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Two-body electrodisintegration of the three-nucleon bound state withA-isobar excitation
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Electrodisintegration of the three-nucleon bound state with two-body final states is described. The descrip-
tion uses nucleon degrees of freedom extended to include the excitation of a single nucleorstdar. The
baryonic interaction and the electromagnetic current couple nucleonic states and stated vgtbar. Exact
solutions of three-particle scattering equations are employed for the initial and final states of the reactions; due
to the excitation of the\ isobar an effective three-nucleon force is included. The current has one-baryon and
two-baryon contributions. Theoretical predictions for the reactions with selected kinematic specifications are
given. The role of the\ isobar in the description of the considered processes is discussed and its effect on
observables is quantitatively isolated.
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[. INTRODUCTION body final states in Refs[9,10]. The description uses
nucleon degrees of freedom extended to include the excita-
The concept of the spectral function for describing inelastion of a single nucleon to A isobar. The baryonic interac-
tic electron scattering from the three-nucleon bound statéon and the e.m. current couple nucleonic states and states
was developed in Refl]. It was extended to include spin With a A isobar. Exact solutions of three-particle scattering
dependence in Reff2] and to include the\ isobar degree of equations[11-13 are employed for the initial and final
freedom in Ref[3]. Restricting the electromagnetie.m)  states of the reactions. The effective three-nucleon force, me-
nuclear current to its one-nucleon contribution, it was usedliated by theA isobar and consistent with the two-nucleon
for the description of inclusive electron scattering in differentforce, is included; it decreases the underbinding of the three-
kinematic domains, i.e., in quasifree scatterjig?], in the  nucleon bound state, though it is unable to account for its
region of resonance pion productid@], and in deep- binding in full. The current has one-baryon and two-baryon
inelastic scattering1,4,5. The trinucleon spectral function contributions; they are consistent with the interaction be-
was successful in accounting for the early inelastic scatteringveen the baryons. The paper applies the theoretical appara-
data of the three-nucleon bound stfté and it was able to tus of Ref.[10] to the two-body electrodisintegration of the
evaluate the experimental attempts of employing polarizedhree-nucleon bound state. The role of theisobar in the
3He as a substitute for a neutron spin tarf@t]. The spec- description of the considered e.m. reactions is discussed and
tral function contains compact information on the three-found to be only moderately important for the studied ob-
nucleon bound state, it is pictorial and therefore quite arservables.
appealing concept. However, it had always been realized that This paper investigates trinucleon electrodisintegration
exclusive processes in inelastic electron scattering require \&ith the same motivation as the corresponding photoreac-
much more refined theoretical description, taking the hadtions: Clear signatures for the need of a three-nucleon force
ronic final-state interaction as well as exchange currents fullyjand for the need of corresponding exchange currents, when
into account, besides the one-nucleon current. That extensidheoretically describing the processes, are searched for and
of the theory beyond the plane-wave impulse approximatiorare hoped to be found. Compared with photoreactions, elec-
with the spectral function had always been on our agenda frodisintegration is potentially even richer, since the momen-
is now being done for excitation energies of final states welfum transfer carried out by the exchanged virtual photon is
below the pion production threshold. less constrained. Section Il gives the calculational apparatus
This paper reports on our description of two-body electro-according to which the differential cross sections and spin
disintegration of the three-nucleon bound state with the inobservables of the considered processes are to be obtained.
clusion of final-state interaction and of exchange currents;
the extension to three-body disintegration is in progress. kf PN Pd
Other groups[6-8] provided corresponding complete de-
scriptions before us; especially the theoretical apparatus of Q
Refs.[7,8] is quite comparable to ours. However, we add the
A isobar as an active degree of freedom providing a mecha-
nism for a three-nucleon force and for exchange currents. k; D
We described radiative nucleon-deuteron capture and pho- B
todisintegration of the three-nucleon bound state with two-  FiG, 1. Schematic description of two-body electrodisintegration
of the three-nucleon bound state. Momenta are assigned to the par-
ticles involved. The lines for the two-baryon and three-baryon par-
*Electronic address: yuan@itp.uni-hannover.de ticles are drawn in a special form to indicate their compositeness.
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Section 11l presents selected results and Section IV our corsidered processes and defines the momenta of the particles
clusions. involved; k; and k; are the electron four-momenta in the
initial and final states, their rest mass beimg; py, pq, and
Il. CALCULATIONAL SCHEME pg are the four-momenta of nucleon, deuteron, and tri-

) o ) nucleon bound state, respectively, the corresponding rest
The Hilbert space, the baryonic interaction, and the e.My555es beingny, my, andms.

current are taken over from RdfL0], where those calcula-
tional elements were used for the description of trinucleon
photoreactions. In contrast to R¢1.0], the current operator
has to carry an e.m. form factor, since the photon is virtual. We give various alternative forms for tif&matrix ele-
To the extent to which it is possible, we also adopt the notament connecting the prepared initial stéite ) of initial mo-
tion of Ref.[10]. Figure 1 shows the kinematics of the con- mentumP; with the final statdfP;) of final momentunp; :

A. S matrix

1 1
(2mi) 152 \/ZEe(ki)ZEB(pB)ZEe(kf)ZEN(pN)ZEd(p%)Zyla

(fPs|S|iPy=(—i)(2mh)*S(k¢+ pn+ Pa—Ki— pe){Si|M|s;)

£P,|S|iP —(_|)5k+ +pg—k ! ! A7 u(k k
(fP[SiP)=| 2] (ks +pnt Pa—ki DB)(ZW)2 2E.(K)2EL(K) (kf—ki)2+iod( #Se,) ¥ U(KiSe,)

1 .
X;W& )(Qf)vaf(Nd)H (Pt Pa—Pe PNt Pat Pe) [ BMa )| g, = (p,2p)13- (2.1b
P

In Eqg. (2.1b), u(ks) is the Dirac spinor of the electron with positive energy in the normalizaT(das’)u(ks)zmeczés,s; all
other quantities, e.g., the initial trinucleon bound sta\EEMBi) and the final nucleon-deuteron scattering state

[ (a) va,(Nd)), are defined in Ref.10]. (s¢|M|s;) is the singularity-free matrix element for two-body electrodisintegra-
tion, from which the differential cross section

dLips(ki+ pg K¢ ,PnPd)
4¢%\/(k; - pg)®—mamac?

do=[(s{|M|s;)|? (2.29

is obtained. Its dependence on the spin project'sglnand /\/lBi of electron and trinucleon bound state in the initial channel
(collectively described by;), and on the spin projectiorﬁgf, Mg, andMIf of electron, nucleon, and deuteron in the final
channel(collectively described b¥;), is explicitly indicated{s¢|M|s;) is defined by

