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The sensitivity of momentum distributions, recoil polarization observables, and response functions for
nucleon knockout by polarized electron scattering to channel coupling in final-state interactions is investigated
using a model in which both the distorting and the coupling potentials are constructed by folding density-
dependent nucleon-nucleon effective interactions with nuclear transition densities. Elastic reorientation, inelas-
tic scattering, and charge exchange are included for all possible couplings within the model space. Calculations
for 1%0 are presented for 200 and 433 MeV ejectile energies, corresponding to proposed experiments at MAMI
and TINAF, and fort?C at 70 and 270 MeV, corresponding to experiments at NIKHEF and MIT-Bates. The
relative importance of charge exchange decreases as the ejectile energy increases, but remains significant for
200 MeV. Both proton and neutron knockout cross sections for large recoil monmente800 MeV/c, are
substantially affected by inelastic couplings even at 433 MeV. Significant effects on the cross section for
neutron knockout are also predicted at smaller recoil momenta, especially for low energies. Many of the
response functions and polarization observables for nucleon knockout are quite sensitive to the coupling
scheme, especially those which vanish in the absence of final-state interactions. Polarization transfer for proton
knockout is insensitive to channel coupling, even for fairly low ejectile energies, but polarization transfer for
neutron knockout retains non-negligible sensitivity to channel coupling for energies up to about 200 MeV. The
present results suggest that possible medium modifications of neutron and proton electromagnetic form factors
for Q?=0.5 (GeVk)? can be studied using recoil polarization with relatively little uncertainty due to final-
state interactiond.S0556-28189)01806-3

PACS numbe(s): 25.30.Dh, 24.10.Eq, 24.78s, 27.20+n

[. INTRODUCTION pling (QMC) model has been used to study the density de-
pendence of the nucleon electromagnetic form fadters/]

Proton knockout by electron scattering has become estalinduced by coupling of their constituent quarks to the strong
lished as the most accurate method for measuring recoil macalar and vector fields within nuclei. However, because the
mentum distributions for nuclear single-hole states. With theeffects predicted are relatively small at normal nuclear den-
high resolution available at NIKHEF, precise measurementsities, it will be very difficult to extract unambiguous results
of distorted momentum distributions have been made for disrom measurements of cross sections for single-nucleon
crete states in many nuclgl]. Recent reviews of nucleon knockout from nuclei. Fortunately, recoil polarization ob-
electromagnetic knockout reactions can be found in Refsservables are expected to be much less vulnerable than cross
[2—4]. These studies have provided much information on thesections to uncertainties in spectral functions, gauge ambigu-
fragmentation of single-particle strength among various holéties, and off-shell extrapolation of the single-nucleon current
states in the residual nucleus. Although the missing momermsperator{8]. In the one-photon-exchange approximation, the
tum distributions for strongly excited states generally agreeatio between the longitudinal and coplanar transverse polar-
quite well in shape with mean-field calculations, the totalization transfersP|/Pg, is proportional to the ratio between
strength observed is systematically lower than the singleelectric and magnetic form factor§g /Gy, and this rela-
particle strength. The quenching of the single-particletionship is relatively insensitive to distortion by the optical
strength is attributed to correlations which spread thapotential for the ejectile. The primary objective of the
strength over broad ranges of both energy and momentunpresent investigation is to determine the effect of channel
Therefore, evidence for these correlations has been sought #dupling in final-state interactions, especially of charge ex-
single-nucleon knockout with large missing momentum forchange, upon recoil polarization.
which correlations might be expected to enhance the yield Ideally one should evaluate the nuclear electromagnetic
with respect to mean-field models. However, because inelagurrent using a many-body Hamiltonian which accurately de-
tic scattering and charge exchange contributions to final-statgcribes both bound and scattering states. Calculations for
interactiongFSI's) can also enhance the yield for large miss- 1°0(e,e’N) have been performed fdry~70-100 MeV by
ing momentum, it becomes important to extend the treatmerRyckebuschet al. [9] using a Hartree-FockHF) random
of FSI's beyond the usual optical-model approach. phase approximatioRPA) model based upon a Skyrme in-

Another of the central problems of nuclear physics is toteraction[10]. The roles of channel coupling and two-body
determine the sensitivity of hadronic properties to the locakurrents at large missing momentum have also been investi-
baryonic density. For example, an early hypothesis motigated recently forTy=100 MeV by van der Sluyst al.
vated by the EMC effect was that the nucleon charge radiugl1]. Both bound and continuum wave functions are gener-
increases with density. More recently, the quark-meson couated within the HF mean field for the Skyrme interaction.
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The current operator is also based upon the HF Hamiltoniarsity approximation. A simpler version of the model was used
Thus, this approach preserves gauge invariance and avoidscently to analyze coupled-channel effects upon the dis-
orthogonality defects. On the other hand, because the medarted momentum distributions for th¥B(e,e’p)°Be
field is real, attenuation of the scattered flux must be deand °B(v,p)°Be reactiong22]. Coupling within the °Be
scribed by explicit coupling to the open channels. Couplingrotational band was evaluated using density-dependent
to all single-nucleon emission channels is included withinnucleon-nucleon interactions folded with transition densities
the RPA, but more complicated configurations are omittedfitted to electron and proton scattering measurements. For
Hence, although this model is internally consistent, its demmissing momenta greater than 300 Me\quadrupole cou-
scription of the final state interactions is limited to low ejec- pling is found to enhance the momentum distributions for
tile energies and is not suitable for the upcoming experi{e,e’p) in quasiperpendicular kinematics by factors up to
ments at MAMI and TINAF. 3-5 for various states; even larger effects are predicted for
Jeschonnelet al. [12] use a continuum RPA model in (y,p). The model has since been extended to include charge-
which coupling between single-nucleon emission channels iexchange coupling and to produce response functions and
treated microscopically while coupling to more complicatedpolarization observables. Some preliminary results were
channels is approximated using a phenomenological opticahown in Refs[2,23].
model. Coupling potentials were constructed using either a In this paper we investigate the sensitivity of momentum
bound-statés matrix based upon the Bonn potentiaB] or  distributions, response functions, and recoil polarization ob-

the Franey-Love parametrization of thematrix [14]. Al-  seryables for §,e’N) reactions to both inelastic and charge
though this approach provides a more realistic model of abaychange couplings in final-state interactions, emphasizing
sorption, it is now well established that the nucleon-nucleon,pcoming experiments that include recoil polarization. Ex-
effective interaction is strongly density dependent and cannq¥eriments A1/2-93 at MAM[24] and 89-033 at TINA25]
bf taguraf[?'y represgn:edf b)’r[]@‘hatr'xi n?'rl is the bound- || |00k for modifications of the helicity-dependent recoil
stateG matrix appropriate for higher ejectile energies. RIS 16 (2 ar 2 ; -

The local density approximatiofLDA) based upon polarization in the O(g,e P) reaction forTy -200 Mev

: i T . , and 433 MeV, respectively. In addition, experiment 89-003

densﬂy-de_pendent empl_rlcal effective lnte_racpo(l’n'sEl_S) é—l’[ TINAF will measure large missing momenta and will
does provide accurate fits to proton elastic, inelastic, anxc,/eparateRLT for 160(e,e’p) for T,~433 MeV. Therefore,

charge-exchange scattering for energies above 100 Me . . ; .
[15-18. The density dependence of effective interactions” this paper we investigate the effects of coupling between

constructed for infinite nuclear matter, usually w@matrix ~ valence single-hole states in téo(e,e'N) reaction. Sec-
formalisms, is parametrized and the parameters are adjusté@n Il presents the coupled-channel formalism, Sec. Ill gives
to fit proton elastic and inelastic scattering data for self-further details of the coupling potentials, and Sec. IV de-
conjugate targets using states whose transition densities a?6"Pes the observables and response functions for single-
measured by electron scattering. Both the distorting and thBucleon knockout. Results for representative cases are pre-
scattering potentials are based upon the same effective intef€ntéd in Secs. V and V1. Our conclusions are summarized in
action, which is fitted using a self-consistency procedure.sec- VL.
Sensitivity to the density dependence of the effective inter-
action is provided by use of both interior-peaked and Il. COUPLED-CHANNEL FORMALISM
surface-peaked transition densities. It has been shown that FOR SINGLE-NUCLEON KNOCKOUT
the empirical effective interaction is essentially independent
of both state and target and that interactions fitted to inelastic
scattering data provide good fits to elastic scattering whether Suppose that the+ A electronuclear system is described
or not those data are included in the analyf4i8,16. The by a Hamiltonian of the form
EEI model also provides accurate predictions for proton ab-
sorption and neutron total cross section dg2f]. Unlike H=KatHetHatVea, N
optical-model analyses of elastic scattering data, which are .
sensitive only to the asymptotic properties of the wave funcwhere K, is the kinetic energy of the nucleubl.=—ia
tion, represented by phase shifts, the overlap with interi0r=€e+ m.B describes the motion of a free electrd, de-
peaked transition densities gives the EEI analysis of inelastigcribes the internal dynamics of the nuclear system,\&nd
scattering data sensitivity to the interior wave function. Fi-js the interaction between them. State vectors for the com-
nally, it has been shown that the EEI model accurately deplete electronuclear system satisfy eigenvalue equations of
scribes proton scattering data féBe, where channel cou- the form HY =EW¥, whereE is the total energy. Leﬁfg*')
pling within the rotational band plays an important ri#d],  represent an electronuclear wave function that contains in-
even though the interactions were fitted to dataAer16.  coming Coulomb-distorted electron waves in chanaeind
Therefore, we believe that the local density approximationpytgoing waves in all open channels. The electronuclear
based upon empirical effective interactions should provide gave function can be factored according to
superior description of FSI's f%(é,e’N)B reactions at en-
ergies above 100 MeV. () 3 ,

