f(0)=f(m— 6) and
replace ¢ by ¢+ in Egs. (10)—(15).

We will begin with the simplest case of an unpolarized
deuteron target. In Fig. 18 we show two examples, the ob-
servables xz and Ox, where FSI’s change dramatically the
asymmetry in sector Ia. In Py(xz) the influence of FSI’s
leads to a sign change between 60° and 270° and an increase
in magnitude while for P,(Ox) the shape is completely al-
tered. The pronounced potential model dependence of

L0T+ (¥0) at forward angles shown in Figs. 12 and 13 is only
reflected in Py(y0) in Fig. 19 for the sectors IIb/c. Again as
in Fig. 13 we see quite similar results between two potential
models for the Bonn and Paris potentials on one side and for
V.4 and V,4 potentials on the other side. This is also ob-

4 Fi(=2)fm] [120/12) 10 Fr(=2)fm] [120/12]]
?\ 0 e b
= = " .
& g // 8g
-2 r/ 4 4
y ]
_4 1 1
’ ' 60
[(-2)fm] [120,/12]
20 + b
" 1
o
g _
85

0 20 4l0 60
0[deg]

FIG. 12. Potential model dependence: fi](yO) (top left),
LOT+ (y0) (top right), and f73+(0x) (bottom) in the kinematic sector
IIb. Notation of the curves: Argonne Vg (long dashed line), Ar-
gonne V', (short dashed line), Bonn r-space (dotted line), Nijmegen
(dash-dotted line), and Paris (solid line).
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FIG. 13. Potential model dependence: f(zOT“L (»0) (left) and
iZTJ'(Ox) (right) in the kinematic sector Ilc. Notation of the curves

as in Fig. 12.

served between 240° and 320°. For quasifree kinematics—
sector ITb-—the potential model effect at forward angles does
not survive because the very large differential cross section
So leads to a very small, almost vanishing asymmetry. Very
similar results are found for the asymmetries containing the
two other structure functions of Figs. 12 and 13.

The effect of subnuclear DOF is demonstrated in Fig. 20.
In sector Illa the influence of IC’s is seen most strongly in
Py(xx) near 120° and in P,(z0) near 240°. Also in the
quasifree sector IIb one notices considerable influence from
MEC’s and IC’s in Py(y0) and Py(0z), demonstrating the
fact that even for quasifree kinematics certain observables
are quite sensitive to subnuclear DOF.

Finally we will turn to a few vector and tensor polariza-
tion asymmetries where specific effects discussed in Figs.
11-17 are expected to manifest themselves. We begin with
the sensitivity to FSI’s as seen in Fig. 11 which shows up in
the vector asymmetries P,‘,/(yO) and PZ(Oz) in Fig. 21 for
the kinematic sector Ila. Here FSI’s cause a complete change
of pattern in the asymmetry.

MEC and IC effects are demonstrated in Figs. 22 and 23.
Figure 22 shows the vector asymmetry PZ(Ox) and the ten-
sor asymmetry P! ,(z0). To check a manifestation of the
MEC effect of Fig. 14 we have chosen four settings: In the
first ones (upper two panels) the structure function under
investigation contributes to the asymmetry, while it does not
for the settings of the lower two panels. In fact, the MEC
effect of Fig. 14 between 0° and 60° is reflected, though
somewhat weaker, in the upper part of the figure. However,
one also finds MEC effects in a different angular range and,

3 ([(—4)fm] [30/20] 3 H[(—4)fm] [30/20]]
2 - -
™) /
S '
i [ o ~ /
o\ /
-1 \'\E\ //, 4
-2 , \\\l_/ 1
0 60 120 180
0[deg]

FIG. 14. MEC effect: f15'(0x) (left) and f}2'*(z0) (right) in
the kinematic sector Ic. Notation of the curves as in Fig. 3.
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FIG. 15. IC effect: f3'(y0) (top left), £1°(z0) (top right),
1Tl{(Oz) (bottom left), and %Zf(xx) (bottom right) in the kine-
matic sector Illa. Notation of the curves as in Fig. 3.

moreover, strong MEC effects are also present for the asym-
metry in the lower left panel. This illustrates the fact that a
specific effect in one structure function is not always re-
flected in the corresponding asymmetry. The reason for this
is on the one hand the subtle interplay between several struc-
ture functions which contribute to the numerator of a polar-
ization asymmetry and, on the other hand, the influence of
the differential cross section in the denominator which also
changes with the choice of the angles ¢, 6, and ¢, .