47763 _
—ziou(kfsef) ¥,uU(KiSe,) V2En(Pn) 2E4(Pg) 2Es(Pe)

h
N 32
(siIMIs)= g (@mh) ¥ —

1 .
X (A0 v (N[ “(Pu+ Pa—Pe P+ Put Pe)|BM e )l ~(p,- 20913 (2.2b
p

according to Eqs(2.1). It is Lorentz invariant. The nuclear (2.2b can be calculated in any frame, we choose the lab
current frame and adopt the following computational strategy:

(1) The experimental four-momentum transfer

Q:ki_kf, (22@

V(En(pn)/myc?) (Eq(pg)/2mne?) {4, (gp) v, (N )|

X “(Px-+ Pa= P ,Pe) [BMa,) VEg(pe) 3myc?
Q=pntPd—Ps (2.20

is a Lorentz vector; it contains our model assumptions on theletermines the total energy and the total momentum of the

three-baryon system, which is described in the framework ohadronic part of the system in the final channel. Measuring
nonrelativistic quantum mechanics. Since the matrix elemerthe direction of one momentum of the final two hadrons in
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addition, i.e.,f)N or E)d, fixes both momentpy andpy in full. €y

This step is done using relativistic kinematics and the true kg 9 éx

experimental trinucleon mass. \é/ 3
(2) In contrast, all hadron energies, i.&y(pn), Eq(Pg), @ €z

andEg(pg) involved in the matrix element2.2b), are cho- /

sen non-relativistically and consistent with their -model val-
ues; here, the model trinucleon mass is used.

(3) Taking the model trinucleon binding energy for calcu-
lating the rest massiz and the average nucleon mass for the FIG. 2. Coordinate axes of the employed lab system. The scat-
nucleon massny, i.e., myc>=938.919 MeV, the relative tering angle of the electron is denoted By.
momentumg; of the final nucleon-deuteron system is deter-

mined employing the nonrelativistic forms for the hadron éZ:Q, (2.43
energies, i.e.,
2 2. 2 2 _ 2. A0 L kixk
MyC”+ myc®+ gz/ (4my/3) + Q“/6my=mgc“+ Q"c. ey:|A _ |1 (2.4b
ki X ks

Using the experimentally measured direction of the outgoing
hadrons, i.e.py or py, the magnitudes qfy, or pq are deter- =6 /Xe,, (2.40
mined nonrelativistically. Since nonrelativistic energy con-
servation is assumed and since the model trinucleon bindinige., the electron scattering plane is tkez plane, Q the
energy and therefore the trinucleon rest magsare not the  three-momentum transf&@=k; — k; according to Eq(2.20,

experimental ones, the resulting momepggandpg and the  ande, is normal to the scattering plane. The chosen coordi-

nucleon-deuteron energy do not have precisely the experhate system is illustrated in Fig. 2. The incoming electron

mental values when calculating the matrix elementang the spirg three-nucleon target are assumed to be in pure

(siM|s;). polarized states. Since the electron is relativistic, only its
(4) The electron will always be highly relativistic, i.e., its |ongitudinal polarization needs to be considered, its four-

momentum is large compared with its rest mass, &g dimensional polarization vectar, being

<|ki|, mec<|k¢|, and E¢(k)=|k|c. However, the baryons

can be considered to move nonrelativistically in the consid-

ered reactions, i.e., the calculational strategy for the matrix Ne=h

element(s;|M|s;) is physically sound.

2 ;ge Z{rger ?huéldltgrglr?gf;\f/grit:r?tdlﬁ([a]':srgl_il Zgjs z?ecr?]z?]The possible polarization of the scattered electron will not be
dLi s(ki+ pg K ), ie P P E)bserved; thus, the differential cross section depends on the
PSKi T Pe.Ks.Pn.Pa), 1€, electron current tensor in the form

ki
emgC’

(2.9

dLipS(ki+pB!kfva1pd) Lp,v(kf’ki ;ne)

=(2mh)*8(ke+ pn+ Pa— ki — Pg)

dk, oo, ¢, =2 [u(kse,) y*u(king) I* [u(ksse,) y"u(kine),

(21)32Eq(ks) (271)32EN(pPy) (277)°2E4(pg) (2.69
(2.3

X

LA (ke ki ;ne) =C2[ (K + ko) (ki + k)" — Q*Q"+g*'Q?
2 2 224 A H
and th.e flux factqr 4 V(K- pg) —mgmgC contalnlng.m- +2ihes“”“'3kfakiﬁ]- (2.6b
formation on the initial state. In contrast to the matrix ele-
mem(sf.|M|Si> which contains our model assumptions, the , Eq. (2.63, u(kin,) is a polarized Dirac spinor ang*”*#
!"”ema“c parts of the differential cross section, the Lorentz—the totally antisymmetric tensor of four dimensions with
invariant phase-space element and the flux factor, have tobe ~ _ Jo123_ ;

calculated with the true experlmeantal and rela.t'Y'St'C ENEIYIES “The three-nucleon target is at rest; its three-dimensional
of proton, deuteron, andHe for He electrodisintegration.

in-polarized stat can therefore be expanded in terms
In contrast to our approach, Refq.,8] prefer a completely spin-poanz fe) XP I

nonrelativistic description of the cross secti@?23g. gIaEZFBE\\Ndz-)dIrTT]r? g Splglr;a::zzs (l;rl: izp(;f;‘%ﬂnsé/éséyOf the bound

B. Polarization osNg|Ng)=|ng). 2.7

We discuss the differential cross section for the following
particular experimental situation. The three-nucleon target i¥Vhen the polarization is along a coordinate axis, the state
in the lab system at rest; coordinate axes are defined to beng) will be indicated by the corresponding unit vector, e.g.,
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|éz> for a state polarized along ttedirection. The differen-
tial cross section depends on the nuclear current tensor in the
form

" myc? 2myc? 3myc?
En(pn) Ed(Pa) mgc?