We have developed a coupled-channel model for Vo (re’rA):f d°paq9(Paa—Pan)
A(é,e’N)B reactions which includes elastic reorientation,
inelastic scattering, and charge exchange in FSI's based upon in! . (+) ()
density-dependent effective interations within the local den- X eXHiPA, rA)% Lap (Vg - (2

A. Coupled equations for electron scattering
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where ps, andr, are the momentum and position of the ground state and neglects the interaction between the elec-
nuclear center of mass arggg)(re) represents the motion of tron and the ejectiles that might be present in charmel
the electron. It is convenient to normalize the target wavePresumably the effects of more complicated residual elastic
packet to unity at the asymptotic momentum, such thaterms can be evaluated perturbatively, if necessary. Note that
g(0)=1. The state vectorgi, for the nuclear subsystem these elastic terms also include magnetic contributions and
satisfy eigenvalue equations of the fofiyaz=magihas  recoil corrections to the static Coulomb potential. Therefore,
wherem,, is the invariant mass of the nuclear system inwe define electron distorted waves as the solutions to the
channelB. The summation over state labgdsis interpreted homogeneous equations, such that
as a sum over discrete and integral over continuum states. _
The bound states include both elastic and inelastic electron (Eea=He~Uea)falre) =0, ©)
scattering, while the continuum states include S'ngl.e'nUCIEOthere U,, is approximated by the ground-state Coulomb
knockout, two-nucleon emission, and more complicated re- otential
action channels. P L . . . . -
: ; . . . The transition matrix for inelastic transitions between ini-
Rawitscher investigated the asymptotic behavior of. . :
; ; al statea and final state8 can now be expressed in the
coupled electronuclear wave functions using the method Ot#rior representation as
steepest descef26] and demonstrated that when the properp P
boundary conditions are applied to the continuum states of

the nuclear subsystem, only outgoing waves that satisfy en- Mﬁa=f d3r 3 /(W) (re, 1) Vel
ergy conservation survive. The wave functiﬁﬁ} contains a
Coulomb wave in channet and outgoing spherical waves in X exp(iPaa-TaA) S (re) vll), (7

all open channels. Label usually refers to the ground state
of the target nucleus, but later we will also require electro-where
nuclear wave functions containing a Coulomb-distorted elec-
tron wave impinging instead upon an excited state of the
nuclear system; that excited state may be unbound and may
contain one or more ejectiles. Consequently, the nuclear sys-
tem is described by a wave functiafh;) that satisfies in- X eXiPagTa) > E5)(rgs) (8
coming boundary conditions. Suppose that chanhetfers Y

to a proton ejectile plus a bound state of tBe=A—1
nucleus. The wave functiorwﬁgg) would then contain a

V0= [ EPha0(pas—phg)

is a complete, fully coupled, wave function containing out-

Coulomb-distorted | in ch and i . going Coulomb waves in channgland incoming waves in
oulomb-distorted nucieon wave in ¢ an;zi_ie nhdincoming 4 open channels. Therefore, we obtain a matrix element of
spherical waves in all open channéiscluding both3 and the general form

B'# B) and would be related by time reversal to the wave
function ¢4 that describes proton scattering by statef
targetB. Of course, one does not normally have access to M,BazJ’ dgpApg(pAﬁ_pAp)J d%redr
scattering by excited states.

Introducing distorting potential®) .4(r.,) and projectin . ,
out the nucle%r statg, v?/epobtain COLeJlEJ(|e%) equatFi)oan for ?he Xexr[l(pAa—pAB)-rA]Ey Vya(Teifa), (9
electron wave function that have the form

where

(Bep=HeUe)€ap=2 (Vepy~Uerdpp)bay: (3 ViyalTeiTa) =(E6 (1w IVed (o) w)) - (10

is an effective electron-scattering potential obtained by inte-

gration over all internal coordinates of the nuclear system.
The transition matrix element contains the effects of channel
Vegy=(tag Ve tay)- (4  coupling produced by both the nucleon-nucleus and the
electron-nucleus interactions. The summation over the index

The equations for bound and continuum states of the residual includes nuclear states excited by final-state interactions
nuclear system are formally identical, provided that the sumbetween the electron and the nuclear system, but these dis-
mation and boundary conditions are interpreted properly. FoP€rsion corrections are subsequently neglected. Channel cou-
bound nuclear states, we could minimize the residual elastipling between nuclear states excited by nucleon-nucleus

where Ecs=E—Kpgz—Mmpg is the electron center-of-mass
energy for channeB and where the coupling potentials are

terms on the right-hand side of E() by choosing final-state interactions will be developed in Sec. Il D.
The expression derived by Rawitscher, E4.7) of Ref.
Ueg(re)={ag|Vea ¥ag) (50  [26], for the inhomogeneous driving terms for electron scat-

tering is very similar to our Eqg9) and (10). The primary
but this choice may not converge for unbound states. Nevedifference is that we include a target wave packet to facilitate
theless, recognizing that the dominant electron-nucleus intefater use of the effective momentum approximation to de-
action is due to the spherical part of the elastic Coulombvelop a practical approximation. Another superficial differ-
potential, one generally choosBg(r.) to be the Coulomb ence is that we employ the prior representation, and hence
potential produced by the charge density of the nucleahave the coupled electron wave function on the left-hand
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side of the transition matrix element, whereas he uses the .

post representation in which the coupled electron wave func- j;e;’;a(QFJ d3reexpliq-re)(€5)(re)|#(re)lalre)),

tion appears on the right-hand side of his E2}16). Hence, (139

dispersion corrections appear as final-state interactions here

and as initial-state interactions in R¢26], but these repre- .

sentations should be equivalent in the absence of subsequent J5%(q) = f d%r wa eXpliq- ra) (i) | I4(ra) [950)

approximations. (13b)
Electromagnetic coupling between low-lying bound states

is often described as dispersion corrections. For examplé&ecognizing that it will be more convenient to express the

Mercer[27] evaluated dispersion corrections due to couplingnucleon distorted waves and overlap functions relative to the

to inelastic excitations of the target in tii€e,e’)A’ reac- residual nucleus than to the barycentric system, we rescale

tion and found those effects to be quite small. The presenthe charge and current density operators using

formalism also includes coupling of the electron to more

complicated states of the nuclear system, including knockout - ma\ 3.

channels, but evaluation of these subtle effects would be J”(VNA):(m—B) J(rne), (14)

very difficult computationally and is omitted. A qualitative

discussion of some of these issues has been given by Rayymere ryg=ry—rg=(ma/mg)rya is the ejectile position

itscher[26]. In the present work, we study single-nucleon re|ative to the residual nucleus. The nuclear current then be-

knockout under conditions where the distortion of the elecgmes

tron wave functions is relatively small, namely, high ener-

gies and light targets. Therefore, we will neglect channel .

coupling that could arise from the electron-nucleus interac- j’yﬁ(Q)ZJ d%r g €Xp(iq- T a) () 137 ng) | i)

tion and employ a simple approximation for the electron (15)

wave functions, namely, the effective momentum approxi-

mation. In the next several sections we outline the approxiThe appearance af;, in the exponential is a familiar recoil

mations used to perform practical calculations for single—correction(e.g., sed28]).

nucleon knockout under conditions where channel coupling For light targets and relatively small ejectile momenta, it

by nuclear FSI's can be important. may be necessary to include electromagnetic interactions in
which the momentum is received by the residual nucleus
B. Single-nucleon knockout while the observed nucleon is a spectator. These contribu-

. ) tions, often called exchange terms, can be included using a
For the present application we consider only the one-bodypigntforward extension of the results presented here, but
part .Of the nuclear electromagne_nc current. Hence, We absre negligible for applications involving energetic nucleons.
proximate thg eI.ectromagnetlc interaction by the 5'”gle‘rwo-body currents are more complicated and will not be
nucleon contribution considered in the present work.
pliorey)

. ex .
VeAmezf d3rNJM(re) o JH(rna) C. Electron current
e

We expect the final-state interactions between the nucleon
o s d’q’ . exp(—ig’ren) ejectile and the residual nucleus to dominate over multiple
-€ f d rNJ (277)31“ ' J 1D hard scattering of the electron; therefore, we neglect inelastic
Q contributions to the electron distorted waves and approxi-
mateé;,~{z6g,. Furthermore, the principal effect of Cou-
where] , andJ* are the electron and nucleon current operalomb distortion of the electron wave functions for high-
tors, Q'z:q'z_wz is the photon virtualityyon=ro—ry is  €N€ray beams and light targets can be described using the

the separation between the electron and the ejectile, arfffeCtive momentum approximatidiEMA) [29,30
rna=In—Tra is the ejectile position relative to the barycen- —

%_ricdsystem. Substituting Eq$2) and (11) into Eq. (9), we g“%%exp(ik_@r)u(k_ex (16)
n e
d%q’ 4ma Whereu(k_e) is a free Dirac spinor with spin variables and
M,hﬁE f —g*(g—q") where the local momentum
v J(2m)3 Q2
— al.
X Tyl —0') Tha(d'), (12) Ke=ket Tz k (17

where g=pas—Pa. is the asymptotic momentum transfer. is increased relative to the asymptotic wave numkeby

The matrix elements of the electron and nuclear currents aréhe action of the Coulomb potentig81]. Heref,=1.5 cor-
contracted, and the fine structure constarghould not to be responds to the electrostatic potential at the center of a uni-
confused with state labels. The electron and nuclear currerfibrmly charged sphere of radil®, . An improved version of
matrix elements are the EMA proposed by Kim and Wrigh82] should allow the
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present formalism to be applied to heavier targets, but hascludes the effects of the excluded space and whejg

not yet been implemented in the coupled-channel code.  =m,,+i 4§ includes a positive infinitesimal to ensure out-
Thus, the electron current is approximated by going boundary conditions. We use the customary notation
eu eu CHaD=Hcp, where C,De{P,Q}. The effective Hamil-
T gyel D= T ¢t (detr) 50— Uetr) O, (18 tonian depends upon the model space selected and is com-

plex, energy dependent, nonlocal, and far too complicated
for practical applications. Therefore, it is customary to ap-
T proximate the effective model-space Hamiltonian by