The strong IC effects of Fig. 15 are also reflected in Fig.
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FIG. 16. Comparison of IC effect in IA to coupled channel
calculation with Vag: f%97(0x) (top left), £1°(z0) (top right),
20+ (y0) (bottom left), and £, °* (xz) (bottom right) in the kine-
matic sector Illa. Notation of the curves as in Fig. 12.
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FIG. 17. Relativistic effects: fon“L(zO) (top) in the kinematic
sectors IIb and IIc and f]LlT'(yO) (bottom) in the kinematic sector
1Ib. Notation of the curves: N+MEC+IC (long dashed line) and
additional RC’s (solid line).

23 in the tensor asymmetry Pg(xx) and the vector asymme-
try PX(zO) in sector Illa. For Pg(xx) we show two different
settings of the deuteron orientation angle 6, in order to dem-
onstrate again the dependence on this angle. For 6,=0° the
largest effect appears near 120° and near 300°. However,
one has to be aware that f%ZT of Fig. 15 does not contribute to
this asymmetry, while it does for the second setting
(6,;=90°). Therefore it is not surprising that one finds in the
second case an even more pronounced IC effect which is
situated between 220° and 300°. The vector asymmetry
PZ(zO) exhibits an even stronger influence of IC’s over a
large angular range originating from the strong IC depen-
dence offlTO(zo) in Fig. 15.

The different treatment of IC’s in the IA or CC approach
which shows up in the structure functions in Fig. 16 gives a
strong signal also in Py(0x) and P.(z0) and in the tensor
asymmetry Pg(yO) in Fig. 24. Particularly striking is
P,(z0) where all potential models give essentially the same
result in the IA whereas for the other two cases one notes a
larger variation also for the IA, but still distinctly different
from the CC approach.

Relativistic effects are in general less conspicuous than
the subnuclear ones. The relatively largest signatures are
found in small asymmetries, making their detection more
difficult. We present in Fig. 25 a few examples of vector and
tensor asymmetries which are not too small but still show
sizable influence from RC’s. The vector asymmetry P)(z0)
reaches almost =40% in sector Ic and is quite sensitive to
RC’s over the whole angular range while P}’( y0) is slightly
smaller but still showing significant RC effects. The tensor
asymmetries in sector IIc are even smaller, of the order of
10%. Particularly large changes from RC’s are seen in
PI(0z) near 90° and 240° whereas P%(z0) exhibits much
smaller sensitivity to RC’s.
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FIG. 18. Influence of FSI’s on the polarization
asymmetries Py(xz) (left) and P,(Ox) (right) for
an unpolarized deuteron target in sector Ia. The
top left inset “[ 6"/ ¢/ ¢/ 6,]” indicates the cho-
sen laboratory electron scattering angle 6’:", the
c.m. n-p angle ¢, the deuteron orientation angle
6, and ¢=— ¢, on which the asymmetries
depend. The top right inset indicates as before the
kinematic sector. Notation of the curves as in Fig.
3.

FIG. 19. Potential model dependence of
Py(y0) in the kinematic sectors IIb/c. Notation
of the curves as in Fig. 12. For the meaning of the
upper left inset see Fig. 18.

FIG. 20. Influence of subnuclear DOF on the
asymmetries Py(xx) (top left), P,(z0) (top
right), Py(y0) (bottom left), and Py(0z) (bottom
right) for an unpolarized deuteron target in sec-
tors IIb and IIla. Notation of the curves as in Fig.
3. For the meaning of the upper left inset see Fig.
18.