WH¥(pypaPs s NB)

XL (e, Ki s he) WE¥(pypgO; ng)

_ 1 En(pn) Ed(Pa) Es(Ps) PN=Q~ Py
esc? myc? 2myc? 3myc? (2.9
-) . when the deuteron is observed, with
XX (Y0 v, (Nd)|j#
X . [ e \’co(642) -
X (PNt Pa—PssPn+ Pat Pe)|BNg) Tmot=| 3 (k) S (62 (2.99

X (P (0 v (ND) |}
being the Mott cross section. In Eq.9) the particle mo-
X(PntPa—Ps:PntPatPe)BNs). (28 menta and energies are the proper relativistic ones of the
The nuclear current tensor is defined for the particular e faxperiment; all model assumptions are confined to the
er'm;ntal it uat'on in h'C;1 the Ibo nd statep's IolIJar' e()j(nuclear current tensdlV. The energys function can be inte-
peri | situation in whict oou IS polanzed, ated out analytically, which gives, besides energy conser-
but the spins of the hadrons in the final state, contained in thg_.. .
) ation, the recoil factor
discrete quantum numbefraf, are not observed; the exten-
sion to more general spin observables of electrodisintegra-
tion can simply be done by a more general definition of the

nuclear current tensor in E2.9).

C. Differential cross sections

The resulting differential cross section in the lab system is

d°o (ki ;heng)
dEq(Ky)d®k;d*py
1
4E (ki) Eo(ki)/c?cog( 0/2)

= Omott

« f d|pul P2 8L En(pr) + Eal o)

myc? 2myc? 3myc?
En(Pn) Ed(Pa) mgc?

—Qoc—mgc?]

XL,u.v(kf 1ki ;he)Wﬂy(prdO;nB) ’

Pg=Q—Pn

(2.99

when the nucleon is observed, or
d°o(k; ;heng)
d Ee(Ky) d2ksd?py
1
4E (k) Eo(ki)/c2cog( 0,/2)

=~ Omott

« f d|pg| PZ8LEn(pr) + Eq(po)

—QoC— mBCZ]

f d|pnl PR SLEn(pn) + Eg(Pa) — Qo€ — Mec?]

[PulEn(PWEd(Pa)/C |

= 5 , (2.10a
Eq(Ps) ~ En(Pu) (P PRl
when the nucleon is observed, or
J d|pal P8l En(Pn) + EalPg) — Qoc — Mgc?]
|pal En(pr) Ed(Pg)/c? | 2108

En(Pr) ~ Eo(Po) (Pu- PP, o,

when the deuteron is observed. Energy conservation deter-
mines|py|, when the nucleon is observed, dpg|, when the
deuteron is observed. In all kinematically allowed situations,
there are one or two solutions flmy| or | py| for each given
direction of the observed nucleon or deuteron; however, in
all kinematic situations described in this paper, the solutions
turn out to be unique for each measured direction or magni-
tude of the nucleon or deuteron. At the boundary of kine-
matically allowed regions, the recoil factof®.10 become
infinite [14]; at the same time the matrix elements are ob-
served to tend to zero and the resulting cross sections remain
smooth.

The contraction of the electron and nuclear current tensors
L-W is needed for the differential cross sectigg) and is
carried out in the Appendix. It is advantageous to define
photon polarization four-vectors(Q\) assuming, without
loss of generality, the coordinate systéav), i.e.,

s“(Qi)=I%(O,1:i,O), (2.11a
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1
e#(Q0)= \/?Qz(lQl,O,OQO)- (2.110

A=+1,0~1 are the possible polarization values for a vir-
tual photon. The polarization vectors satisdy e(QN)=0;
the other properties of the(Q\) are given and used in the
Appendix. The contraction is carried out in the Appendix.
After projecting the respective tensors on those polarization
vectors, e.g.,

W(pnPaPs i Ne AN")

1 En(pn) Eq(pa) Ep(Ps)
esc? myc? 2myc? 3myc?

x 2 () v, (N

X (Pn+ Py~ Pa,Pn+t Pat Pe)[Bng) e} (QN')
XY () v (ND) (Pt Pa— Pe Pyt P
+pg)[Bng)e,(QN); (2.123

all those tensor components are Lorentz scalars. Since ac-
cording to Eq.(2.2d), the four-momentum transf&p of the
electron is also determined by the hadron momenta, the ar-
gument list of the nuclear current tensor does not have to be
extended byQ. Furthermore, current conservation allows to

PHYSICAL REVIEW C 66, 054004 (2002
X| 2 vo(QB)R*(PyPeO;Ng)

+he2 v (QBe)R™ (PypyOing)

Pg=Q—Pn
(2.133

when the nucleon is observed, or

dSU(ki ;heng)
dEq(k)d?k¢d?py

= O'mottf d|pql p§5[EN(pN) +Eq(pg) —QoC

. myc? 2myc? 3myc?
"En(pn) Eda(pa) mgc?

—mgC

X ; v o(Q0)R*(PnPy0;Ng)

+he2 va/(QP)R” (PuPgOing)

Pn=Q— Py
(2.139

replace the longitudinal current component by
W @) v, (N j#(py
+Pa— P, PNt Pa+Pe)|Bng)e . (QO)

when the deuteron is observed. The cross sections are simply
derived from Eqs(2.9), using the contractio.- W in the
form of the Appendix. The ,(Q#,) andv,.(Q¥8,) are kine-

matic factors, whereaR*(pypyPs ;Ng) andR® (pyPqPs ;N)
are the nuclear responses. The summation indéakes on
the symbold,T,TT, andTL; anda’ takes the symbol3’
andTL'; their significance will soon become obvious. The

QZ
=\ — (5 () v, (N j°
Q kinematic factors have the explicit forms

X (PnFPa—Ps . Pn+ Pat Ps)|Bng). (2.12h ,
2
In the final result, the longitudinal nuclear current compo- UL(Qge)—<Q_) , (2.14a
nents are replaced by charge components according to Eq. Q?
(2.12h, and the factor/— Q?%/Q? is taken out of the current
tensor; those modified tensor elements will be denoted by 2
W“'(prde;nB) according to Eq(A11) of the Appendix. v(Q6e) 5(—2 +tarf( 6¢/2), (2.14h
By separating off the factog—Q?/Q?, the current compo-
nents loose the property of being Lorentz scalars.
In terms of those current-tensor components 1 Q?
WM (puPaPs iNg). the differential cross section in the lab vr1(Qbe) = 20 (2.149

system takes the final form,

d5 ki ;he ’ :
0-(—@ UTL(QHe):%(Q_) \/—(%)thanz(ee/Z),

dEq(ky)d?ksd?py Q
(2.149
= Omott f d|pnl PRSLEn(PN) + Eg(Pa)
QZ
,. Myc? 2myc? 3myc? UT'(QHe)=\/— & +tarf( 0/2)tan 6o/2),
Q0T MeC e (py) EalPa) mpc? (2.140