Kk——
jg#(qeﬁ):k__kfu(kf)y'uu(ki)- 19

where

Hes~my+Kyg+Hg+ U, (25
Finally, we assume that the wave packets vary sufficiently

slowly with momentum that we can replaggg—des) by  whereU is a complex effective interaction. Although the
unity; in any case, the shape of the wave packet can bformalism applies equally well to nonlocal effective interac-
extracted from the definition of the differential cross section.tions, we will employ local approximations in our applica-
Therefore, the transition matrix element reduces in the effections. For elastic channeld is identified with the optical

tive momentum approximation to potential, whereas for inelastic channeldbecomes a transi-
tion potential. Although one often employs phenomenologi-
Ama cal optical potentials fitted to elastic scattering data, we pre-
~ — . N . . . . ,. .
Mo~ 2ff T et~ Get) T pal et (20 fer to use microscopic potentials for both elastic and inelastic
€

scattering obtained by folding density-dependent effective

where ngf: qgﬁ_ (1.)2 and where the nuclear current, given interactions with nuclear transition densities.
by Eq. (13), includes channel coupling by the nuclear final- ~ Thus, we can expand the model-space wave functions ac-
state interactions. cording to

D. Coupled equations for nuclear FSI's
_ _ Py =2 x4 (e @, (26)
Suppose that the residual nucleon-nucleus system is de- n
scribed by a Hamiltonian of the form
where the® , are state vectors of the residual nucleus and

x{;)(rng) is the coupled-channel wave function for relative

whereK g is the kinetic energy operator for relative motion, MOtion containing incoming waves in channelnd outgo-
Hyg is the internal Hamiltonian of the residual nucleus, andN9 Waves in all states within the model space. Separating the

Vs is the potential energy for the nucleon-nucleus interacdominant distorting potentials from the smaller coupling

tion and is real. We also include the ejectile masg, but terms, we now find that the channel wave functions satisfy
neglect its possible internal excitations. The orthonormafOuPled equations of the form

state vectors of the residual nucleus satisfy eigenvalue equa-
tions of the form

HA:mN+KNB+HB+VNB! (21)

(mAy_ mBr]_ mNr]_ KNB_ Un)Xyn: E , UT]KX‘)/K ) (27)
HB(Dﬁsz,Bq),B’ (22)

wheremgg is the invariant mass of the residual nucleus inwhereU, . are the coupling potentials and whesg contains
channel 8. Recognizing that it is impractical to retain the the central and spin-orbit components of the elastic potential
complete set of eigenstates for the nuclear system, it is usefétr channely. One could include the complete elastic poten-
to introduce the model-space projection opera®m@ndQ, tial on the left, but it is computationally more convenient to
whereP selects the states of interd#ie model spageand  place the small nonspherical parts of the elastic potefifial
Q=1-P selects the restexcluded spagesuch thatP?  any) on the right. The primed summation indicates that any
=P, Q?=Q, andPQ=QP=0. One would normally limit  elastic terms included on the left are excluded from the right.
the model space to a set of states that are strongly populated We have decided for the present applications to express
by the direct reactionA(e,e’'N)B, here valence states the coupled equations in the form of relativized Schinger
reached by single-nucleon knockout, plus other states of inequations. Although there exists no rigorous justification for
terest that can be reached by final-state interactions, hethis procedure, it is common in analyses of nucleon-nucleus
B(N,N")B’". scattering to employ a prescription which replaces the center-

Using standard manipulationée.g., Ref.[33]), it is  of-mass kinetic energy and its corresponding operator by
straightforward to show that projected state vectors within

the model space satisfy eigenvalue equations of the form 2
(Mae—Her) PUS =0, (23) My ey~ Mg, 258
where the effective Hamiltonian for the model space, v
Her=Hpp+Hpo(Ma,—Hog) *Hae, (24) KNBHZ—M’ (28D
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wherek,, is the exact relativistic wave number in theB =0. An alternative expression for the effective current op-
system andu,, is the relativistic reduced energy for channel erator in terms of the Green’s function for the coupled equa-
7. This procedure gives the correct de Broglie wavelengtitions has been given by Rawitschig6]. However, these
and reproduces the correct relativistic density of stf3dé expressions are extremely complicated and have never been
The coupled equations are then expressed in coordinatvaluated for realistic nuclear models. Hence, we conform

space as with the universal and usually implicit practice of assuming
without proof thaﬁeﬁwj.
V24 K2—24u U =2 U _ 29 Furthermore, in the spirit of the effective momentum ap-
( v 21U X ’u”; Xy 9 proximation, we replace momentum operators appearing in

the nuclear current operator by their asymptotic values. This
Alternatively, one could describe nucleon-nucleus final-approximation is consistent with the level of other approxi-
state interactions using the Dirac equation by means of thgnations implicit in the replacement of the effective current
replacement with an off-shell current operator based upon the free single-
.. nucleon current. Moreover, this procedure greatly simplifies
my+KygtU——ia-Vyg+B(my+S)+V, (300 the evaluation of the transition matrix elements, with the
electromagnetic vertex function reducing to a matrix acting
whereS andV are Dirac scalar and vector potentials; addi-upon nucleon spin. Although it would be straightforward to
tional Dirac potentials may be present also. However, thisvaluate the momentum operators completely, the inherent
approach requires a relativistic treatment of the nuclear strueambiguities in the choice of current operaf8i do not jus-
ture and the inelastic scattering pote_ntials, which is generallyify the computational cost.
more difficult than the relativized Schdimger approach. Al- Finally, note that by reducing the effective current opera-
though several Dirac coupled-channel calculations fokor to a two-dimensional matrix acting on nucleon spins, the
proton-nucleus scattering have been performed using colffective momentum approximation permits the nucleon cur-
pling potentials based upon the collective modH,36, we  rent operator to be evaluated in the laboratory frame even
are interested in charge-exchange and single-particle transhough the distorted wave calculations are performed in the
tions which require a more microscopic treatment of the couparycentric frame. Hence, the current matrix elements in Eq.
pling potentials. Fortunately, it has been shown that nucleon¢13) and the corresponding electromagnetic response tensors
nucleon interactions for the relativistic impulse are both evaluated in the laboratory frame.
approximation can be represented in terms of equivalent \yao used thel. , off-shell vertex function of de Forest
density-dependent effective interactions suitable for use i) \yith nucleon form factors from model 3 of Gari and
the relativized Schidinger formalism(37,38. Furthermore,  yimneimanr{41,43. Current conservation was enforced at

therle eX|s|t er_np|r|(aall eTfecyve mterqcuc;ns fitted to n.L(chIeon-the one-body level by modifying the longitudinal component
nucleus elastic and inelastic scattering data over a wide rangg o current, which is equivalent to evaluating the Feynman

of energies. Therefore, we chose to employ the relativizegh oy element in the Coulomb gauge. However, significant
Schralinger approach, which is computationally simpler oo piq jities persist in the off-shell behavior of the nucleon
than coupled Dirac equations, with scattering potentialg,jecromagnetic vertex operator, which have been investi-
based upon the impulse approximation. gated by many authors, e.d40,43—48, without a clear
resolution. We studied the consequences of these ambiguities
for recoil polarization in theA(e,e’N) reaction under con-

It is also important to recognize that use of an effectiveditions of interest to experiments presently being performed
Hamiltonian should be accompanied by renormalization ofitt MAMI and TINAF[8]. Nevertheless, we expect that the
the current operatdi39]. The requirement that model-space qualitative changes relative to standard optical model distor-
matrix elements of the effective current operaigy repro-  tion that are produced by couplings to specific final states

duce those of the bare current operaltacting on complete will be largely independent of these ambiguities.
wave functions is expressed by the condition

E. Effective current operator

F. Nuclear current

(Payl 31 ¥na) = (Way)| P IeiP| Yaa) - (3D We now specialize to the case where the initial state con-
. ) tains the ground state of the target, and denote the nuclear
Thus, one obtains the formal expression current for excitation of statg as 7= 734 and the cor-
oA A N . responding transition matrix element ad ;=M ,. Given
Jer=Jppt Jpo(E" —Hqo) "Hop that the nuclear electromagnetic current operator has been

approximated by a one-body operator, it is now appropriate
to make a parentage expansion for the ground state of the
target, such that

+HpQ(E++w—HQQ)_136P
+HPQ(E++(1)_HQQ)ilj’U‘(E+_HQQ)71HQp,
2
32 PUo(re) =S CuubrulTne) . 39
whereE is the energy of the initial state arte+ w is the

energy of the final state. This expression WasAobtaiAned firsherec, , is a parentage coefficierfor pickup amplitudg
by Boffi etal. [39], who further assumed thalzo=JGp  and ¢,,(ryg) is an overlap function which describes the
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amplitude for removing a nucleon with single-particle quan-for single-nucleon knockout from a spinless target, one gen-
tum numbersy at positionryg relative to the core and leav- erally assumes that the overlap function is well approximated
ing the residual nucleus in stade, . The overlap function by a unique single-particle wave function, such tlgt,
—+/S,8,, where S, is the spectroscopic factor. However,
iy the coupled-channel approach is much more general. For ex-
ample, states for which the single-nucleon parentage coeffi-
cients are vanishingly small can still be populated by final-

I, :
o1 =Ry, (1) X <

mpm\ my =y,

i, Ll A state interactions following an intermediate step that involves
X >Y| le(r))(mj,mI (349  a state that is strongly excited by single-nucleon knockout
m; MM [48,2,24.

