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We examine the sensitivity of the distorted-wave impulse approximation for single-nucleon electromagnetic
knockout from valence orbitals to ambiguities in the one-body current operator. Violations of current conser-
vation are classified as gauge ambiguities, whereas the elements of a particular class of structural differences
off shell are labeled Gordon ambiguities. Gauge ambiguities in differential cross sections and longitudinal
response functions are found to increase with missing momentum and to become particularly severe for low-
Q? kinematical conditions that are far from quasifree but are sometimes used to investigate correlations. The
azimuthal asymmetry may provide a useful experimental means for selecting a gauge. Gordon ambiguities
increase withQ? and are larger for relativistic than for nonrelativistic approaches. Because ambiguities in the
one-body current are at least as large as effects due to correlations and there are additional uncertainties due to
two-body currents, final-state interactions, and relativistic distortion, we conclude that is unlikely that infor-
mation about correlations can be extracted from single-nucleon knockout from valence orbitals at large missing
momentum. On the other hand, gauge and Gordon ambiguities and uncertainties in final-state interactions have
very little effect upon the helicity-dependent recoil polarization, which can be used to investigate the roles of
two-body currents and/or possible medium modifications of the one-body cUrg8556-28187)04411-1

PACS numbsgs): 25.30.Dh, 24.10.Ht, 24.78s, 27.20+n

I. INTRODUCTION wave impulse approximatiofDWIA) in which electron
wave functions are distorted by Coulomb potentials and the
The A(e,e’N)B reaction provides the most direct experi- ejectile wave function is distorted by an optical potential that
mental probe of momentum distributions in nuclei that isalso accounts for the flux that is diverted by final-state inter-
presently available. Thee(e'p) reaction has been used ex- actions into more complicated channels. For modest missing
tensively to determine missing momentum distributions andnomenta one generally finds that the fitted momentum dis-
spectroscopic factors for valence hole states in many nuclejiibutions are almost independent of the kinematics of the
recent reviews of this subject may be found in Réfs-5].  reaction, which supports the applicability of the distorted-
The plane-wave impulse approximatigRWIA) provides a  \yave approximation under those conditidis-5].
phymgally appealing, glbe_n.s_lmphstlc, model of t,hls reaction o consistent theoretical description of the single-hole
in which a nucleon with initial momentum,=p’—q ab-  gnectral functions for both nuclear matter and finite nuclei
sorbs a}w,rtual phOt.O'(k“’q) _and emerges with final momen- has emerged from a vast body of work employing diverse
tum (E",p’). The differential cross section methods. A brief review of this work and an extensive set of
q references may be found in Rdfl]. For nuclear matter,
g _ short-range and tensor correlations deplete the Fermi sphere
PWIA= dedQdendQy =KoenS(Pm,En) @) by approximately 15-20% and populate nominally empty
orbitals, thereby producing a long tail on the momentum dis-
can then be represented by the product of an elementatyibution. The quasihole strength near the Fermi surface is
cross sectiomr,y, a phase-space factfr, and the probabil- then about 0.5-0.7 and increases with binding energy. In
ity, S(pm,Em), that removal of a nucleon with momentum finite nuclei, coupling to low-lying surface modd#ong-
P, Will result in a final state of the residual system with range correlationsproduces additional depletion of the va-
missing energyE,,= my+mg—m,. Thus, to the extent that lence hole states, increases the population of nominally
this simple picture applies, the knockout cross section is proempty orbitals, and spreads the quasihole strength over sev-
portional to the single-nucleon spectral function for the tar-eral fragments. The calculated missing momentum distribu-
get, which then forms a bridge between the experiment antlons for valence-hole states generally follow mean-field pre-
the theory of nuclear structure. However, the spectral funcédlictions (Hartree-Fock quite closely in shape, differing
tion is not itself an experimental observable, but rather musmainly by overall spectroscopic factors. Thus, the momen-
be deduced from cross section measurements using a suitaltlan distribution forp,, <250 MeV/c is dominated by low-
reaction model. Therefore, to cross this bridge we must relying quasihole contributions, but as the missing momentum
fine the picture to account for electron distortion, final-stateincreases more complicated continuum configurations at
interactions, modifications of the electromagnetic vertexhigh excitation energy dominate. Short-range and tensor cor-
function for bound particles, and meson-exchange and isobaelations spread the high momentum strength over several
currents. hundred MeV of excitation energy. For example, a partial-
Corrections to this simple picture due to initial- and final- wave analysis of the hole spectral function f60 by Polls
state interactions are usually evaluated using the distorteat al. [6] shows dramatic enhancement at high momenta for