054004-5



YUAN, CHMIELEWSKI, OELSNER, SAUER, AND ADAM PHYSICAL REVIEW C66, 054004 (2002

102 In contrast, when the description of out-of-plane experi-
v (QO)= —(—2) tan(64./2), (2.14f  ments is attempted, the nuclear responses depengkoor
V2 Q ¢q explicitly. That dependence is due gp= (pg—2py)/3 In

. . . the nuclear current matrix elemeqy! ) Nd)|j*
with 6, being the scattering angle of the electron. The e(w, (qf)V”‘f( )11 (o

nuclear responses have the explicit forms, *+Pa~Pe.PntPat Pe)[B Mg, )e,(QN). Using the coordi-
nate system of Fig. 2, the direction qf is described by the
R-(PnPaPs ;Ne) = WO pryPaPs i M), (2.158  angles ¢,¢), with ¢=¢py+ 7, when the nucleon is ob-
served, andb= ¢4, when the deuteron is observed. In fact,
RT(pnPaPe ;Ne) =W ¥ (pupPaPe :Ng) + W™~ (PNPgPg;Na). the nuclear current matrix element depends ¢nonly
(2.15B  through the phase factor Mg +\—M; —mg)¢], i.e.,

TT CA ) — W . -+ . ]
R (PuPuPe:Me) =W (PrPue M) + W (prde('ané’o (0 (@) va (NA)[J"(Pn+Pg—Pa P+ P

+pg)|BMe)e,(QN)
=exfi(Mp+N—M; —mg )]

R™(pnpaPe ;Ng) = WO (pypaPs ;Ne) + W O(pypaPs; Ne)
— WO (pypaPs ;Ne) — W~ °(pyPaPs ;Ne),

(2.159 X[ (ap) ve (ND)[j¥(py+ Py — Pe. P
R™ (pnPaPa :Ne) =W (PuPaPs :Ne) =W~ (PuPaPs :Ne). +PatPe)|BMg)e,(QN)[y-0],  (2.173
(2.158

[ () v, (=M ) (—mg )(Nd)
X (PntPa—Ps PNt Pat Ps)|
XB(~Mg))e,(Q=N)ly=0]

= (= 1)L M, (VD= mg 12+ (12)- M,

R™'(pnPaPs ;Ne) = WO (PNPaPs Ne)
+W*O(pypgPe; Ns) + WO (puPaPs ;M)
+W~(pypaps i Ne)- (2.15f

We use the convention of responses as given in R,

alternatives are discussed in Rf6]. It can be read off from X[ () va, MM | "(Pn+ Pa— Pe P
the definition of the nuclear responses that the response with
superscripL refers to the longitudinal current componeft, + Pyt pe)|BMg,)e,(QN)[g=o]- (2.17H

and T’ to the same transverse current components, respec-

tively, TT to the interference of different transverse currentThus, the nuclear current matrix elements for out-of-plane
components, andL and TL’ to the interference of trans- €Xperiments can easily be obtained from those withO for
verse and longitudinal current components. The responséB-plane experiments. In E€2.17b the spin projection#/;
with unprimed superscripts determine the cross sections faind ms, of the final state are made explicit for more trans-

an unpolarized electron beam, those with primed superscripisarency. Furthermore, if the trinucleon target is unpolarized,

are particular for the cross sections with polarized electronpe dependence o# can be separated off from the nuclear
beams. Furthermore, the dependence on the nuclear polariz,%—SponseS in a standard fashion, i.e.,

tion vectorng could be factored out, i.e.,

1
~ - L . L
Re(PuPaPe Ne) = R§(PuPaPe) + e R(PpaPe), 5 2 R(PpOing) =r(Qloy). (2183
(2.16a
! a' n ! 1 T T
R* (PnPaPs Ne) =Ry (PuPaPs) + M- R (PyPaPs)- 5 2 R(pupa0ing) =r"(|Ql6y), (2.18b
(2.16b "8
The list of arguments used for the nuclear responses of Egs. 1 T L TT
(2.195 and (2.16 is excessive; it is kept in order to make 2 nEB R™(pnpgO:ng) =1 '(|Ql ) cos 2¢),
clear that the nuclear responses are determined solely by (2.180

hadron properties. This paper calculates them in the lab sys-

tem, i.e., forpg=0, and it chooses the coordinate system of 1

Fig. 2. Respecting the energy conservation in the cross sec- > > R™(pnpa0:ng) =1 TH(|Q| 6y) cos dy),
tions of Egs.(2.13), the nuclear responses depend solely on "8

the magnitude of the three-momentum transgf@fr and on

the direction of the observed nucleon or deuteron, i.e., on 1

(Onn) Or on (B4¢4). The paper describes in-plane experi- = > R"(pnypgO;ng) =0, (2.180
ments, i.e. ¢y and ¢y are 0 ormr. 2 g

(2.189
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1 , , . nucleon-deuteron system will only slightly deviate in the
52 R™ (pnpa0;ng) =1 (|QlOy)sin( ¢y), model calculations from its corresponding experimental
"8 (2.180 value.

Our calculations of the Lorentz-invariant matrix element
(s;|M|s;) of Eqg.(2.2b are frame dependent due to the use of
nonrelativistic hadron dynamics; the degree of frame depen-
Oq,Fnce represents the systematic theoretical error inherent in
our calculations. We test the frame dependence by comparing
results obtained in the lab, in the center-of-masm,), and
in the Breit frames. The c.m. system is defined with respect
to the momentum of the virtual photon, i.e., RQ#+pg=0,
the final hadron state being in its c.m. system. The three
Ill. RESULTS calculations agree better than 2% for all observables dis-
cussed in this paper; the largest spread is for the spin observ-
ables of Fig. 14; they are very small in value and refer to the
largest momentum transféQ|=621.6 MeVkt considered.

when the nucleon is observed. In Eq8.18), (6y,¢n) get
replaced by @4,¢4), when the deuteron is observed. If the
trinucleon target is unpolarized, a dependence on the electr
beam polarization only survives for out-of-plane experi-
ments. In the notation of Eq§2.16), the right-hand sides of

Egs.(2.18 correspond tdRg(pnpy0) anng,(prdO).