FIG. 21. Influence of FSI's on the vector po-
larization asymmetries P};(yO) (left) and
P}(0z) (right) in sector Ia. Notation of the curves
as in Fig. 3. For the meaning of the upper left
inset see Fig. 18.
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FIG. 22. Influence of MEC’s on the vector
polarization asymmetry P,‘;(Ox) (top and bottom
left) and the tensor asymmetry P! ,(z0) (top and
bottom right) in sector Ic, each for two different
kinematic settings of the angles. Notation of the

curves as in Fig. 3. For the meaning of the upper
left inset see Fig. 18.

FIG. 23. Influence of IC’s on the tensor asym-
metry PX(xx) (top) and the vector asymmetry
PX(zO) (bottom) in the kinematic sector IIIa. No-
tation of the curves as in Fig. 3. For the meaning
of the upper left inset see Fig. 18.

FIG. 24. Comparison of IC effects in the IA to
a coupled channel calculation with V,g: tensor
asymmetry Py(0x) (top left), P,(z0) (top right),
and PX(y0) (bottom) in the kinematic sector Illa.
Notation of the curves as in Fig. 12. For the
meaning of the upper left inset see Fig. 18.



1248 ARENHOVEL, LEIDEMANN, AND TOMUSIAK 52
8 30707070 [30/20] 15 | [30°70°/—d5°/30°] [120/25] ]
4
= N T
e 0 p=]
-2 / )
\- 4 FIG. 25. Influence of RC’s on the vector
_4 asymmetries P)(z0) (top left) and P}(y0) (bot-
s °_ 12£ 240 360 360  tom left), and the tensor asymmetries PJ(z0)
[30°/45°/45°/0°) [30/20] [120/25] (top right) and PL(0z) (bottom right) in the kine-
. ] matic sectors Ic and Ilc, respectively. Notation of
7 5 L i the curves as in Fig. 17. For the meaning of the
G \ 18 upper left inset see Fig. 18.
e \ e 0
e \ =
\ =5 r .
\/
-10 + -
0 120 240 360 0 360

6[dee]

Finally we would like to briefly discuss the influence of
the neutron electric form factor G, on the asymmetries. In
addition to the well-known asymmetries P,(0Ox) and A),
Mosconi et al. [13] have found the vector asymmetry
P“;(Oz) and the tensor asymmetry Pzd(xO) to be very sensi-
tive to G, at forward neutron emission and for 6,=90° and
¢,=0°. The sensitivity of the vector asymmetry P}(0z) to
G, is not really surprising since all observables of the el-
ementary electron-nucleon scattering process which are sen-
sitive to the interference of Gy and G, involve either
virtual-photon-target spin correlations or spin transfer from
the virtual photon or target nucleon to the final nucleon al-
ways for the x and z components which lie in the scattering
plane. For example, P,(Ox) involves the spin transfer

P,(y*)—P,(n) and the vector-target-beam asymmetry A},
[9] involves the spin correlation between P,(y*) and
P, (n) of the target neutron since a vector polarized deuteron
corresponds to a polarized neutron target. Similarly,
P7(0z) with 6,=90° describes the spin transfer
P,(n)— P (n). Thus it is not surprising that we have found
another asymmetry which shows a similar strong influence
from Gpg,, namely, the vector asymmetry P“,/(Ox) for
6,=0° corresponding to the inverse spin transfer
P,(n)— P,(n). In addition we have found six more asym-
metries which show a significant influence from G, . All of
them involve spin correlations between x and z components
of the outgoing proton and neutron, namely, two asymme-
tries for an unpolarized deuteron Py(xz) and Py(zx), two
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vector asymmetries PZd(zx) (6,=0°) and P:’d(xx)
( 0d 90°), and two tensor asymmetries Pg(xz) and
Pd(zx). We show in Fig. 26 the vector asymmetry P“;(Ox)
as well as three of the more complicated ones. Indeed, one
sees in the direction of forward neutron emission
(6=180°) the large change from practically zero for
Gg,=0 to a substantial nonzero value for G, # 0. However,
the sensitivity to Gg, is only useful for a study of G, if all
the other effects are minimal. In fact, we have checked that
MEC, IC, and RC contributions and potential model depen-
dences vanish in the interesting kinematical region for all of
the above mentioned asymmetries. However, only P:,/(Ox),
like P,‘;(Oz), is of particular interest because all the other
mentioned observables are too difficult to measure. Both of
them can be considered as real alternatives to the measure-
ment of P,(0x).