0556-2813/97/56%)/267216)/$10.00 56 2672 © 1997 The American Physical Society



56 GAUGE AMBIGUITIES IN (&,e’'N) REACTIONS 2673

large missing energy while valence states continue to followwhich would all give equivalent results if the model con-
mean-field momentum distributions rather closely. served current but which actually give rather different results
Several models suggest that coupling to low-lying surfacaunder some kinematical conditions. As suggested by Pollock
modes may substantially enhance the missing momenturet al.[21], each of these prescriptions can be associated with
distributions for quasihole states beyopg,>300 MeV/c  a gauge for which the original nonconserved current gives
also. For example, the quasiparticle Hamiltonian model othe same results as the modified current. Furthermore, sev-
Ma and Wambach[7,8] represents this coupling by a eral prescriptions for off-shell extrapolation of the current
surface-peaked contribution to the effective mass which hasperator have been propoddd,22. These prescriptions are
the effect of substantially increasing the single-nucleon overrelated by the Gordon identity and are equivalent on shell but
lap function for large momenta. Alternatively, the dispersiveviolate current conservation off shell and also give different
optical model of Mahaux and co-workef9—-11] relates results for the same gauge. Thus, it is useful to distinguish
the surface-peaked feature of the effective mass to thbetween gauge ambiguities related to violations of current
energy dependence of dispersive contributions to theonservation for a particular one-body current operator and
single-particle potential. Bobeldijket al. [12] measured Gordon ambiguities related to structural differences which
20%ppe,e’p) for 300<p,<500 MeV/ic with (w,q) become manifest off shell.
=(110 MeV, 221 MeVt) and T,=100 MeV and for low- Additional flexibilities in the general structure of the off-
lying states found significant enhancements with respect tehell current operator are not considered here. Netual.
Hartree-Fock wave functions at large momenta. Better agre¢20] demonstrated that the half off-shell vertex function con-
ment with these data was obtained from calculations thatains six operators with four independent form factors, each
applied effective mass corrections of the type suggested byf which depends upon two Lorentz scalars. Therefore, limi-
these models of long-range correlations. However, with aation of the vertex function to only two form factors de-
value for the Bjorken scaling variable= Q?/2mw, of only  pending upon only a single kinematic variable represents a
aboutx=~0.18, wherex=1 corresponds to quasifree kine- rather severe truncation which can only be justified on the
matics, one must be concerned with the validity of the im-basis of a theory of the underlying dynamics of the off-shell
pulse approximation for these experimental conditions. Fur«¢N vertex.
thermore, comparable effects are attributed by van der Sluys Ideally one should evaluate the nuclear electromagnetic
et al. [13] to two-body currents and by Uaset al. [14] to  current using a many-body Hamiltonian which accurately de-
variations of the one-body current operator in a relativisticscribes both bound and scattering states. Calculations for
DWIA. 160(e,e’N) have been performed fdry~70-100 MeV by
Sahaet al.[15] have proposed to measut®(e,e’p)®™N  Ryckebuschet al. [23] using a Hartree-FockHF) random
at large missing momentum using quasifree kinematicphase approximatiofRPA) model based upon a Skyrme in-
with ©=0.445 GeV, q=1.0 GeVt such that Q?=0.8 teraction[24]. Both bound and continuum wave functions
(GeV/c)? and x=0.96. Similarly, Glashaussest al. [16]  are generated within the HF mean field for the Skyrme inter-
have proposed to measure recoil polarization for modesaction and long-range correlations are described by the RPA.
missing momentum using the same reaction and similar kiThe current operator is also based upon the HF Hamiltonian.
nematics. The relatively high ejectile energy should help toThus, this approach preserves gauge invariance and avoids
minimize ambiguities due to final-state interactions while theorthogonality defects which can be important at laggg.
use of quasifree kinematics is intended to simplify the reacOn the other hand, because the mean field is real, attenuation
tion mechanism. Furthermore, both initial-state and final-of the scattered flux must be described by explicit coupling
state distortions are less important for this relatively lightto the open channels. Coupling to all single-nucleon emis-
target than for lead. Therefore, it is of considerable interest tgion channels is included within the RPA, but more compli-
investigate the implications of ambiguities in the one-bodycated configurations are omitted. Hence, although this model
current operator for these proposed experiments. In additioris internally consistent, its description of the final-state inter-
we consider the lower-energy®O(e,e’p)'°N experiment actions is not adequate. This model is most applicable for
performed by Blomqvistt al. [17] in which valence states small ejectile energies, but as the energy increases final-state
were measured fop,<675 MeV/c but with kinematics interactions involve increasingly complicated configurations,
rather far from quasifree. including meson production, which cannot be adequately de-
In this paper we investigate the consequences of ambigwscribed by the HF-RPA approach. For high-energy ejectiles
ities in the one-body current operator for nonrelativisticthere are no practical alternatives to distorted wave or
DWIA calculations of g,e’N) reactions over a wide range Glauber approaches, neither of which conserve current.
of experimental conditions. It has long been recognized that Fortunately, because gauge ambiguities appear to have
optical model calculations violate gauge invariance becauseelatively little practical significance when the missing mo-
the DWIA does not conserve currefd.g., Refs[18-20). mentum is relatively small and the kinematics are nearly
Therefore, most calculations oé,g’p) reactions attempt to quasifree[5,1], one is reasonably confident that momentum
restore current conservation using ad hoc prescription.  distributions for p,,<250 MeV/c can be extracted accu-
The most common prescription, popularized by de Forestately from quasifree €,e’p) data using DWIA analyses.
[18], is to replace the longitudinal component of the electro-However, recently there have been several experiments per-
magnetic current for the target by a term proportional to thformed or proposed that are intended to investigate correla-
charge component such thatJ—0 for the modified cur- tions using single-nucleon knockout at large missing mo-
rent. However, this prescription is not unique and there existenta [12,17,13, but because the kinematics of such
several equally simple and equallyn)worthy alternatives experiments are often rather far from quasifree it becomes
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necessary to reexamine the consequences of various ambigu- W,=(J J‘L ' (7)
ities in the reaction mechanism. In addition, there are pro- # #
posed experiment$16] designed to investigate medium where the angular brackets denote products of matrix ele-
modifications of the nucleon electromagnetic current usingnents appropriately averaged over initial states and summed
recoil polarization. Although there are additional ambiguitiesover final states. Recoil polarization is included via the gen-
due to the off-shell extrapolation of the current operator foreralization
bound nucleons or from the choice of optical potential, in
this paper we investigate the consequences of gauge and W, (8)=(J,30-8), (8)
Gordon ambiguities iné,e’ﬁ) reactions over a wide range
of kinematical conditions.