Calculations are performed for the reaction

e+°He—e'+p+d (3D As usual, we trust the calculation in the Breit frame most,
] since then the hadron momenta, involved in the reaction, are
without polarization and for the reaction smallest in the average. Nevertheless, in general we carry the
o calculation of(s¢|M|s;) always out in the lab system, since
e+°He—e'+p+d (3.2 that calculation is technically simplest for us. The frame de-

pendence of the rather special spin observables will be ex-

with specific polarizations. This paper considers experimentplicitly shown further on in the context of Fig. 14. With
in which the observed proton or the observed deuteron are ifespect to other observables, the discussion of this point is
the scattering plane; in those experiments, the unobservetbnsidered closed.
hadron is also in the scattering plane. All existing data are obtained for the reacti¢8.1) in

The theoretical predictions are based on the baryonic inRefs. [21-24; they refer to the spin-averaged differential
teraction and the e.m. current of REE0]. The purely nucle- cross section,
onic reference potential is the Paris potenfiHl]; it is ex-

tended to the goupled-_channel pqten@ as in Ref[18] to_ d5o 1 dSa(k; ;heng)
account for singleA isobar excitation; two-body partial e 7 2 — o,
waves up tol=2 are taken into account. The trinucleon  dEe(ki)dkd“py  “ he==1 ng dEe(k¢)d“kid py

bound state and the scattering wave functions are computed @33
and used for the reaction matrix elemésgM|s;) as in Ref.
[10]. The multipole expansion of the e.m. current is definedwhen the nucleon is observed; when the deuteron is ob-
in Sec. A5 of Appendix A in Ref[10]; charge, electric, and servedpy is to be replaced bpy. The comparison between
magnetic multipoles contribute; their highest multipole orderdata and theoretical predictions is done in Figs. 3—11. Spin
to be considered is determined by the maximum threeebservables of the reactidB.2) are not measured yet; they
baryon angular momentuny/,,x kept for the nucleon- will be measured in experiments planned at MIT/Bates
deuteron scattering state. The calculations of this paper exand at JLab; we give examples for our predictions in
pand that scattering state up tf,,,—21/2, the highest Figs. 12-14.
multipole order therefore being 11. In contrast to Ré0)] Figures 3-5 refer to experiments without polarization in
the current operator carries an e.m. form factor, since thevhich the proton is observed. Figure 3 shows experimental
photon is virtual; we choose the e.m. form factors of Ref.data and theoretical predictions for the lab differential cross
[19] for the nucleon; the relation between nucleon and section at 367.1 MeV electron beam energy in the reaction
isobar form factors is taken from R¢R0]. The calculations kinematicsT1 andT2, Fig. 4 at 390.0 MeV electron beam
of the two-baryon current are marred by instabilities; thoseenergy in the reaction kinemati€l, C2, andC3, and Fig.
instabilities are dealt with as in Ref10], and they do not 5 at 390.0 MeV electron beam energy in the reaction kine-
invalidate the numerical reliability of the obtained results.matics HR. The data of Figs. 3—5 are taken from R2t],
Furthermore, the calculations leave out the Coulomb interacwhere also the reaction kinematics are defined; their defini-
tion between the protons. Thus, the predictions are besions are quoted in the figure captions. Figure 6 shows ex-
suited for electrodisintegration 6fH. However, the experi- perimental data and theoretical predictions for the lab differ-
mental data to which this paper compares its results will refeential cross section at 527.9 MeV electron beam energy; the
to He. data are taken from Ref22]. The agreement between ex-
The theoretical binding energymgc?—3myc? is  perimental data and theoretical prediction is mixed. The
—7.702 MeV for the coupled-channel potential andisobar effect is moderate. It is split into detailed contribu-
—7.373 MeV for the Paris potential, the purely nucleonictions in Fig. 7 for kinematicsT1 at 367.1 MeV electron
reference potential, whereas the experimental binding enerdyeam energy, shown in Fig. 3; it arises mostly from changes
is —7.718 MeV. Thus, the excitation energy of the final in the nucleonic part of the three-nucleon bound state due to
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FIG. 3. Lab differential cross section of two-body electrodisin- 2
tegration of®He at 367.1 MeV electron beam energy as a function 5 3.6x10-7 .
of the proton lab angledy with respect to the direction of the 5
incoming electron. The data are taken from Refl]. The plot on % 9 4x10-T |
the top refers to the reaction kinemati€g, i.e., 6,=85°, QqC & ’
=107.1 MeV, and Q|=431.0 MeVk, on the bottom it refers to =)
the reaction kinematic¥2, i.e., §.=85°, Q,c=143.8 MeV, and S Lax107" 7
|Q=412.7 MeVk. The full results for the interaction with =
A-isobar excitation are shown as solid lines, whereas the results for us:

the purely nucleonic reference potential are shown as dashed lines. 20 30 40 50 60 70
We note that the calculated nonrelativistic c.m. excitation energy of
the final nucleon-deuteron system without rest masses, g¢€.,
+30q7/4my, e4 being the deuteron binding energy, has the theoret- £ 4 | ap differential cross section of two-body electrodisin-
ical values 68.6%68.98 MeV for the reaction kinematic§1 in the tegration of®He at 390.0 MeV electron beam energy as a function
calculation with(without) A isobar, the discrepancy with the 68.63 of the proton lab angledy with respect to the direction of the
MeV value arising from the proper experimental trinucleon bindingincoming electron. The data are taken from HefL]. The plot on
energy is quite small. We see similarly extremely small discrepany,o top refers to the reaction kinematicd, i.e., §,=74.4°, QqC
cies of the final-state excitation energy between theoretical predic= gg 1 MeV, andQ|=434.8 MeVk: in the middle it refers to the
tion and experimental values in all other experiments of this papefaction kinematicsC2, i.e., §,=79.0°, Quc=110.4 MeV, and
carried out and planned; we shall therefore not discuss this poir]b|:434_4 MeVk: and on the bottom it refers to the reaction ki-
any further. nematics C3, ie. 6,=83.0°, Q,c=145.1MeV, and |Q|

. . . =434.5 MeVEL. The full results for the interaction with -isobar
the presence of tha isobar. Figures 8-11 refer to experi- oycitation are shown as solid lines, whereas the results for the
ments[23,24 without polarization in which the deuteron is ,rely nucleonic reference potential are shown as dashed lines.
observed. The electron beam energies are 370 MeV and 5?6
MeV. Figure 8 shows results for parallel kinematics, i.e., formomentum transfefQ| is kept fixed at|Q|=412 MeVrc,

f)d||Q, energy transfers, the electron scattering angle is varied04 MeV/c, and 604 MeV¢E. The theoretical predictions
and thereforedy as well, but the magnitude of the three- overestimate the data, often by a factor of 2. Thesobar
momentum transfefQ| is kept fixed at|Q|=412 MeV/c,  effect increases that discrepancy by about 10%; it gets more
504 MeV/c, and 604 MeVE. The cross sections are given noticeable at larger nucleon momentiipy|; both observa-

as functions of the magnitude of the moment|py| of the tions are somehow hidden by the logarithmic plots used in
recoiling proton. Figure 9 shows results for different kine- Refs.[23,24]. We note in passing that, according to more
matic situations, but again the magnitude of the threedetailed calculations of ours, not reported on, the hadronic