includes a radial function and the usual coupling of spherical
harmonics and nucleon spinors to the spin of the residual
nucleus], , to produce the target spig. The angular brack- A. Partial-wave potentials

T o e e e L B e, " For each pait of chamnelaih suppressed abltn

: o req X . &7 0. By . _scattering operator can be decomposed into a sum of prod-
ing the procedures outlined in Sec. Il D, one could N cts

principle develop a set of coupled equations governing the

overlap functiond47]. However, one expects, ,(ryg) to

resemble a bound-state wave function in the potential gener- U=2 va(NPo T 37

ated by the residual nucleus. Furthermore, analyses of A

(e,e’p) data produce phenomenological overlap function§, \hich v, (r) contains the dependence upon relative sepa-
which are consistent in shape with single-particle wave func;4iion and where the multipole operatd?s, and7,, depend
tions based upon mean-fielHartree-Fock calculations. oy o the angular momenta and internal variables of the
Hence, we employ elther_ Hartr.ee-Fock ’Wave functions orprojectile and target, respectively. The angular momentum
Woods-Saxon wave functions fitted te,¢’p) data. More  yanefer is designatenl, whereasx is used to distinguish

refined calculations in the future could employ overlap funC-yatween different operators with the same multipolarity.
tions projected from correlated wave functions. Partial-wave potentials of the form

Substituting the parentage expansion, the nuclear current
now becomes Ugya=(15Sgi gl gIM|U[l s.j 1 ,IM) (39

Ill. FINAL-STATE INTERACTIONS

. then become
JZ“(qeﬁw; Crv | A3 ng €XP(i et )

X<X23;\)(rNB)|jgff(rNB)|(f’)\v(rNB»- (39 Uﬁﬂ:% Daallglei ) vayen. 39

Finally, using the effective momentum approximation for thewhere the recoupling coefficient is
nucleon current operator, we obtain o
. . f A D JB J y A
. Fya(plgily ):(_)17+|B+Jjﬁlﬁ[ (40
T @)~ o[ Prue exptier-run ” BRI
- . and where
X<Xfe)\)(rNB)|JleLff(pm,eff+ qeff:pm,eff)|

X dri(Ing))s (36)

where pn o= Png—derr 1S the missing momentum deter- are the appropriate multipole potentials, including angular
mined by the ejectile momentupy; and the effective mo- and target matrix elements. The orbital angular momentum
mentum transfemes. Thus, the nucleon current operator | ; is combined with the projectile spisg to give jz=Ig
3L (Pm ef+ GeftPm.ef) has been reduced to a matrix that acts+ Sg, Which is then coupled to the target spinto give the
upon nucleon spin. channel spild=14+jz. Also note thay = \2j + 1 for angu-

This is the central result of the effective-momentum ap-lar momenta. A standard partial wave analysis of the coupled
proximation to the coupled-channel formalism for FSI's in equations is made and the equations for each channel spin
nucleon knockout by electron scattering. A similar electro-are solved by an iterative technique based upon that of
excitation amplitude was proposed by Blok and van demRaynal[49].

Steenhovei48] based upon more qualitative arguments that The coupling potentials that would emerge from Eg@4)
exploit the similarity between knockout and pickup reac-and(25) depend upon the chosen model space and are com-
tions. The primary difference between this expression anglex, nonlocal, energy-dependent, and otherwise intractable
the standard distorted-wave approximati®WA) is that the  for practical applications. However, when the model space is
coupled-channel wave function replaces the usual distorted very small fraction of the available phase space, the depen-
wave. Thus, we recover the DWA by neglecting the FSldence of the effective Hamiltonian upon the selection of
coupling potentials, such tha’tﬁ)\—))('(go)\)gﬁ)\. Also note that  states should be negligible. Furthermore, for energetic nucle-

V(1) = Vo (N{1 gSg] /3”73,0\”' ySyip(BI ﬁ”TK)\” Y5
(41)
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ons and low-lying nuclear excitations, it is reasonable to apspread the single-particle strength over many fragments and
proximate the coupling potentials using the impulse approxifmodify the radial overlap functions. Such correlations would
mation based upon a density-dependent nucleon-nuclediso affect the one-body density matrix elemé@BDME)
interaction that provides good descriptions of nucleon elasused to construct coupling potentials between members of
tic, inelastic, and charge-exchange scattering to similathe model space. However, because the computational cost
states. Therefore, we constructed both optical and couplingncreases rapidly with the size of the model space, it is nec-
potentials by folding a local density-dependent nucleon€ssary to limit the model space to the states of interest and
nucleon interaction with nuclear transition densities that dethose to which coupling is strongest.
scribe the relevant aspects of the target structure. Details of In the present paper we consider coupling between low-
the implementation of the folding model may be found in lying discrete states with strong direct knockout amplitudes,
Ref. [50]. for which the most important effects of channel coupling are
It has been shown that the isoscalar spin-independent cefikely to be dominated by the strongest fragments. In an ear-
tral, tgo, and isoscalar spin-orbit'g,s, components of the lier paperf2] we had studied indirect excitation of states with
effective interaction depend strongly upon local dengst, negligible direct knockout amplitudes and demonstrated that
but are essentially independent of tarf]. However, al- under some conditions multistep processes dominate, thereby
though nuclear matter theory provides a good qualitative delmproving upon the two-step calculations of Blok and van
scription of these effects, theoretical interactions are not ye#er Steenhovefd48]. However, we have also demonstrated
sufficiently accuratd52,15. Therefore, for energies above that states of this type are excited too weakly to affect states
100 MeV we employ the empirical effective interactions fit- With strong direct amplitudes and may be safely omitted
ted to proton elastic and inelastic scattering data that ar&om the model space. Furthermore, we assume that the cou-
tabulated in Ref[38], performing interpolations with respect Pling of low-lying discrete states to continuum states of the
to energy when needed. For lower energies we use théesidual nucleus is adequately represented through con-
density-dependent Paris-Melbourne effective interactiorfinuum contributions to the imaginary parts of the optical and
[53,54. All components of the effective interaction except coupling potentials and that continuum states need not be
tensor exchange were included in the coupled-channel calcifcluded explicitly in the model space. Finally, we assume
lations. The isoscalar components of coupling potentials infor these exploratory calculations that the independent-
clude the Cheon rearrangement facf66,56, which has particle mode(IPM) provides an adequate representation of
been shown to be essential to the consistency between elas§itgle-nucleon knockout summed over related fragments.
and inelastic scattering in the analysis of the empirical effecTherefore, the calculations were performed using IPM par-
tive interaction15]. Rearrangement corrections for isovector entage coefficients and comparisons to experimental data in-
interactions are more complicated but less impor{&] clude spectroscopic factors to normalize the strengths of the

and are omitted. observed fragments.
The IPM space for?C(e,e’N) consists of the (&;,) !
B. Model space and (Ips,) ! proton-hole states ift'B reached by the

’ . l.
Each state in the model space can be populated by dire ?’e,p) reaction and the analog states™iC reached t_)y the
e,e’n) reaction, for a total of four states. In addition to

single-nucleon knockout or by final-state interactions follow-
9 y these (5, " and (1ps,) ~* hole states, the IPM space for

ing excitation of another member of the model space. Alljg

i H -1 in15)
possible couplings between members of the model space areo(e’e N) also includes the (3,) "~ hole states in™N

included. For a model space withstates there will ba(n and 1°0, for a total of six states. In the context of the IPM

+1)/2 couplings between states, each with several possib ace, we speak of the 5@.*2) hole_ conf_|gur§1t|on as a
multipolarities depending upon the spins involved. For eac iscrete state even though its spreading width is actually ap-

multipolarity, there will be several potentials based uponpreuable. The underlying continuum of two-nucleon and

various components of the nucleon-nucleon effective inter_multmucleon knockout states then constitute the excluded

; space whose effects upon the reaction would, in principle, be
action. ted through their influence upon the effective Hamil-
It is useful to distinguish between four types of coupling represen 9 P

mechanisms. Coupling potentials which do not change th[e(?nian and effective current operators. However, in practice

state of the residual nucleus but which are omitted from the!™PI® approximations to these effective operators are em-

distorting (optica) potentials are classified adastic reori- plo}lfﬁd as defcrlbed aftf)_O\_/e.t f hole stat :
entation reorientation effects are often dominated by quad- € parentage coetiicients for pure hole states are given

rupole potentials, when possible, but also include other alPY Csy= V2i,+1 wherej, =1, is the spin of the residual

lowed multipolarities.Inelastic excitationschange the state nuclegs. The OBDME for coupling between pure hole states
of the residual nucleus without changing its charge; becausa'® 9iven by
the residual nucleus often has nonzero spin, several multipo- _ _ ~
larities are usually possiblédnalog transitionschange the (B~ HItag@anlilly™*)=Jp8,00pn3s,
charge of the residual nucleus without changing its spin, and
also include several multipolarities when the spin is greater +(=)iytipd
than zero. Finally,nonanalog charge-exchangeansitions
change both the internal state and the charge of the residual (42)
nucleus.

The present formalism is sufficiently general to accom-where the initial state is described as a hole in orbjtaind
modate sophisticated structure models in which correlationthe final state as a hole in orbitgl for an otherwise closed-

5p75hﬁ ’

;’l (]
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shell nucleus. We generally assume that tde=(Q,T=0) .~ k®k

term is already included in the spherical optical potential, so y= Tk @k’ (463
that only the second term of E}2) contributes to the cou- Fe

pling potentials.