The model is outlined in Sec. Il and calculations for both
the Mainz and the TINAF®O(e,e’p)'°N experiments are
greeselrslt.ed in Sec. lll. Our conclusions are summarized in q,J#=0=q,W*'=Wr"q,=0,

where a is desired nucleon polarization component and
where the Pauli matrix refers to the ejectile spin. Conserva-
tion of the nuclear electromagnetic current requires

but this principle is usually violated when approximations
Il. MODEL are made to the complicated nuclear dynamics.

A. One-photon-exchange approximation . ) L
B. Relationship between gauge and prescription

For semiexclusivéA(e,e’x)B reactions in which only a for current conservation
single discrete state or narrow resonance of the target is ex- Most recent calculations attemot to restor rrent conser
cited, the one-photon-exchange approximation in the Feyn- ost recent caiculations attempt fo restore current conse

man gauge for the fivefold differential cross section takes th&/ation by mod|fy|_ng the longitudinal component of the
form nuclear current using thad hocreplacement

d50' & a? v Jq%g‘lo- (9)
derdngdn, e Q7N @ “

This procedure was originally applied t®,€’p) calcula-
tions by de Foredi27,18 and was justified by the argument
DyEx that the charge operator was understood better than the lon-
K=R 23 3 gitudinal convection current. However, we do not find this
(2m) argument compelling and note that there exist several alter-
native prescriptions which are equally simple to apply and
which are equivalent in principle. As suggested by Pollock
et al.[21], it is useful to associate the prescription for resto-
ration of current conservation with the gauge that gives the
same results without modifying the current. Thus, the de
Forest prescription is associated with the Coulomb gauge.
Similarly, the prescription

where

is a phase-space factde,= (g; ,k;) andk;=(e;,ks) are the
initial and final electron momentgpa=(ea,pa) and pg

=(eg,pg) are the initial and final target momenta,

=(e&,,py) is the ejectile momentumg=k;—k;=(w,q) is
the momentum transfer carried by the virtual phot@3=

—0,09*=9?— »? is the photon virtuality, and

2 Px-Ps|

€p Px-Px

R=‘1— 4 q

Jo— =g (10)

s a recoll factqr which _ad;usts the nuclear phase spafp . is associated with the Weyl gauge. Finally, the prescription
for the constraint on missing energy. In the extreme relativ-

istic limit, only the longitudinal component of the electron

J-
polarization is relevant and the electron response ter&r J,—J,+ Q—ng (12)
1 . . .
nwzz[n;ﬁhnzy] (5) is associated with the Landau gauge and has been used by

Mougey et al. [28]. However, it is important to recognize
that although the current associated with the Landau gauge is
conserved, the piece that restores current conservation does
not actually affect the observables because it is orthogonal to
the electron tensor. Therefore, calculations using a conserved

can be separated into heIicity—independeni;‘w, and
helicity-dependentnzy, contributions of the form

u _ _ N2
7= KKy =00, Q70 (6a) current obtained via the Landau prescription are equivalent
h . aw B to using the original nonconserved current in the Feynman
Nuv™ ~ 1€ uvapli K, (6b) gauge.

where is the completely antisymmetric tensor akd
=k + k‘o‘fwa;; P Y Y C. Current operator
i .

Similarly, one defines the unpolarized nuclear response Matrix elements of the nucleon electromagnetic current
tensor as can be expressed in the form
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(pss| I pis) =ud “(ps ,pi)U; (12)  comes necessary to restore current conservation addroc
manner as described in Sec. Il B. Thus, after modification of
where I'* is the electromagnetic vertex function for the the current operator, one obtains a family of off-shell vertex
nucleon and where the spinors are denoted;gndu;. For  functions {I'¢q,eco.Tecyt Optimistically designated “cc”
a free nucleon, the electromagnetic vertex function can beor “current conserving.” Although gauge labels are not ap-
expressed in several equivalent forf2g] pended, full specification of these operators requires a choice

u of gauge also.

P
T4=7"Gu(Q%) ~ 5 kF2(Q?), (139
D. Distorted-wave impulse approximation
a, The DWIA for the electromagnetic transition amplitude
ry= 'y”“Fl(Qz)—i-iO"“VZmKFz(Qz), (13b  that governs the single-nucleon knockout reaction
A(e,e’N)B can be expressed in the forfa7]

p . d3q’ 1
Mf=7 FiQ)+io" 2 Gy(QY), (130 M= [ s @) o Rka), a9

where F, is the Dirac form factor,F, is the Pauli form
factor, andk is the anomalous part of the magnetic moment.
The Sachs electric and magnetic form factf28] are Gg L
=F1—7kF; andGy=F;+«F,, wherer= Q%/4m2. Addi- ji(q’)zj dre 19Tyl y, yl(r), (163
tional variations can be obtained from linear combinations.