On (degrees)
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FIG. 7. Contribution to the\-isobar effect for the differential
cross section of two-body electrodisintegratiortbfe as a function
of the proton lab angledy with respect to the direction of the
incoming electron. The plot refers to 367.1 MeV electron beam

FIG. 5. Lab differential cross section of two-body electrodisin-
tegration of*He at 390.0 MeV electron beam energy as a function
of the proton lab angledy with respect to the direction of the

incoming electron. The data are taken from Refl]. The plot ) _ ) : St
refers to the reaction kinematics HR, i.e6,=39.7°, QqC energy with the reaction kinematidsl of Ref.[21]. Shifts in the
PR ' observable are shown. The full shift in the prediction, arising from

=113.0 MeV, andQ|=250.2 MeVk. The full results for the in- i A - g
teraction withA -isobar excitation are shown as solid lines, whereasiN€ different predictions of the purely nucleonic reference potential

the results for the purely nucleonic reference potential are shown g&1d the coupled-channel potential, is shown as solid line. That full
dashed lines. shift is split up into four distinctA contributions, i.e., the contribu-

tion arising from the theoretical change of the triton binding energy
(dotted ling, the contribution arising from the change of the nucle-

final state interaction shows up quite S_Izeably in the data(5nic components in the bound-state wave funcfidashed-dotted
whereas the effect of meson exchange in the e.m. current

. I%e), the contribution arising from the change of the nucleonic
rather moderate. In Figs. 10 and 11 nuc_lear respo_nses aESmponents in the scattering wave functighort-dashed lineand
e?(tr_acted from the data and compared with theoretical Pr€he contribution arising from th&d components in both hadronic
d'Ct'O,nS' . . L . wave functions and from the e.m. currdtling-dashed ling those

Third, we give theoretical predictions for selected Sping,r contributions add up to the full shift, making up the complete
observables of the reactid8.2) with polarization. Experi-  A_isobar effect.
ments are plannel®5] at MIT-Bates with beam energy 750
MeV. Experiments are also planng2b] at JLab with beam  scattering plane according to Fig. 2. They will measure the
energy 2.4 GeV. The experiments will be done with a polar-spin-averaged differential cross section and the asymmetries
ized beam and a target polarizedxmndz directions of the A andA,, defined by

c'? 6.0x107¢ T T T T T :[ dSO'(ki ;heéx,z) . d50'(ki — he_ éxz)l

c By ad | ldEak ks dE(kp)d%kid?py

g 45x107° I\ . 5 . - 5 _ -

& \ | dPotkihe—86)  do(ki;—heeys) }/
5 30x07 - dEq(k))d?ked?py  dEq(kp)d?ksd?pg

=

C:%i‘ 1.5)(10_6 L | dSO'( ki ,hfex’zz d50'(ki i hf_ e),(\'Z)

§ dEq(k¢)d?ked?py dEe(Ks)d?ked?py

)

ng@ L 1 1

d°o (ki ;he—6,) . d°o(ki; —heg )
dEq(ki)d%kid?py  dEq(ky)d?ked?py

30 40 50 60 70 80 90

] . (3.9

Oy (degrees)

For both planned experiments of reactith?2), predictions

are available. We assume that the scattered electron at 750-
MeV beam energy be observed under the amgte30° with

FIG. 6. Lab differential cross section of two-body electrodisin-
tegration of*He at 527.9 MeV electron beam energy as a function

of the proton lab angledy with respect to the direction of the =
incoming electron. The data are taken from Ri2]. The plot &N €nergy 10sQqc=48 MeV and a three-momentum trans-

refers to the reaction kinematic$, i.e., 6,=52.2°, Q,c  [€f |Q|=380 Mev/c, and at 2.4-GeV beam energy under the
=99.8 MeV, andQ|=430.0 MeVk. The full results for the inter- angle 6.=15° with an energy losQ,c=112.5 MeV and a
action with A-isobar excitation are shown as solid lines, whereasthree-momentum transfeiQ| = 621.6 MeVk. In both ex-

the results for the purely nucleonic reference potential are shown ggeriments the magnitude of the proton recoil momentum
dashed lines. centers around 20 MeV. For both experiments the c.m. exci-
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— electron beam energy. Sample spin observables are given as
& ol function of the directiond, of the deuteron in Figs. 12 and
Z 1077 13. TheA-isobar effect can be sizable; it is split up into its
§ detailed contributions and turns out to be a complicated su-
% 1077 perposition of several contributions. Figure 14 shows the
= F frame dependence for the two spin observables especially
€ 10¢ L studied: we note with concern, that the degree of frame de-
o E pendence can be of the order of thesobar effect.
% -
% 102 E
= 3 IV. CONCLUSIONS
= 10-10 The database for electrodisintegration with two-body final
0 50 100 150 200 0 50 100 150 200 states is still rather small. All data known to us refer to in-
plane processes without polarization. Striking disagreement
[px| (MeV/e) [px| (MeVy/c) between data and theoretical predictions is observed for the

FIG. 8. Lab differential cross section of two-body electrodisin- differential cross section in some particular kinematic re-
tegration of 3He as a function of the magnitude of the recoiling 9imes. We cannot relate that discrepancy yet to a definite
proton momentunipy|. The left plot refers to 370 MeV electron Shortcoming of the hadron dynamics and/or of the employed
beam energy and the right one to 576 MeV electron beam energ@-M. current on which the theoretical predictions rest.
Parallel kinematics, i.epg|Q, is assumed. The solid lines are ob- ~ We believe that the theoretical apparatus used is techni-
tained from a full coupled-channel calculation with the inclusion of cally sound and physically quite realistic. In future, we shall
single A-isobar excitation, and the dashed lines from a referencaiSe more modern and better calibrated two-nucleon poten-
calculation withoutA-isobar excitation. The data are taken from tials. Furthermore, we shall extend the calculations also to
Ref. [23]. They belong to three-momentum transfers 412 MeV/ cover electrodisintegration of the three-nucleon bound state
(crossey 504 MeVic (open circley and 604 MeV¢é (open  with three-nucleon final states.

squares
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71077 APPENDIX: CONTRACTION L-W OF ELECTRON AND
3 NUCLEAR CURRENT TENSORS