Overlap functions were represented by Woods-Saxon = ¥® Pn , (46b)
single-particle wave functions and fitted te,€’'p) data ly® pu|
where available. Very similar results are obtained using
Hartree-Fock wave functions. Possible modifications of the Z=X®V. (460)
radial wave functions by short-range correlations can be in-
corporated easily. One advantage of presenting the recoil polarization in the
laboratory or polarimeter basis is that the recoil polarization
IV. OBSERVABLES AND RESPONSE FUNCTIONS components are continuous &g moves througly from one
FOR A(é.e'N)B side to the other. Unlikés and N, X andy do not reverse

directions whenp— ¢+ 7. For coplanar quasiperpendicular

kinematics withy upwards, it has become conventional to
Nucleon knockout reactions of the typqé,e’N)B initi- assign positive missing momentum to ejectile momenta on

ated by a longitudinally polarized electron beam and forthe large-angle side af, such that¢=m and 6,,>0.

which the ejectile polarization is detected may be described The distorted missing momentum distributipaﬁ(pm,p’),

A. Observables

by a doubly differential cross section of the fofs8,59 which is more properly called the reduced cross section, is
5 obtained by dividing the unpolarized differential cross sec-
A orys 1 tion oy by the elementary electron-nucleon cross seatigg

szoi[l-i-P'ﬂ-i—h(A-l-P ~0')], (43)

for initial (final) nucleon momenta,,(p’), such that
wheree;(g¢) is the initial (final) electron energye, is the D 00

unpolarized cross sectioh, is the electron helicitys indi- P (Pm.p")= Koen'

cates the nucleon spin projection upon P is the induced

polarization,A is the electron analyzing power, aRd is the ~ where

polarization transfer coefficient. Thus, the net polarization of

the recoil nucleodl has two contributions of the form gr a® v
TeN= 7~ a NuWVen (48)
|

(47)

I=P+hP’, (44)
o o is based upon the plane-wave impulse approximation
where|h|<1 is interpreted as the longitudinal beam polar- pyyia) response tensor for off-shell kinematics and does not
Ization. _ o . include the phase-space factér To be consistent, theN
The recoil polarization is usually calculated with respectresponse tensor must be computed from the same current
to a helicity basis in the barycentric frame defined by theoperator and gauge used to evaluate the nuclear response

basis vectors tensor. The normalization is determined by the requirement
that in the plane-wave approximation the momentum distri-
~_ P bution p;(p,,) for a fully occupied orbital with total angular
L=—r0, (459 A g :
[pnl momentumj be normalized to its occupancy, such that
~ ®|: 2 . =2i —+
lg®L|
for the independent-particle shell model.
S=NoL. (450)

B. Response functions

However, since this basis is not well defined wiieandpy Additional insight into the reaction mechanism can be ob-
are either parallel or antiparallel, these cases are conventiogsjped by examining response functions. In the one-photon-
ally handled by first rotating the reaction planedq as it exchange approximation the observables may be represented
would be in nonparallel kinematics, and then taking the limitjy terms of sums of products between kinematical factors
fpq—0° Or 64— 180° as required. Note that since the basiswhich depend only on electron scattering kinematics and re-
vectorsS andN reverse directions whei#p— ¢+ 7, the cor-  sponse functions which represent the dynamical content of
responding components of the recoil polarizations also tenthe reaction. The details of the response-function decompo-
to reverse sign even when there is no physical asymmetrgition have been given many times before and will be omit-
with respect tog; this behavior is simply an artifact of the ted here—we employ the definitions and notation of R&f.
basis. However, distortion of the electron wave function per-
Alternatively, since the recoil polarization is measured inturbs the relationship between the asymptotic electron-
the laboratory frame, it is useful to employ a polarimeterscattering kinematics and the momentum transfer delivered
basis in which by the hard virtual photon, thereby introducing additional
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dependencies upon azimuthal angbeand upon electron 2C(e.e'N), T,=70 MeV, L kinematics

scattering kinematics. Nevertheless, these effects are sma_, 2|
enough for high-energy electrons and light targets to usefully"",a
employ the response function decomposition. For our pur-3
poses it will be instructive and sufficient to display response &
functions obtained by neglecting electron distortion. — o'

It is useful to distinguish between class | response func-a
tions that would remain finite in the absence of final-state  2[
interactions and class Il response functions which would?
vanish if FSI's could be eliminated. Clearly one expects§
class Il response functions to be more sensitive to the detail:§
of final-state interactions than class I. Class | includes the™
unpolarizedR, , Ry, R, and Ryy response functions, =y

) g 1N
/I Cl(e,e nl)( 1p3/2= I\‘\

.

a3
|
|
|
|
|
t

N 'm mo ; o/, o))" 4, Cleems,,)"!
R/T, and bothR[T and R} with me{L,S}. Class Il in- O i 0 0 20 40 40 20 0 20 40
cludesR/+, R, RY, R}, RY;, and bothR"; and RT; 8, [deg] 8,, [deg]
with me {L,S}.

FIG. 1. Distorted momentum distributions fdfC(e,e’'N) in
quasiperpendicular kinematics wiffyb=70 MeV. Dashed curves
show the optical modglOM), dash-dotted curves the Lane model,

The invariant mass of the final nuclear system is given byand solid curves the full coupled-channel calculai@C). These
WZ:mi+ 2mAw—Q2. For the purposes of describing the calculations are normalized to full subshell occupancy.
final-state interactions, it is useful to defifig to be the

L . . i
ejectile energy in the rest frame of the residual nucleus, Suchiate results which show much larger charge-exchange

2 _ 2 H
ter:Z\tluWat; d(rfg’“rj:hn;B) r;uirgi[g{e-rgfe t;llgll:\ic?:l?;er%;ﬁﬂr;gc;sin thceontributions than Giusti and Pacati that remain considerably
, . grou X smaller than those of van der Steenhowtral. Their con-
(e,e’p) reaction. Solving fofT,, we obtain

tinuum RPA included coupling between states reached by

C. Kinematics

nuum RPA model, Jeschonnekal.[12] obtained interme-

m Q%+E?2 bothp-shell ands-shell knockout and employed a more com-
TO=—A w—Ep— ——, (500 plete model of final-state interactions that included spin-
Mg 2my isospin components of the effective interaction.

We performed similar calculations fdfC(e,e’N) using
kinematics based upon the NIKHEF conditions. The electron
o on B beam energy was taken to be 461 MeV and all calculations
For each missing momentum distribution, we hil or maintain a constant total energy in the final state that is

eqylvalentIyTo, constant so t.ha.t FSI's can be .computed fo_r dequivalent to a proton with 70 MeV kinetic energy incident
unique total energy. To minimize variations in electron dls-LIIOOn the ground state JfB at rest. For simplicity we ap-

tortion, the beam energy is also fixed. Parallel kinematics arﬁroximate the ground state using the independent-particle

defined by the subsidiary conditiof,q=0 andpm=Pn—0  model, such that the model space consists of the four single-
is varied by adjusting botlo andq as required to maintain 1,6 sates reached by single-nucleon knockout. Coupling
both 6,4 =0 and constant,. Quasiperpendicular kinematics eyyeen these states is described by transition potentials ob-
maintain constantd,q) and requirep, =0 for the €,6'P)  tained by folding the density-dependent Paris-Melbourne ef-
ground-state transition whef},=0. The missing momen-  tactive interaction for 65 Me\[53,54 with single-particle
tum is varied by changing,y and is conventionally defined i,onsition densities as described above.
as positive when the ejectile emerges on the large-angle side pisiorted momentum distributions forpy, and 1sy,
of the momentum transfer vector, such tilgt- 6, . Hence,  ynockout are shown for quasiperpendicular kinematics in
positivep, for quasiperpendicular kinematics corresponds t0xjg 1 and for parallel kinematics in Fig. 2. These calcula-
an angle $=180° between the reaction and scatteringions are normalized to full subshell occupancy. We find that
planes. charge exchange within the Lane model has rather little ef-
fect, in qualitative agreement with Giusti and Pacati but in
V. CHANNEL COUPLING IN 2C(e,e’N) sharp disagreement with van der Steenhostal. Further-
more, the more complete model of channel coupling suggests
very large contributions to fds,, neutron knockout, in quali-
The role of charge exchange in neutron electromagnetitative agreement with Jeschonnekal, who do employ a
knockout was first investigated by van der Steenhostesl.  more complete representation of the nucleon-nucleon inter-
[60] using the Lane model. They predicted that the chargeaction in the final state. The effects for proton knockout,
exchange contribution toe(e’n) substantially increases the especially for %,/,, are not entirely negligible either. These
longitudinal response for that predominantly transverse readindings are independent of details of the kinematics, choice
tion. For example, their calculations fdfC(e,e’n) in par-  of optical potentials, or effective interactions, but are char-
allel kinematics give as much as an order of magnitude enacteristic of the coupling schemes. The Lane model only
hancement of the neutron missing momentum distributioncouples analog states via spin-independent central potentials,
However, Giusti and Pacafb8] found only very small ef- whereas the dominant isospin-changing final-state interaction
fects using a similar model. On the other hand, using a conat these energies g, which includes both spin and isospin

where E,=my+mg—my, is the missing energy. Similarly,
the missing momentum is defined by,=pn—Qa.