These forms are related by the Gordon idenft&9,31] and
give identical results for a free nucleon but differ when the
kinematics for a bound nucleon are taken off shell. The de
Forest prescription for extrapolation of these operators off
shell employs free spinors for momentynand massn, but ~ and wherd’”, is the vertex operator for the nucleon current.
replaces the enerdy used within the vertex function by the In these expressions the electron wave functions relative to
valueE it would have had if the nucleon were on shell in the the target of mase, are denoted by the spinogg and ¢
initial state. Thus, the off-shell extrapolation is obtained byfor the initial and final states, respectively. At this stage we

where the electron and nuclear currents are

)= f dre® giOr, N, (16D

replacing the energy transfer and the momenta by leave implicit the dependence of the nuclear current upon the
ejectile kinematics and the state of the residual nucleus.
9=(»,9)—9=(,q), Since it is more convenient to express the ejectile wave func-

L L tions ¢N relative to the residual nucleus of masg, the
P=p'+p—P=(E'+E,p' +p), radial scale is adjusted by means of the reduced momentum

transfer[32] §'=q'mg/m,.
in the nucleon current operator. However, the form factors If we assume that a virtual photon with momentagrnis
are still evaluated at the asymptotic momentum tran&ér, absorbed by a single nucleon with initial momentpmthe
rather tharQ?. Therefore, we obtain the alternative prescrip-nuclear current at position becomes
tions

d3p d3p// L
- N —_ —igq"-ro(—)* AN
— p# TuN=1 =3 3€ X T (p'p")
[} =74Gu(Q?) — 5—xF2(Q?), (143 (2m” (2m)
o XT,(p",p)#(p), (17)
— . qV
I'5= 7“F1(Q2)+|<T“V2mKFz(Q2), (14 where the single-nucleon wave function is the amplitude for
removing a nucleon from the initial state of targkétand
=y — reaching the final state of residual nuclddissuch that
[i=-—F1(Q)+io*' o -Gu(Q). (140 -~
2m 2m ¢(p)=(Bla(p)|A). (18

Several other prescriptions for off-shell extrapolation based i (ks )
upon effective mass concepts may be found in R&is1g. ' he distorted wavee ™ (p’,p ) IS the, amplitude that the
We describe differences between off-shell vertex func-€l€ctile with initial momentunp =P+q emerges from the
tions obtained using the Gordon identity as Gordon ambigubucléar field with final momenturp’. Inclusion of inelastic
ities. The importance of Gordon ambiguities is expected td°rOCeSSes _Wlthln the final-state interactions can be_accom-
increase withQ? [20]. Furthermore, distortion of nucleon Plished using a coupled-channels model of the distorted
spinors in Dirac mean fields tends to make relativistic modWaves, as discussed in R¢t]. In coordinate space these
els more sensitive to Gordon ambiguities than nonrelativisti?vave functions are expressed as
DWIA models[22,14. op
Unfortunately, because none of these off-shell vertex _ ipr 3
functions explicitly conserves electromagnetic current, it be- ¢(r)= j (2m)3 e e(p), (193
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d3p” ., reduction ofT". It also has the advantage of preserving the
X(p’,f)=f @3 e x(p',p"). (19b  response function structure of the one-photon exchange ap-
proximation.
Thus, the nuclear current becomes In the present work we evaluate the distorted waves using

the Schrdinger equation with relativistic kinematics. Optical
\ dp _ - potentials are based upon phenomenological analysis of
JM(Q')=f 2m)? X 7% (' p+a)T.(p+a',p)é(p), nucleon elastic scattering or upon empirical density-
(20) dependent effective interactions fitted to elastic and inelastic
scattering data. Optical potentials from Dirac phenomenol-
whereq’ is the local momentum transfer supplied by the 09y can be transformed to Schiinger-equivalent form and
electron. used with a Darwin nonlocality factor. Further details can be
In the absence of Coulomb distortion, the electron currenfound in Ref.[1]. Unless stated otherwise, we use thg,
would be proportional tQ3‘3(q’ —q), so that the nuclear cur- vertex function with nucleon form factors from the model 3
rent could be evaluated for a unique value of the momenturef Gari and Krumpelmann(36,37.
transfer obtained from asymptotic kinematics. Fortunately,
even in the presence of Coulomb distortion, the electron cur- E. Overlap functions
rent tends to be sharply peaked about a local or effective
momentum transfer)’ ~qe¢, SO that for light nuclei it re-
mains a good approximatid83] to evaluate the vertex func-
tion in the asymptotic momentum approximatiGhMA ),

The single-nucleon overlap functiop(r) is expected to
resemble strongly a single-particle eigenfunction in the mean
field of the residual nucleus. In fact, one does find that
Hartree-Fock wave functions provide excellent predictions
for (e,e’p) for strong states and modest missing momentum.
(21 : .
Therefore, experimental data are usually analyzed using
‘Woods-Saxon wave functions, modified by a Perey factor,
where the radius is fitted to the shape of the momentum
distribution and the potential depth is adjusted to reproduce