—& ) —5
1 3 The differential cross sectidi2.2g depends on the square

1 00 of the singularity-free matrix elemexs;|M|s;) that is pro-
3 0 portional to the contraction of the electron and nuclear cur-
] rent tensors,

109

&0 /(dQydk;dQq)[fm? /(MeV s1%)]

L I |||.i.|.|.10_10

10-10 —
200 -100 0 100 200 -200 -100 O 100 200

[pn| (MeV/c) Py (MeV/c)

L-W=L,,, (ks ki ;ne) W*"(pypgPs ; Ne) - (A1)

FIG. 9. Lab differential cross section of two-body electrodisin- This dependence is explicit in the fornG®.9) of the cross
tegration of He as a function of the magnitude of the recoiling section. The contraction is calculated in this appendix. We
proton momentumpy|. Negative|py| correspond tapy=7. The  use a method developed in Reff$5,16].
left plot refers to 370 MeV electron beam energy and the right one The contraction(Al) is carried out by projecting both
to 576 MeV electron beam energy. The solid lines are obtained fromensors on the photon polarization vectar@Q\) of Eq.

a full coupled-channel calculation with the inclusion of single (2,113 using their property

A-isobar excitation, the dashed lines from a reference calculation

without A-isobar excitation. The data are taken from Ref4].

They belong to three-momentum transfé@/energy transfer€), 2 (— 1) (QN)e”(QN)=g*"— Q*QYIQ?, (A2)
412/50 MeVE (crosses 504/70 MeVt (open circleg and A

604/100 MeVE (open squargsAt 370 MeV beam energy the elec-

tron scattering angles are 72.9° and 97.0°, at 576 MeV beam efWith Q=k;—k;=py+py—pg. Since the e.m. currents are
ergy the electron scattering angles are 43.6°, 55.1°, and 69.3Gonserved, the Lorentz-vector products of currents in the
respectively, ordered according to increasing three-momenturgontraction can be replaced by products of components with
transfer|Q|. respect to photon polarization vectors according to
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_2 1 1 1 1 -1 1 Il 1 1 1r 1 1 1 L i

0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
[pn| (MeV/c)

FIG. 10. Nuclear responses® of two-body electrodisintegration of the unpolariz8de target as a function of the magnitude of the
recoiling proton momentunpy|. The dependence af’t on 64 is transformed into the dependence jgR|. The left plot refers to
three-momentum transfer of 412 May//the middle one to 504 Me\¢/ and the right one to 604 Me¥/ The solid lines are obtained from
a full coupled-channel calculation with the inclusion of sindlésobar excitation, and the dashed lines from a reference calculation without
A-isobar excitation. The data are taken from R&#]; the open circles refer to 370 MeV electron beam energy and the crosses to the 576
MeV one.

U(KiSep) 7,U(kiSe) (45 () v (N with

IPNE PP P Pt Po)lB) L(ky ke AN )= 3 [Ukise) y*u(king) e ,(QV)
=3 (Tl vk QM) :f[U(kfsefWu<kine>]et<Qx>,

X[ () v, (ND) | (P Pa— Pe P

+Ppgtpe)|Bng)e,(QN)]. (A3)

Thus, the contraction takes the alternative form

(A5a)

L (ks ki sne;AN")=c?[(ki+kp)-e(QN")(ki+kp)-e* (QN)

) +(—1)"6),,Q?
L-W=2, (=1 ML(Ke ki e AN")

AN +2iNee 4,08 (QN') e (QNK{KE],
X W(pnPaPs;NeAN"), (A4) (A5b)
30 T T T T T T T T 30

§ E

+ %

T 5

?%; pas

g _

¥ &

‘;:E <

0 50 100 150 200 0 50 100 150 200
[pra| (MeV/c) [pn| (MeV/c)

FIG. 11. Nuclear responses+r " andr T of two-body electrodisintegration of the unpolarizéide target as a function of the magnitude
of the recoiling proton momentufipy|. The dependence aof - on ¢, is transformed into the dependence |pg|. The left plot refers to
three-momentum transfer of 412 May//the middle one to 504 Me\¢/ and the right one to 604 Me¥/ The solid lines are obtained from
a full coupled-channel calculation with the inclusion of sindlésobar excitation, and the dashed lines from a reference calculation without
A-isobar excitation. The data are taken fro24]; they refer to 370 MeV electron beam energy.
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FIG. 12. AsymmetryA, of two-body electrodisintegration of FIG. 13. AsymmetryA, of two-body electrodisintegration of
3He as a function of the deuteron lab anglewith respect to the 3He as a function of the deuteron lab anglgwith respect to the
direction of the incoming electron. The plot refers to 2.4 GeV elec-direction of the incoming electron. The plot refers to 2.4 GeV elec-
tron beam energy with the reaction kinematics defined in the text. Iiron beam energy, with the reaction kinematics defined in the text.
the top part, the full result for the interaction wittrvisobar excita-  In the top part the full result for the interaction wittvisobar exci-
tion is shown as solid line, whereas the result for the purely nucletation is shown as a solid line, whereas the result for the purely
onic reference potential is shown as a dashed line. In the bottomucleonic reference potential is shown as a dashed line. In the bot-
part, theA-isobar effect to the asymmet#y, is studied in detail. tom part theA-isobar effect to the asymmetrk, is studied in
Shifts in the observable are shown. The meaning of the differentetail. Shifts in the observable are shown. The meaning of the dif-
shifts and of the corresponding lines is the same as in Fig. 7. ferent shifts and of the corresponding lines is the same as in Fig. 7.

L (K¢, ki g AN) =LK ki ;ng;AN") Thus, the electron current tensor has only six independent
. components, i.el.°(00), and

+hel (ks Kisng;AN),  (A5C)
Lo%(0+)=~L%0-)*=~L%-0)=L%(+0)*,

and withW(pypgps;ng;AN") defined in Eq(2.123. In the (A8a)

remainder of this appendix we omit the momentum and po-
larization arguments in the current tensors for brevity. The
current tensors of the\(\") form satisfy the following sym- Lo+ +)=Lo%——)*, (A8b)
metry relations:

LOOA)=LO(\'N)*, (A6a) LO(+—)=L%(—+)*, (A8c)
LO=N=N")=(=D) NLOON)*, (A6b) L"(0+)=L"0—)*=L"(-0)=L"(+0)*, (A8d)
L"OW) =L 0, (A60) LM(++)=—L(——)*, (ABe)