This concludes the last part of our systematic study of
polarization effects in deuteron electrodisintegration consid-
ering beam and target polarization and analysis of the outgo-
ing nucleon polarization. We have shown that various inter-
esting effects related to the NN potential, to subnuclear DOF
in terms of MEC’s and IC’s, and to relativistic contributions
and the neutron electric form factor may be studied in great
detail in a variety of kinematic regions with respect to energy
and momentum transfer. We hope that this study will serve a
twofold purpose, both as a stimulus and a guideline for fu-
ture experimental studies of this fundamental and interesting
process.
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APPENDIX A: STRUCTURE FUNCTIONS

Here we will list the explicit expressions for the various
structure functions in terms of the #-matrix elements

tsmx)\m:
MX) = T RT 2™ (A1)
IM (7 — 8% 5 11IM
M(X) = TR 2M) (A2)
IM* 4 1M
SO0 = T 5L (24,
-_l:(_)l'*'M""sx,B%?(U—M)] , (A3)
IM=* y\ _ 3% o~ 11IM
00 = T35 R (%
i(—)1+M+5X,B%;1”_M)] , (A4)

frMx)= 5 -1+5‘f%)1(1m) i (AS)
1 IME (x) = m[inéj‘(%mm
1+ 840 X
i(—)I+M+‘SX,B%§”_M)] . (A6)

Specifying the observable X, one has the following in
detail.
(i) Differential cross section (X=1)

P @
(ii) Single-nucleon polarization

2™ == VEV = Vi) (A8)
™ == NV Vi) (49)

;\({\)IM ‘/—-( Vit Vaam) » (A10)

M =iFV AV . (AL

2™ =BV (A12)

%y =BV (A13)
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(iii) Double-nucleon polarization
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APPENDIX B:
SEPARATION OF STRUCTURE FUNCTIONS

In Ref. [2] we showed how the various structure functions
of an A-type observable could be determined from measure-
ments of the appropriate asymmetry. There we restricted our
considerations to the nonpreviously discussed />0 structure
functions. In some cases the structure function could be de-
termined from a single asymmetry measurement while others
required two or more measurements. However, we missed
the optimal number of measurements for some of the struc-
ture functions. In fact a few of them require fewer settings
than given in Ref. [2]. Two can be obtained with four instead
of six settings (f7y , f75 ), while three others can be deter-
mined by two instead of four settings (fiy' , fia , f122).
For the three latter cases the expressions are as follows with
coséh=1/ V3:

3 T T
prafir (X)= \[E[Sﬁ(x;w,z ,02) —Sﬁ(x;o,z ,02)] :

(B1)
pLrf 2 (X) = \/g{sd(x - 727 g )—sg(x;o,g,eg)} ,
(B2)
2
PLT’fiTZZ_(X)= \/7[ (X 0~ il W)
—Ser(X;ﬂ',;,g” ) (B3)

where we adopt the same convenient notation as used previ-
ously,
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TTO‘

where the quantities V, ,,;;, are given by

!

byos
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-m M)\mg0 —my —oO t’mm’ Esm m - (A22)
r
SitedX: b, b, ﬁd)——So(¢)PZ/’er(X;¢,<Z, 6,) . (B4)

Now we turn to the separation of structure functions for
B-type observables using the expressions (10)—(15). Without
target and electron polarization one has two structure func-
tions which can be determined by one (f%% ,¢=/2) and
two ( jOOT ,¢=/4,7/2) out-of-plane measurements. Elec-
tron polarization only leads to two other structure functions:

1%~ which can be obtained from one out-of-plane mea-
surement at ¢= /2, and f7 % which requires two settings.