T .(p".0)~T.(p', , 22 the separation energy.
p (PP =P P erd) 22 The quasiparticle Hamiltonian model of Ma and

where the effective missing momentupy, ¢r=p’ — et IS Wambach[7,8] provides a physically appgaling mogiel of.
based upon the the effective momentum transfgy=k; both short-range and long-range correlations that is suffi-

: ) . ciently simple for use in the analysis of experimental data.
—kr obtained by replacing the asympiotic momehtdy Here we provide a brief description of this model and refer to

Ipcal moment& accelerated by the mean electrostatic potentl] for a more detailed review and comparison with related
tial, such tha{34] approaches. According to the model, the local effective mass
m* (r) consists of two factorg:l) Thek massmy(r) repre-
k_:k+fza_zlz, (23 ~ sents the spatial nonlocality of the mean field arising prima-
Rz rily from exchange effects, an@) the E massmg(r) repre-
sents temporal nonlocalities arising from short-range and
where f;=1.5 corresponds to the electrostatic potential atensor correlations and from coupling to surface modes.

the center of a uniformly charged sphere of radiys Fo-  Thus, the effective mass is parametrized as
cusing of the electron wave function is then included by

I(p",p)=T ,(p",pm).

The effect of Coulomb distortion can be included in a some
what better effective momentum approximatid@MA),

applying factors ok/k to each electron spingB3]. We find m*(r)  my(r) mg(r) (253
that ambiguities in the one-body current operator are suffi- m m m '’

ciently large that the considerable computational effort re-

quired to improve upon AMA or EMA by treating the mo- m,(r)

menta in the vertex functions as operators is not justified m —17aeg(r), (25D
[35]. Because we consider in this paper only light nuclei and

high-energy electrons, we employ the AMA and omit elec- me(r) dg(r)

tron distortion in the present calculations. T:1+,[3vg(r)+,3S ar (250

Therefore, we obtain
~ whereg(r) describes the radial shape of the mean field and
jﬂ(q’)mjﬂ(p’,qeﬁ)=f d3r el Ty ()% (p’ ) is conveniently represented as a Woods-Saxon function

XT,(p',p’ ~ e $(1), (24 o) = exp[(r_lR)/a]H, (26

where the vertex function has now been reduced to a matrix,

acting on nucleon spins, whose elements are evaluated usimghereR=R,(A—1)3is the radius and is the diffuseness
effective kinematics. This approach greatly simplifies the nu-of the single-particle potential; typically one chooses
merical evaluation of the transition amplitude and is a suit=1.25 fm anda~0.65 fm.

able starting point for nonrelativistic models that use nonrel- The correlated single-particle wave function is now rep-
ativistic wave functionsy and ¢ and a nonrelativistic resented by
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m*(r) thermore, channel coupling in final-state interactions can

@(r), (27)  also enhance knockout cross sections at larg€l]. Never-
theless, even though this model probably overestimates the
influence of correlations on valence knockout, it provides an

where ¢(r) is the corresponding uncorrelated eigenfunctioninstructive guide to the importance of correlations at large

of the single-particle potential. The effects of spatial versug,, relative to ambiguities in the one-body current operator.

temporal nonlocality can be examined separately by replac-

ing m* by eitherm, or mg, respectively. One then finds that

the effect of spatial nonlocality, as representedhipyr), on

the shapes of missing momentum distributions for valence Nucleon knockout reactions of the typéé,e’N)B initi-

orbitals is quite modest and, when analyzing data, can partlgted by a longitudinally polarized electron beam and for

be compensated by adjustment of the radius parametewhich the ejectile polarization is detected may be described

Moreover,m,(r)/mis very similar to the Perey factor thatis by a doubly differential cross section of the general form

usually included when analyzing€'p) data anyway. By [43,44

contrast, the pronounced surface peakmp(r) produces

substantial enhancements of the cross section ggr dops

=300 MeV/c. This suggested enhancement has been the de;dQdy

subject of several recent experiments and proposals. There-

fore, one of the purposes of the present work is to investigatesheree; (&) is the initial (final) electron energyg, is the

the extent to which this effect can be disentangled from ununpolarized cross sectioh, is the electron helicitys indi-

certainties in the reaction model for single-nucleon knockoutates the nucleon spin projection upen P is the induced

by electron scattering that tend to increase vaghalso. polarization A is the electron analyzing power, aRd is the

Ma and Wambach8] applied this model to analyze vari- polarization transfer coefficient. Thus, the net polarization of

ous single-particle properties 6f%b. The geometrical pa- the recoil nucleodI has two contributions of the form

rametersR,, anda were chosen to fit the charge density. The

volume-nonlocality parameterea=0.42 andB,=0.2 were II=P+hP’, (29

chosen to produce*/m=0.7 in the interior based upon the

Perey-Buck analysis of the effective maf38,39. The \where|h|<1 is interpreted as the longitudinal beam polar-

surface-nonlocality paramet@;= — 3.0 fm was adjusted to jzation. Each of the observables may be expressed in terms

reproduce the experimental particle-hole gap and spin-orbgf kinematical factors/, ; and response functior,, as

splitting. The quasiparticle strength for deep hole states obreviewed in Ref[1].