LPN(=N=N)=(=D)IMLhOw)*,  (A6d)  with L"(00)=L"(+—)=L"(—+)=0. The elements of the
(AN") tensorsL(AN") andW(AN'") are Lorentz scalars and

and can be calculated in any Lorentz frame. In the frame of Fig.
2 the components of the electron current tensor have the
W) =W(N'N)*. (A7) explicit forms
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FIG. 14. Asymmetried\, (top) and asymmetnA, (bottom) of
two-body electrodisintegration 6He as a function of the deuteron

lab anglefy with respect to the direction of the incoming electron.
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4Eq(ki)Ee(ki)
2

Vo= coS(64/2). (A9g)

c

All components of the electron current tensor turn out to be
real. With those components the contractlorW takes the
following form:

2 —
Py W(OO)+UO >

2
Q2 +tarf( 64/2)

Q2
2_02]
XIW(+ =) +W(—+)]

2 _ N2

X[W(0+)+W(+0)—W(0—)—W(—0)]

2
+hevotan 64/2) \ [ tarf( ee/z)—&

L
-)]- hevo\/z Q) tan( 6/2)

L-W:U0|:_

X[W(++)+W(——)]+vg

XIW(++)—W(—

X[W(0+)+W(+0)+W(O0—)+W(—0)]. (A10)

The plot refers to 2.4 GeV electron beam energy with the reaction

kinematics defined in the text. The results are for the purely nucle:
onic reference potential. The solid lines are results in the lab sys
tem, the dashed lines in the c.m. system, and the dotted lines in tHE

Breit system.

2
LO(00)= vo{ - %1 , (A9a)
[— D2 2
L0(0+)=v0\/7§ IQCIQ tanZ(HIZ)—Q—, (A9b)
_QZ
L0(++)=vo{ 20 +tarf(6¢/2) |, (A9c)
QZ
Lo+ - )—UOLQZ] (A9d)
1 V-Q?
L"0+)= vo\/z 9 ———tan(6/2), (A9e)
QZ
LN(+ +)=votan 64/2) tarF(BeIZ)——Z, (A9f)

with

F|naIIy we rewrite certain components of the nuclear current

HgNsOrW(AX') in the alternative X\ ") form, i.e., those con-

nected with the component=0 and/or\’=0, employing
current conservation according to Eg.12h and using

2
W“’={ \/—%fxoﬂl—éw)
2
V ~ %5>\'0+(1_ O\0)

When calculating the nuclear current ten®dr in the form
(A11), all zero components are to be obtained from the
charge  matrix  element (4 (qr)v,, (Nd)|j%(pn+Pg
—Pg.Pnt Pyt Pe)|Bng) directly instead of from the four-
vector current component along the polarization vector
£*(Q0). With respect to zero components the kinematic and
frame-dependent factok/— Q% Q? is split off from the
Lorentz-scalar component®/(A\"); thus, the components
of the nuclear current tens®™*" lost the property of being
Lorentz scalars.

In terms of the nuclear current tensof’,
tion L- W takes the final form

X W(ANT).

(A1)

the contrac-
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with the kinematic factors defined in Eg.143 and the
L-W=vg| > v,(Q 6e)R*(PnPaPs;Ne) nuclear responses defined in Eq8.15. The contraction
“ L-W is a Lorentz scalar, whereas the nuclear responses in
) general are not. The actual calculation of this paper will use
+ hez v,(Q 8)R™ (PnPaPe;NB) |, (Al2)  the lab frame withpg=0 for the nuclear responses.

[1] H. Meier-Hajduk, U. Oelfke, and P.U. Sauer, Nucl. Phys.[13] K. Chmielewski, S. Nemoto, A.C. Fonseca, and P.U. Sauer,

A499, 637(1989. Few-Body Syst., SupplL0, 335(1998.
[2] R.W. Schulze and P.U. Sauer, Phys. Rev&38 (1993. [14] J. Adam, Jr., F. Gross, S. Jeschonnek, P. Ulmer, and J. Van
[3] K. Chmielewski, diploma thesis, University of Hannover, Orden, nucl-th/0204068.
1993. [15] T.W. Donnelly and A.S. Raskin, Ann. Phy&\.Y.) 169, 247
[4] R.-W. Schulze and P.U. Sauer, Phys. Re6821051(1997). (1986.
[5] U. Oelfke, P.U. Sauer, and F. Coester, Nucl. P#518, 593 [16] v, Dmitrasinovic and F. Gross, Phys. Rev. 40, 2479
(1990. (1989.

[6] E.v. Meijgaard and J.A. Tjon, Phys. Rev.42, 74 (1990; 42,
96 (1990; 45, 1463(1990.

[7] H. Kamada, W. Glokle, and J. Golak, Nuovo Cimento Soc.
Ital. Fis., A105A, 1435(1992.

[8] J. Golak, H. Kamada, H. Wita] W. Glackle, and S. Ishikawa,
Phys. Rev. (51, 1638(1995.

[17] M. Lacombe, B. Loiseau, J.M. Richard, R. Vinh Mau, J. Cote
P. Pires, and R. de Tourreil, Phys. Rev.Z1, 861 (1980.

[18] C. Hajduk, P.U. Sauer, and W. Strueve, Nucl. P05, 581
(1983.

[19] M. Gari and W. Krumpelmann, Phys. Lett. B73 10 (1986.

[9] L.P. Yuan, K. Chmielewski, M. Oelsner, P.U. Sauer, A.C. Fon-[zo] W. Strueve, C. Hajduk, P.U. Sauer, and W. Theis, Nucl. Phys.

seca, and J. Adam, Jr., Nucl. Phy689, 433c(2001). A465, 651,(1987)' ) ) )

[10] L.P. Yuan, K. Chmielewski, M. Oelsner, P.U. Sauer, A.C. Fon-[21] P.H.M. Keizer, Ph. D. thesis, University of Amsterdam, 1986;
seca, and J. Adam, Jr., Few-Body Sy&2, 83 (2002. E. Jang(private communication

[11] S. Nemoto, K. Chmielewski, J. Haidenbauer, S. Oryu, p.u.[22] E. Janset al, Nucl. Phys.A475, 687 (1987.
Sauer, and N.W. Schellingerhout, Few-Body Sy24, 213 [23] C.M. Spaltroet al,, Phys. Rev. Lett81, 2870(1998.

(1998. [24] C.M. Spaltroet al, Nucl. Phys.A706, 403 (2002.
[12] S. Nemoto, K. Chmielewski, J. Haidenbauer, U. Meyer, S.[25] D. W. Higinbothamet al, JLab Hall: A approved-proposal 02-
Oryu, and P.U. Sauer, Few-Body Sy&t,, 241(1998. 108; (private communication

054004-14