A. Charge exchange forT,=70 MeV
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2C(e.e’N), T,=70 MeV, Il kinematics 1 kinematics

2C(e,eN)(1s, )", T,=70 MeV,

T T T T T 1/2
a + . _
o
~
>
[0
A
DQ
R
0
~
>
[
R
9 . . . AN N
Q o “IC(e,e pl)(1s|/2)l' . 'ZIC(e,e nl)(1s‘/2)l' \\\\I t ¢ } } } t
—200 —100 © 100 200 -200 —100 0 100 200 —
P, [Mev/c] p.. [Mev/c] -
FIG. 2. Distorted momentum distributions fdfC(e,e’N) in \
parallel kinematics witlT,=70 MeV. See Fig. 1 for legend. N4 ]
N
. : ~40-20 0_ 20_ 40 ~40-20 0_ 20_ 40
transfer and tends to stimulate Gamow-Tel&T) transi- 0 [deg] 0 [deq]

Pq

Pq

tions. We also find that coupling to thesjl, hole states is
very important to ps,, neutron knockout. FIG. 4. Polarization of the recoil nucleon fosg, knockout in
We also investigated the effect of expanding the modethe 1%C(e,e’N) reaction using quasiperpendicular kinematics with
space to include fi,,, configurations. These states have rela-T,=70 MeV. See Fig. 3 for legend.
tively little effect upon the results shown here whether or not
direct knockout from b, orbitals is considered. P, for analog states reached by either neutron or proton
In Figs. 3—6 we show recoil polarizations for nucleon knockout would be quite similar and that the isospin differ-
knockout afTy=70 MeV expressed in the polarimeter basis.ences produced by the Lane potential are fairly small, but
The greatest sensitivity to channel coupling is seefPjn  that the spin-isospin final-state interactign produces large
which is independent of electron helicity and vanishes with-differences betweeR,, for neutron and proton knockout.
out FSI's. The effects of channel coupling are much larger The helicity-dependent polarization componeRts and
for neutron knockout than for proton knockout, and muchP, do not require FSI's and, hence, are less sensitive to
larger for the full model than for the Lane model used bychannel coupling. We have also shown that these quantities
Giusti and Pacatj58]. Note that without channel coupling are relatively insensitive to ambiguities in the single-nucleon

12C(e,e'N)(1p3/2)’1, T,=70 MeV, Il kinematics

12C(e,e'N)(1p3/2)‘1, T,=70

MeV, L kinematics T . r .

T T

40 -20 0_ 20 40 20, 40

g

[deg]

] [deq]

—200 -100 0

100 200 -200-100 O

Pq

Pm

MeV /c]

Pm

100

[MeV/c]

FIG. 3. Polarization of the recoil nucleon fopj,, knockout in
the 12C(§,e’ N) reaction using quasiperpendicular kinematics with
To=70 MeV. Proton (neutron knockout is shown in the left
(right) column. See Fig. 1 for legend.

FIG. 5. Polarization of the recoil nucleon fopJ,, knockout in

the 2C(e,e’N) reaction using parallel kinematics Wit
=70 MeV. See Fig. 3 for legend.
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2C(e,e’N)(1s

- T,=70 MeV, I kinematics 107 ' ' ' '
: T T T T T 2C(e,e’p) (py,)" w = 294 MeV
q = 756 MeV/c

y2)

05} I

“Clee’p) (1s,,,)™"

: } : t } t t : } } 0.0
D_Z
_05 -
T200-100 _0 100 200 —200 —100 _0 _ 100 200 1ol : ' . . —
P, [Mev/c] p,. [Mev/c] 0 100 200 300
p., [Mev/c]
FIG. 6. Polarization of the recoil nucleon fosg, knockout in
the ?C(e,e’N) reaction using parallel kinematics witf, FIG. 7. Induced polarization of the recoil proton in
=70 MeV. See Fig. 3 for legend. the 2C(e,e’p) reaction compared with the data of Webal.[61].

The data for thes shell are restricted to 28E,,<<39 MeV to limit
the contribution of the underlying continuum. Dashed curves show
current operator and to the choice of optical md@a! Thus, the optical mod_el(OM) and solid curves show the full coupled-
it has been proposed that the raB¢/P is sensitive to the ~channel calculationCC).
form factor ratio Gg /Gy, in the nuclear medium. Figures
3-6 suggest that for proton knockout with modest missing
momentum, channel coupling in FSI's should not complicateknockout, but is appreciable forsg, knockout whenp,
this analysis either, even for these rather low ejectile ener=200 MeV/c; unfortunately, the data do not extend far
gies. (Nevertheless, two-body currents beyond the scope oénough to test that effect.
the present investigation may play an important potttow-

ever, for neutron knockout channel coupling does substan- VI. CHANNEL COUPLING IN  160(&,e’N)
tially affect the helicity-dependent recoil polarizations and, _
at least for this energy regime, would complicate similar at- A. Overlap functions

temptS to deduce neutron form factors in the nuclear me- The Over|ap functions forp_she” proton knockout

dium. With a more Complete model of the final-state interac-fromlso were obtained from théso(e,e’ p) measurements

tions, we obtain a much larger coupled-channel effect oryf | euschneret al. [62]. The data for parallel kinematics
polarization transfer for neutron knockout than calculated byith T,=96 MeV are compared with optical-model calcu-

Giusti and Pacati using the Lane model. lations using the Paris-Melbourne effective interaction in
Fig. 8. Spectroscopic factors of 1.30 fop4, and 2.48 for
B. Induced polarization 1ps, provide good visual fits to the data, but other choices of

The first measurements of the induced polarizaBgrfor optical potential which also provide good descriptions of
a nucleus withA>2 were made by Wocet al. [61] for proton elastic scattering can give spectroscopic factors which

~ differ by 10% or mord 62,2]. Coupled-channel calculations
1 ’
. “C(e,e'p) and the data 1_‘or the s, shell were found to be are shown also, but deviations of a few percent are hardly
in good agreement with calculations based upon th

: . N ' Sisible on this scale. For theshell we used the parametri-
distorted-wave impulse approximatid®WIA) using phe- zation of Elton and Swif{63]. For 1®°0 we used the same

nomenological qu'C".ﬂ potentials fitted to prOton'SC"J“'“:‘\”ngpotential shapes and adjusted the central well depths to re-
data. However, it is important to test whether channel cou:

pling affects the induced polarization becalewould van- produce the separation energies for each state.
ish without FSI's. In Fig. 7 we compare calculations of the
induced polarization for2C(e,e’p) with the recent data of
Woo et al. [61] with T,=274 MeV in quasiperpendicular ~ We begin by considering the kinematics of MAMI experi-
kinematics. Final-state interactions were based upon the enment A1/2-93[24], which will measure the'®O(e,e’p) re-
pirical effective interactions tabulated in REB8], using lin-  action using quasiperpendicular kinematics with,

ear interpolation with respect to energy. We find that channe=855 MeV, w=215 MeV, =648 MeV/c such that the
coupling has very little effect upon the calculation fqusb  ejectile energy is approximately 200 MeV. Measurements of

B. Channel coupling in *%0(e,e’N) at T;=200 MeV



3268 JAMES J. KELLY PRC 59

®0(e,e"p)*N, T,=96 MeV, I kinematics
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FIG. 8. Distorted momentum distributions fdfO(e,e’p) in
parallel kinematics withT,=96 MeV. Spectroscopic factors of 1°
1.30 for 1p,, and 2.48 for pg, are used to fit the calculations to -200 -0 0 100 2006 -200 -100 O W0 200
the data of Leuschnet al.[62] for the dominanp-shell fragments. P [Mev/c] Pm [MeV/c]

Dashed curves show the optical mof®M) and solid curves show

the full coupled-channel calculatici€C). FIG. 10. Distorted momentum distributions fdfO(e,e’N) in

parallel kinematics witily=200 MeV. See Fig. 9 for legend.

all three components of the recoil polarization will be made
with polarized beam on both sides g@fin order to separate
the even from the odd response functions. Thus, if statistics The reduced cross sections are shown in Fig. 9 for qua-
permit, it  should be possible to separatesiperpendicular kinematics and in Fig. 10 for parallel kine-
Rir, RV, RY, RIS, RS, andR}S for several opening matics. In addition, large missing momenta for quasiperpen-
anglesd,,. For completeness, we have also performed caldicular kinematics withg,> 6, are shown in Fig. 11. These
culations for parallel kinematics using constar,  calculations are normalized to full subshell occupancy. The
=200 MeV. effect of channel coupling upon the reduced cross section for
Similar calculations forT,=135 MeV were shown in proton knockout appears to be quite small far,
Ref.[2]. Although the results are similar, the details depend<=300 MeV/c, but can become appreciable for lamg. At
upon ejectile energy. Furthermore, the calculations of Refthis energy channel coupling enhances the calculated cross
[2] did not include %, , states in the model space, which we section forp-shell proton knockout by factors of approxi-

1. Distorted momentum distributions

have since found to be important. mately 1.5-2 forp,,~500 MeV/c and significantly alters
the shape of the missing momentum distribution feg,1
®0(e,e'N), T.=200 MeV, 1 kinematics proton knockout. Similar calculations fdl,=135 MeV([2]
I ——T T T T L S show larger factors, especially for thg4l, state, but details
- of these effects depend upon ejectile energy. Substantially
0 = larger enhancements of the cross section fpy,
E 3 >300 MeVic were predicted for the rotational band in
i ] 108(e, e’ p)°Be, with both reorientation and inelastic scatter-
50 —
UE E
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> r ] L - L L A N L L
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FIG. 9. Distorted momentum distributions fdfO(e,e’N) in
quasiperpendicular kinematics witfi,=200 MeV. Proton(neu- FIG. 11. Distorted momentum distributions fdfO(e,e’N) in
tron) knockout is shown on the leftight) side. These calculations quasiperpendicular kinematics withy=200 MeV, selecting large
are normalized to full subshell occupancy. See Fig. 8 for legend. missing momenta fov,> 6,. See Fig. 9 for legend.
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®0(e,e’p), T,=200 MeV, 1 kinematics ®0(e,e’p), T,=200 MeV, Il kinematics
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FIG. 12. Polarization of the recoil proton in th€O(e,e’ p) N
reaction using quasiperpendicular kinematics wigr 200 MeV.
The three columns show calculations fopyb,1ps,, and sy,
knockout. Dashed curves show the optical mo@aW) and solid
curves show the full coupled-channel calculati@cC).