served in**®Pb(e,e’p) by Quint[40] was fitted also. Subse-  The recoil polarization is usually calculated with respect

quently, Ma and Feng41] obtaineda=0.4, 3,=0.1, and to a helicity basis in the barycentric frame defined by the
Bs=—3.0 fm for “°Ca. Hence, it appears that thedepen-  pasis vectors

dence of these parameters is small. Therefore, although we
have not fitted the single-particle properties 60, for the -~ Pn

purpose of comparing the sensitivity 8f0(e,e’N) to long- L= m (303
range versus short-range correlations, we empiey0.4, N

B,=0.1, andB,=—3.0 fm for %0 also. We use single-
particle potentials adjusted to reproduce the p-shell

P(r)>

m

F. Observables and response functions foA(é,e’lCI)B

=UO%[1+ P.a+h(A+P - )], (29

qeL

160(e,e’p) data of Leuschneet al. [42]. N= lqel|’ (30b)
However, it is likely that the model of Ma and Wambach
overestimates the effect of long-range correlations upon the A A A
g-rang b S=NeL. (300

missing momentum distributions for valence knockout. The
dispersive optical model of Mahaux and Salftbt] produces ) ] o ]
an effective mass of similar shape, but the surface enhancélowever, since this basis is not well defined wheandpy
ment for 2%Pb is considerably less pronounced. Further-2re either paralle_l or antlparallel, thesg cases are conV(_entlon—
more, Mahaux and Sartor represent the quasiparticle wa@ly handled by first rotating the reaction planedq, as it
function usingm,(r) in place ofmg(r) in Eq. (27) and relate would be in nonparallel kmemgtlcs, and then tgklng the I|m'|t
the quasiparticle strength to the matrix elementg{r) for ~ fpq— 0% Or 6pq—180° as required. Note that since the basis
those wave functions. Thus, in this approach temporal non‘ectorsS andN reverse directions whes#— ¢+ 7, the cor-
locality affects the quasiparticle strength but does not enf€SPonding components of the recoil polarizations also tend
hance the missing momentum distribution at lapge The O reverse sign even when there is no physical asymmetry
analysis of2%Pb(e,e’p) by Bobeldijk et al. [12] found that Wlth_ respect tog; this behavior is simply an artifact of the
inclusion of mg(r) in the overlap function improves the Pasis. _ _ o _
agreement between DWIA calculations and the data for large Altérnatively, since the recoil polarization is measured in
p., and found a slight preference for the milder surface pean® laboratory frame, it is useful to employ a polarimeter
of Mahaux and Sartor over the stronger surface peak of MRaSis in which

and Wambach. However, subsequent work found compa-

rable effects at largp,,, arising from two-body currentsl 3] . ki®k (313

or from Gordon ambiguities in relativistic DWIAL4]. Fur-
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TABLE I. Kinematics for the'®O(e,e’ p)°N experiment of Blomqviset al. [17].

g w Pm Q? X y
Setting (MeV/c) (MeV) (MeV/c) [(GeV/c)?] (GeVic)
2 550 202-259 83-183 0.255 0.70-0.49 0.074-0.123
3 470 163-253 0.165 0.47-0.33 0.157-0.247
4 390 251-331 0.095 0.27-0.18 0.245-0.325
5 315 326-386 0.045 0.13-0.09 0.322-0.383
6 495 214-255 376-496 0.192 0.49-0.38 0.156-0.217
7 315 217-273 526-676 0.039 0.10-0.07 0.350-0.405
. Y®Pn calculation of the numerator, namely, the cross section itself.
X= FErN (31b  Although direct comparisons between theoretical and experi-
mental differential cross sections would be simpler to inter-
=30V (319 pret, the reduced cross section depends less strongly on the

kinematics of the experiment and strongly resembles the mo-
Furthermore, although the effect is small except for verymentum distribution. Furthermore, the data are often re-
light targets, the polarization vector must be transformed tgorted only as reduced cross sections and the same purpose
the lab frame using a Wigner rotatip#5]. One advantage of is served by definingr.q with a common denominator for
presenting the recoil polarization in the laboratory or polar-both theory and experiment.
imeter basis is that the recoil polarization components are
continuous aspy moves throughg from one side to the IIl. RESULTS
other. Unlike S and N, X andy do not reverse directions
when ¢— ¢+ ar. For coplanar quasiperpendicular kinemat-
ics with y upwards, it has become conventional to assign Blomaquyist et al.[17] reported missing momentum distri-
positive missing momentum to ejectile momenta on thebutions for the lowest (fi;,,) ~* and (Ipy,) ~?! states for the
large-angle side of}, such thatp= 7 and 6,,>0. 160(e,e’p) N reaction with ejectile kinetic energies in the
The distorted missing momentum distributipR(p,.p") range 19€T ;=260 MeV. These data were acquired using
is obtained by dividing the unpolarized differential cross secsix kinematical settings summarized by Table |, where the
tion oy by the elementary electron-nucleon cross seatigg ~ Bjorkenx is defined byx= Q?/2mw and they-scaling vari-