For the structure functions with target polarization we find
that six of them can be determined by a single asymmetry
measurement. They are

purf Ly (X>—fsd( ;;;) (85)
purf 3y (X)= sd( §<Z>0) (B6)
' 11 a T T

prfr (X)=-— 5 75 (B7)
1 g1 20 T
PTfT (X)"—S ( E , 9,0 ) (B8)
pLifl 1°+<X>=srd( g,a,o), (B9)

prifs “*(X)=—\/Esevd(x o,g). (B10)

Sixteen other structure functions require only two mea-
surements for their separation. These are

(B11)

(B12)
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PLTf’ 22'(X)= \/;

In this last set of equations as well as for what follows we have made a choice of angles to effect the separations. This
choice is not umque and othcr choices will lead to different coefficients in the linear combinations. The terms
poL X) +pr %X) and p,j 1(X) +pr]T1(X) in PX(X) can also be determined from two asymmetry measurements, i.e.,

v v
s[d(x;o,g ,03) —Ser(X;'rr, 5 ,03” ) (B26)

1 T .~ 37w .
PLfE°C0 + prf <X>——[ ( i B0 )+sd( o ¢,0H, (B27)

pfANX) + prfy (X)——%{SX(X;%,O, g)+s3(x;¥,o, ;)] ) (B28)

In order to separate the longitudinal from the transverse part one needs in addition a Rosenbluth analysis.
Increasing the number of asymmetry measurements to 3 allows one to determine only two further structure functions,
namely,
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sy = — (5% 36 70, 7] 454 x: 270, 7] — 2% x: 0 B29
pTTf ( )—_E d 947 ’E d aTv a2 d 32’ ,2 5 ( )
10+ 1 T - 37 . v T -
prrfrr (X)“' Xiqs 0| +5SY X’T’¢’0 =S, X;-2‘,¢,0 (B30)
Three settings also allow a determination of the combination
X)+ X—\/ESTXWﬂﬂ+STx3WWW+ sl X2, B31
pLfEA(X) + prf7(X) 3154 X773 d 770755 X;5 9.0 (B31)
All 14 vector structure functions and 16 of the tensor ones are then determined. For the remaining functions f (X)),

21_(X) f22+(X) f22“(X), and [plf (X)+ pr (X)] one needs four measurements in order to determine them. The last
combination and the one in (B31) require an additional Rosenbluth separation. A survey on the number of asymmetry
measurements needed for the separation of a given structure function is given in Table II.

TABLE II. Number of asymmetry measurements for a structure function of an observable X. The
symbol (R) indicates the need of an additional Rosenbluth L-T separation.

XeA
M L, T LT+ LT— T+ TT— T’ LT + LT'—
10 - - 1 - 2 1 - 2
11 2(R) 2 1 3 2 1 1 2
20 2(R) 2 3 - - 1 —
21 4(R) 2 2 4 4 2 2 2
22 4(R) 2 2 4 4 2 2 2

XeB
M L, T LT+ LT— TT+ TT— T LT’ LT —
10 2(R) 2 3 - 1 -
11 2(R) 2 1 3 2 1 1 2
20 - - 1 - 2 1 — 2
21 4(R) 2 2 4 4 2 2 2
22 3(R) 2 2 4 4 2 2 2
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ORIENTATION PLANE

FIG. 1. Geometry of exclusive electron-deuteron scattering with
polarized electrons and an oriented deuteron target. The relative n-p
momentum defining with é the reaction plane is denoted by ;;,,,, and
is characterized by angles 6=#6,, and ¢=¢,,. The deuteron ori-
entation axis forming with 6 the orientation plane is denoted by d
and specified by angles 6, and ¢,.