FIG. 14. Polarization of the recoil proton in tH€O(e,e’ p) N
reaction using parallel kinematics wiih,=200 MeV. See Fig. 12
for legend.

charge exchange. For,>300 MeV/c channel coupling en-
hances the cross section for neutron knockout by large fac-
ing being equally importanf22], because the quadrupole tors relative to the conventional optical-model calculation.
coupling is larger for that strongly deformed system. Henceggr Pm~500 MeV/c and T,=200 MeV, these factors ap-
we conclude that the relative importance of various ﬁnal'proach an order of magnitude fppshe“ neutron knockout
state interaction mechanisms depends upon nuclear structufgth both charge exchange and inelastic scattering playing
in an essential manner. Furthermore, such effects will nee%portant roles. The effect of Charge exchange upon neutron
to be examined carefully before any conclusions about highgnockout was much larger at 70 MeV than it is at 200 MeV.
momentum components due to short-range correlations arghys, we conclude that the importance of channel coupling
drawn from proton knockout data. decreases fairly rapidly as the ejectile energy increases, but

For *®0(e,e’n)*°0, channel coupling is significant even for neutron knockout remains significant at 200 MeV.
for p,, near the peaks of the momentum distributions. The

most important couplings are those which change both the 2. Recoil polarization
spin and the isospin of the residual nucleus. Although the

_effect on the cross section f(_)r quasiper_pendicular kin_ematicgter basis are shown in Figs. 12 and 13 for quasiperpendicu-
is relatively small, changes in the left-right asymmetries forIar kinematics and in Figs. 14 and 15 for parallel kinematics.

p-shell neutron knockout reflect substantial changes in th%or p,=300 MeVic we find that channel coupling has
s

?ﬁ;nre:22n|253e|'f:ngi“rﬁir;zrltha;[h?enrieogg;?aer:?]/;;?;rgr::r?[;g(e)fet)ri- ractically no effect upon the polarization transfer for proton
9 : Y nockout. The effects of channel coupling upon the polariza-

Cross seqtlon for neutron knockou_t n parallel kmem_ancgtion transfer for neutron knockout are much smaller than at
originate in charge—exchan_ge contnbuuons to the Iongltudl—.l. —70 MeV, but remain non-negligible. Larger effects are
nal form factor. We also find that the missing momentum_? ' '

distributions fors-shell neutron knockout are broadened inobtained forpy=300 MevVic, but these variations remain
uasipernendicular and shifted in parallel kinematics b comparable to those arising from ambiguities in the off-shell
q Perp P Yeurrent operator explored in RdB].

Recoil-polarization observables expressed in the polarim-

®0(ee’n), T,=200 MeV, L kinematics ®0(ee’n), T,=200 MeV, Il kinematics
1p Tp p 1s
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FIG. 13. Polarization of the recoil neutron in FIG. 15. Polarization of the recoil neutron in

the 1%0(e,e'n)™®0 reaction using quasiperpendicular kinematicsthe °0(e,e’n)*°0 reaction using parallel kinematics witf,
with T,=200 MeV. See Fig. 12 for legend. =200 MeV. See Fig. 12 for legend.
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%0(e,e’p)™N, T,=200 MeV, Il kinematics ®0(e,e'n)®0, T,=200 MeV, Il kinematics
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FIG. 16. Response functions for thH€O(e,e’p)N reaction FIG. 17. Response functions for tH€O(e,e’n)*°0 reaction us-

using parallel kinematics witff,=200 MeV. These calculations ing parallel kinematics witff,=200 MeV. See Fig. 16 for legend.
are normalized to full subshell occupancy. See Fig. 12 for legend.

The induced polarizatioR, is found to be more sensitive  S€lected response functions for coplanar quasiperpendicu-
to channel coupling within final-state interactions. Small butlar kinematics are shown in Fig. 18 fdfO(e,e’p)**N and
non-negligible sensitivity to channel coupling in quasiper-in Fig. 19 for %0(e,e’n)*°0. We chose to show those re-
pendicular kinematics is exhibited by proton knockout, par-sponse functions which potentially can be deduced from
ticularly for thes shell, whereas for neutron knockout chan- cross section and recoil polarization measurements on both
nel coupling remains quite important even for modestsides of the momentum transfer vector for fixed electron-
missing momenta. The induced polarization for parallel ki-scattering kinematics because it is anticipated that MAMI
nematics is quite small for proton knockout, but for neutron
knockout is substantially enhanced by channel coupling. We
also find that channel coupling is generally more important
than variations due to the choice of optical potential. Further-
more, although these effects decreasél @gsncreases from
135 to 200 MeV, the energy dependence is fairly slow.

It is interesting to note thaP, for s-shell knockout in _
parallel kinematics vanishes without channel coupling in the &
final state, but that a small polarization results from the spin ==
dependence of channel coupling. The presence of an under-= ,, el 2
lying continuum would make it difficult to observe this effect

\\
X N
V4
YV,
\//
X o
10 -1 -20
-20
_20 _30 —40
polarization for isolateds-shell knockout, such as s2 | o -

for 1s,,, knockout, but it should be possible to observe this
knockout from“°Ca, given sufficient resolution.

®0(e,e’p)®N, T =200 MeV, L kinematics

o

R, [fm?]
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3. Response functions

RS [fm?]

Response functions for parallel kinematics are shown
in Fig. 16 for 1%0(e,e’p)™™ and in Fig. 17
for %0(e,e’n)*®0. These calculations are normalized to full
subshell occupancy. For proton knockout the largest effects ‘3‘° 80
are seen iR}, which vanishes without FSI's and for tise *®
shell vanishes without channel coupling; herRéT, which o ° 0
corresponds td?y for parallel kinematics, tends to be most o - 8 B
sensitive to details of the final-state interactions. For neutron 6., [deg] 6, [deg] 6, [deg]
knockout we find that charge exchange in the final state ‘
strongly enhances botR_ andR{'; and also has significant  FiG. 18, Selected response functions for tH&(8,e’p) N re-
effects uporR(_?,whereas the effects upon purely transverseaction using coplanar quasiperpendicular kinematics Wi
response functions are much smaller. =200 MeV. See Fig. 16 for legend.
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®0(e,e’'n)®0, T =200 MeV, L kinematics 0(e,e’N) T, =433 MeV, |l kinematics
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FIG. 20. The sensitivity of recoil polarization in parallel kine-
matics to FSI's is illustrated by comparing,=P,/P, to plane-
wave (PW) calculations for the 1°0O(e,e’N) reaction at T,
=433 MeV. The left (right) column shows proton(neutron
knockout and the three rows show calculations for
(1p12) Y (1psp) 1, and (Isy,) ~?! final states. Dashed and dash-
dotted curves represent EEl and EDAD1 optical-model calcula-
tions, while solid curves include channel coupling for EEI.
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ejectile energy increases, these effects remain important at
To=200 MeV. Therefore, it appears that it will be difficult
.. to separate the effects of two-body currents from those of

FIG. 19. Selected response functions for tf&(e,e'n)**0Ore-  ES|'s using neutron knockout at these energies. Perhaps
action using coplanar quasiperpendicular kinematics Wi higher ejectile energies will prove to be more favorable, but
=200 MeV. See Fig. 16 for legend. calculations including two-body currents are not available
for larger Q2.

3 3

0 20
8, [deq]

experiment A1/2-9324] will provide data of this type. The
effects of channel coupling upon most strong class | response o L
functions for proton knockout are relatively small, but at this ~ C. Channel coupling in °O(e,e’N) at To=433 MeV

energy remain appreciable f& r andRyr. Forp-shell pro- The first experiment to measure recoil polarization for
ton knockout opposite effects upéi r are predicted for the  nojarized electron scattering from a target wih>2 was
two spin-orbit partners. There can also be significant effeCtﬁerformed recently at Jefferson Laboratf2p] and the data

upon some of the poIarizgd class | response functions fog,e presently being analyzed. The experiment used
proton knockout, such aR;5 for the 1ps, and Is,,, states. 16O(é e’ﬁ) in quasiperpendicular kinematics  withE,
Therefore, the interpretation of response functions expected 5 y1c 'Ge\/ w=0 445 GeV andj=1.0 GeVk. Calcu-

from MAMI ex_per!ment Al/2'93[24] will need to consider tions for this’ reaction aTO=A33 MeV show that the ef-
cr:1anr|1el coupling in theffmal_ state. Thhe effects upbon many Oects of channel coupling on recoil polarization continue to
the class 1l response functions, suc m:éf can be quite  yecline as the ejectile energy increases; these effects are
large even for proton knockout, e_speﬂally for Hﬁa,;_state. similar to but smaller than those shown for 200 MeV. Thus,
Note that without channel coupling;y and Ry with m it should be feasible to investigate possible medium modifi-
e{L,S} would vanish fors-shell knockout, but those re- cations of the nucleon electromagnetic form factors for large
sponse functions become appreciable when spm—depende@tz using quasifree recoil polarization.

channel coupling is present msthe fanaI state.L Although not A more quantitative assessment of the sensitivity of recoil
shown, strong modifications &y, R_t, andRyrare pre-  polarization to various aspects of the model, including final-

dicted forp-shell proton knockout also. state interactions, can be made in terms of the polarization
Most class Il response functions for neutron knockout argatio

very strongly affected by channel coupling, with the most

important channel couplings involving both isospin and an- I'vo=Py/P,, (52
gular momentum transfer. Although not shown in these fig-

ures, the Lane model produces much smaller effects becaugéhich for a free nucleon at rest is proportional to
it lacks important spin-dependent and noncentral interacGe/Gy [64]. We can then compare,, for a particular
tions. Unlike proton knockout, many of the class | responsanodel either to a plane-wave calculation or to a baseline
functions for neutron knockout also exhibit substantial sen-optical-model calculation.