A. %0(e,e’p) for Mainz kinematics

for initial (final) nucleon momenta,, (p'), such that able by the solution of
b W 90 37 w+ M= Vyma+(y+q)2+ Vm3+y2. (35)
P~ (Pm.P") = e, (32)
OeN ) ) _ )
Although we recognize that the direct reaction mechanism
where based upon a one-body current operator may not suffice for
2 small x or, equivalently, large positivey where meson-
e WY (33 exchange and isobar currents become important, several pre-
TeN= " A4 Tuv¥VeN : - ;
g Q vious analyses attempted to interpret the data for large

is based upon the PWIA response tensor for off-shell kine:[erms of single-nucleon momentum components. Here we
: : ; consider gauge and Gordon ambiguities in the direct knock-
matics and, by convention, does not include the phase—spa%%t contribution
factor K. Ambiguities in the distorted momentum distribu- '
tion are minimized by requiring consistency between the ver-
tex function and gauge used to evaluate both the numerator
and denominator of Eq32). However, because nature does Calculations illustrating the sensitivity of DWIA calcula-
not afford one the luxury of choosing these prescriptions fottions to the choice of optical model are shown in Fig. 1. The
the experimental cross sections, it has become customary @@lculations were made using the Coulomb gauge and the
report experimental data in the form of a reduced cross se®Vverlap wave functions and spectroscopic factors fitted to the
tion defined by data of Leuschneet al. [42] acquired at NIKHEF using,
~100 MeV. For simplicity, these calculations were per-
formed for parallel kinematics using a constant ejectile en-
ergy of T,=215 MeV; more detailed calculations using the
o proper experimental kinematics are practically indistinguish-
where o, iS 0.y Obtained fromI'., using the Coulomb able over this range of missing momentum. We compare the
gauge. Therefore, when making comparisons with experiEDAD1 potential fitted by Coopeet al. [46] using Dirac
mental data for the distorted momentum distribution, we us@ghenomenology, the potential of Schwardtal. [47] fitted
0eq With the same denominator, usualiy;, that was used to proton elastic scattering forA=40 and 86<T,
to analyze the data even if that denominator is inconsistent=180 MeV, and a folding model potential based upon an
with the gauge or current operator used in the theoreticagémpirical effective interactioGEEI) fitted to proton-nucleus

1. Normalization issue

Jo
1
Koeer

Tred Pm,P') = (34
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potential for the calculations that follow despite the fact that
its absorption is somewhat too strong. These calculations are
scaled by a factor of 0.6 based upon snpll.

These data were reported in the form of reduced cross
sections wherer,, was calculated usind/.; according to
the Coulomb gauge. Hence, the calculations for reduced
cross sections shown in Fig. 1 use the same denominator that
was reportedly used to analyze the data. Regrettably, the ac-
tual differential cross section data do not appear to be avail-
able. Hence, the normalization problem might be related to a
possible discrepancy in the calculation ®f, or the phase-

LA B m—
WGO(e’ep>15

3 EE
F —————- Schwandt

, _I gSi‘S?dl | | space factor. Although we consider this possibility to be un-
10 00 50 200 250 00 I|ker,'we wo'uld like to take thl§ qpport'unlty tq encourage
experimentalists to make the original differential cross sec-
P [Mev/c] tions available directly before constructing ratios that are not
necessarily unambiguous.
FIG. 1. Normalization problem for MainZ°O(e,e’p) at T, The discrepancy between these calculations and the

~215 MeV. The data of Blomqvistt al. [17] are shown with al-  gmgajip, . data for 200 MeV is a serious problem. Blomgqvist
ternatlng groups of_ solld_ versus open symt_aols correspondln_g Q¢ al. also performed measurements Ty~ 100 MeV using
successive kinematic settings. DWIA calculatlons for _paraIIeI klne-the same waterfall target and obtained good agreement with
matics withT,=215 MeV use the overlap functlons fitted to.data the data of Leuschnest al. Thus, there is a discrepancy of
of Leuschneret al. [42] for T,~100 MeV. The optical potentials bout a factor of 2 between the spectroscopic factors one
are EEI[48] for solid, Schwand{47] for long dashed, Madland about a P P :
[50] for dot-dashed, or EDAD]46] for dotted lines. would dedt.jce from the 100 and 215 MeV datg using the
same reaction model for each. The spectroscopic factors ob-
elastic and inelastic scattering data for 200 Mgh8]. The tained by Leuschnest al. are consistent with the systematics
properties of these potentials are compared in detail in Ref§or valence hole states established over a broad mass range
[1,49), wherein we find that the EEI model gives the best[1], whereas those suggested by the experiment of Blomqvist
predictions for nuclear transparency while the EDAD1 po-ét al. would be anomalously small fot°0. Note that the
tential is too absorptive. However, although mamye(p)  calculations reported in Refgl7,6] using the Schwandt po-
calculations use the Schwandt potential significantly outsidéential, despite its inapplicability, show essentially the same
the ranges of mass and/or energy for which it was optimizedpormalization problem. Therefore, if these data are normal-
we find that its properties become unreasonable when esxzed correctly, there may be a serious error in the DWIA
trapolated in energy. Therefore, we also include a variatioeven when the kinematics are nearly quasifree. It is impor-
of the Schwandt model by Madlarié0] that extends the tantto confirm these data and to extend the range of ejectile
upper limit of its energy range from 180 MeV to 400 MeV energy upwards. In the meantime, we present DWIA calcu-
and the lower limit of its mass range from 40 down to 12. lations for the full kinematical range of the Mainz experi-
We find that all calculations overestimate the peak of thement normalized to the data for smaill, .
missing momentum distribution and must be scaled by fac-
tors of about 0.5—0.6 to reproduce the data for jgy. The
EElI and EDAD1 potentials give distributions of similar e o o
shape which both describe the data well if the calculations Thel%ensuwny g missing momentum distributions for the
are reduced by factors of about 0.5 or 0.6, respectively. Thainz ~O(e,e'p)™N experiment to the choice of gauge is
EEI requires a smaller scale factor than the more absorptivelustrated in Fig. 2. These calculations were performed for
EDAD1 potential, but is nevertheless expected to be moréh_e actl.JaI.k_lnematlcs of the_ experiment and. hence there are
reliable because it provides more accurate predictions fodiscontinuities between settings. All calculations employ the
nuclear transparency and for proton absorption and neutrohcci current operator and the EDAD1 potential and are scaled
total cross sectiongt9]. The Schwandt and Madland poten- by a factor of 0.6. The data for successive settings are shown
tials require intermediate normalization factors for srpgjl, ~ alternating between filled and open symbols. In order to
but predict cross sections which fall more rapidly than thecompare our calculations directly with the experimental data,
data ap,, increases. The failure of those potentials to reprofeduced cross sections,eq, were based upon the same de-
duce the shape of the missing momentum distribution can beominator that was used to analyze the data, naiglyin
attributed to their simplistic radial shapes, whereas the mor€oulomb gauge, even when the numerator uses the Landau
complicated radial shapes produced by folding a nucleaor Weyl gauges.
density with a density-dependent effective interaction or by Our calculations using the Coulomb gauge are somewhat
reducing a Dirac optical potential to Schiinger-equivalent larger for p,,=300 MeV/c than the comparable results of
form tend to enhance the cross section at large Although  Refs.[17,6], normalized in the same manner at I@y- be-
we might prefer to employ the EEI potential, that interactioncause we employ the EDAD1 potential instead of the
is only available at discrete energies. The calculations foSchwandt potential. Nevertheless, calculations using the
largerp,, are more sensitive to the details of the kinematicalCoulomb gauge, in which the longitudinal current is modi-
conditions and hence require optical potentials over a broafied to restore current conservation, tend to remain below the
range of energy. Therefore, we chose to use the EDADMata. Furthermore, calculations using the Weyl gauge, in