sitivity to channel coupling, especially tHe and LT-type In Figs. 20 and 21 we compare model calculations of the
response functions. Stronger effects were obtained in calcyolarization ratio to their plane-wave limits for parallel and
lations forT,=135 MeV where it was proposed to investi- quasiperpendicular kinematics, respectively. FSI effects vary
gate the role of isobar currents Ry 1 for (e,e’n). Although  relatively slowly with missing momentum forp,,

the relative importance of channel coupling decreases as the250 MeV/c, but the models quickly diverge from each
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where the cross section is fairly large, but become quite sub-
stantial for larger angles with small cross sectiginote that
1sp (ee’p) (e.e’n) whenp,,~0 at 6,,=0° for 1p,;, in quasiperpendicular ki-
- - = nematics withT =433 MeV, therp,,~38 MeV/c for 1s,,,

is signficantly large). Fortunately, FSI corrections are ap-
proximately antisymmetric with respect ¢pin quasiperpen-
dicular kinematics, such that a symmetric acceptance would
tend to reduce the net FSI effect and variations with respect
to model. Furthermore, in parallel kinematics the FSI effects
for spin-orbit partners also tend to compensate. Thus, the
recoil-polarization ratio for inclusive quasifree knockout
from a closed-shell nucleus centered upgp=0 is expected
to be approximated well by a plane-wave calculation and
o _ o _ small residual FSI corrections to not depend strongly upon

_ FIG. 21. The sensitivity of recoil polarization in quasiperpen- mode|. Therefore, it appears that recoil polarization provides
dicular kinematics to FSI's is illustrated by comparing, 4 nearly ideal probe of modifications of the electromagnetic
=P,/P; to plane-wave(PW) calculations for the’®O(e,e'N) re-  cyrrent in nuclei for which uncertainties due to final-state
action atT,=433 MeV. See Fig. 20 for legend. interactions are relatively small.

Perhaps the simplest modification of the single-nucleon
other thereafter. Sensitivity to channel coupling in the finalcurrent would be a variation of nucleon electromagnetic
state is indicated by differences between dashed and solf@m factors with density. Using the quark-meson coupling
curves, which are both based upon the EEI model but witinodel, Thomaset al. [7] predict that for p-shell proton
the latter including channel coupling. Sensitivity to the knockout from 0 this ratio will be suppressed by about
choice of optical potential is indicated by the dashed andl0% relative to the free nucleon £°=0.8 (GeVk)®.
dash-dotted curves based upon the EEI and EDAD1 modelS§imilarly, Lu et al.[66] predict a 12% suppression Gig,, in
respectively. The EDAD1 potential is a global optical model °He atQ?=0.5 (GeVk)?. The present results suggest that
fitted using Dirac phenomenology by Coopetral. [65] to final-state interactions will not obscure these medium modi-
proton elastic-scattering data covering a wide range of enfications of nucleon form factors. This effect is predicted to
ergy and target mass, and represents a distinctly differeriicrease withQ? and also becomes sensitive at laQé to
approach than the EEI model. Also note that the IA2 inter-possible variation of the bag constant. An upcoming experi-
action[38] gives resultgnot shown that are practically in- ment[67] measuring recoil polarization for proton knockout
distinguishable from EEI over this range pf, . from “He for severalQ® between 0.8 and 4.0 (Geb)?

Figure 20 shows that final-state interactions have relashould be sensitive to such variations of the bag model.
tively little effect uponP,/P for p-shell knockout in paral- However, two-body currents such as intermediate isobar ex-
lel kinematics except in the immediate vicinity of the node in Citation, relativistic distortion of nucleon spinors, or off-shell
the momentum distribution where the cross section becomd§rm factors may also affect the recoil-polarization ratio at
very small anyway. Not Surprising|y, ESI corrections andthe several percent level. Thus, because tWO-bOdy currents
model dependence are minimized near the peaks of the misate expected to affect neutron and proton knockout some-
ing momentum distributions for each shell. Optical-modelwhat differently, it becomes important to perform measure-
distortion for spin-orbit partners are opposite in direction andnents for both to distinguish between two-body contribu-
tend to balance for closed shells. Althougshell knockout ~ tions and modifications of the one-body current.
is insensitive to differences between optical models, the ef-

*0(e,e’N) T, =433 MeV, 1 kinematics

fects of channel coupling are somewhat larger than foipthe VIl. SUMMARY AND CONCLUSIONS
shell. Nevertheless, these effects are minimalgige=0 and . . .
nearly antisymmetric with respect to the signpmf for par- We have developed a model of final-state interactions for

allel kinematics. Therefore, it appears that wh&? (é,e’N) reactions in which coupling between single-nucleon
=0.5 (GeVk)? uncertainties irr,, due to final-state inter- knockout channels is mediated by potentials obtained by
actions are only at the few percent level near the peaks of th®lding density-dependent nucleon-nucleon effective interac-
missing momentum distributions for single-nucleon knock-tions with nuclear transition densities using the local density
out in parallel kinematics. approximation. Coupling to more complicated configurations
Recoil-polarization ratios appear to be more sensitive foiis represented by optical potentials based upon the same ef-
quasiperpendicular than for parallel kinematics to variationdective interactions. All couplings within the model space
of the FSI model. The EDAD1 optical potential generally and all components of the nucleon-nucleon interaction ex-
produces larger distortion corrections to these ratios than doept tensor exchange are included. Hence, the model em-
either the EEI or 1A2 potentials. The small differences be-ploys a more realistic description of final-state interactions
tween dashed and solid curves in Fig. 21 show that channaind can be employed for higher energies than earlier models.
coupling has very little effect upon proton knockout from the Although the present applications use a one-body current
p shell for modest opening angles, but the effects uporoperator and uncorrelated wave functions, the model can be
p-shell neutron knockout are substantially larger, especiallextended to include two-body currents and ground-state cor-
on the beam side of the momentum transfer. FSI correctiongelations.
to r,, for s-shell knockout are relatively small faf,,;<5° To compare our model of charge exchange FSI's with
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earlier approaches, we analyzed tjno_é:(é e’N) reaction at  tities for neutron knockout are affected at low energies by
T,=70 MeV using a simple four-state coupling schemeChannel co_uphng, these effects decrease with energy and be-
based upon purefly, and Is,, hole states. Although van C0Me relatively small foif ;=433 MeV. FSI model depen-

der Steenhovest al. [60] predicted strong charge-exchange de_nc.e is minimized fo.r paral!el kinematics near peaks_of the
contributions to é,e'n) under these conditions using the MiSSING momentum distributions for each shell or for inclu-

Lane model, we obtain rather small effects for this model, in>V& quasifree knockout with momentum acceptance that is
agreement with Giusti and Pacd®8]. However, strong symmetric aboutp,,=0. Furthermore, these quantities ap-

charge-exchange contributions to theen) cross section pear to_ be insensitive to ambiguities in gauge or off-shell
are obtained when th, . final-state interaction is included. properties of the one-body electromagnetic current operator.

Similar findings were also obtained by Jeschonmelal. Hence, recoil polarization provides an ideal means for inves-

! . o > s . tigating the electromagnetic current in the nuclear medium.
[12]'.\/.\/6 also find that recoil p(_)lanza_\tlon fc_>e,(e n) is QU 15 the extent that the one-body current is dominant, the
sensitive to channel coupling, including the helicity-

FUY ) . simple relationship betweeRg/P| and G:/G)y, provides a
dependent components, while,¢’p) remains rather insen- means for studying possible density dependence of nucleon
sitive to these complications even for these relatively 10Wgjectromagnetic form factors. However, the role of two-body
ejectile energies. L currents at higlQ? has not yet been investigated and may be
We studied the'®0(e,e’N) reactions afl,=200 and 433  important also. Therefore, it is important to measure sepa-
MeV, kinematics appropriate to experiments at MAMI andrated response functions which will provide differing sensi-
TJINAF, using a six-state coupling scheme based upon thgvities to these two mechanisms.
independent-particle model. We find that channel coupling The present formalism would permit many technical im-
has very little effect upon the proton knockout cross sectiorprovements to be implemented in a relatively straightforward
for missing momentg,,<<300 MeV/c and that the charge- manner, including correlated wave functions, expanded
exchange contribution to neutron knockout decreases as thgodel spaces, improved electron distortion and initial-state
ejectile energy increases, but that channel coupling remainsoupling, and nonlocal final-state interactions. Extension to
important for neutron knockout at,=200 MeV. For larger relativistic FSI models is also possible. However, perhaps
pm channel coupling has important effects upon the crosshe most interesting extensions involve the effective current
sections for both proton and neutron knockout even whemperator. In addition to conventional two-body currents, the
To=433 MeV and these effects depend strongly upon botlyuark-meson coupling model suggests that nucleon electro-
nuclear structure and kinematics. magnetic form factors are density dependent. The implica-
Most of the response functions for proton knockout thattions of density-dependent form factors can be investigated
would remain finite in the absence of FSI's appear to beby applying the local density approximation to the one-body
relatively insensitive to channel coupling, but response funceurrent operator. The present results suggest that these ef-
tions for neutron knockout, especially those which vanishfects, and those of two-body currents, can be studied with
without FSI's, are considerably more sensitive to channetelatively little uncertainty due to final-state interactions us-
coupling. Charge exchange mediated byttheinteraction is  ing recoil polarization for energetic ejectiles.

the most important coupling mechanism F@O(é,e’l\]), but
guadrupole inelastic scattering can be important also for de-
formed targets.

The polarization transfer observableg and P| for pro- The author thanks Professor George Rawitscher for valu-
ton knockout with modest missing momentum appear to bable discussions of the coupled-channel formalism. The sup-
guite insensitive to details of the final-state interaction, in-port of the U.S. National Science Foundation under Grant
cluding channel coupling. Although the corresponding quanNo. PHY-9513924 is gratefully acknowledged.
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