2. Gauge ambiguities
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FIG. 2. Sensitivity of Mainz data for'®O(e,e’p) at T, FIG. 3. The sensitivity of DWIA calculations for the
~215 MeV to choice of gauge. The data of Blomqwstal. [17] 1%0(e,e’p) reaction at the kinematics of the Mainz experiment for
are shown with alternating groups of solid versus open symbold ,~215 MeV to the choice of gauge are illustrated by ratios with
corresponding to successive kinematic settings. DWIA calculationsespect to results for the Coulomb gauge. Solid, dashed, and dot-
for the experimental kinematics were made using the EDAD1 podashed lines use the Landau, Coulomb, or Weyl gauges, respec-
tential [46] and overlap functions from Leuschnet al. [42]. All tively. Discontinuities correspond to substantial changes in kine-
calculations were scaled by a factor of 0.6. Solid, dashed, and dotnatical conditions.
dashed lines use the Landau, Coulomb, or Weyl gauges, respec-
tively. Discontinuities correspond to substantial changes in kinerange the Gordon ambiguities increase with as the kine-
matical conditions. matics move further off shell. Nevertheless, Gordon ambigu-

ities for the nonrelativistic DWIA appear to be much less
which the scalar current is modified instead, give somewhaimportant than gauge ambiguities for sm@ff. On the other
smaller cross sections for modgs and fall even lower for hand, Gordon ambiguities can be much larger for DWIA
large missing momentum. Of course, those calculationgalculations which evaluate ejectile distortion in a Dirac
would have agreed if the model conserved current and therfisamework. For example, Uds et al. [14] compared calcu-
exists no rigorous criteria for choosing one over another. Oiations for the 2°Pb(e,e’p) data of Bobeldijket al. [12]
the other hand, calculations using the Landau gauge tend tgased upon a relativistic DWIA model using tlig.; and
give larger cross sections than the traditional Coulomb gaugg_, operators and find differences that increase from 10% at
and give better agreement with these data. Unfortunatelgmga] p,, and reach almost an order of magnitude fox
better agreement with data does not necessarily constitute asog MeV/c, whereas nonrelativistic DWIA calculations
preference because these kinematics for Igrg@re too far  for the same conditions find variations that remain within a
from quasifree to ensure dominance of the one-body currergy percent. The greater sensitivity of relativistic DWIA cal-
or the direct knockout mechanism. culations to Gordon ambiguities arises from the distortion of

The differences between these models can be illustrateghe spinors by the strong Dirac scalar and vector potentials,
more clearly by Fig. 3 which shows the ratio with respect to
the standard calculation using the Coulomb gauge. At sma"
Pm the Landau and Coulomb gauges give very similar re-
sults, with the Weyl gauge falling about 10% lower. The
ratio o(Weyl)/a(Coulomb) tends to decrease steadily pg
increases with minor discontinuities between kinematica ~.
settings, whereaso(Landay/c(Coulomb increases with 3 F
marked discontinuities where the scaling variables chang' @ o £ __ .
abruptly. Notice thato(Landay/c(Coulomb is closer to  ~_ c -

unity whenp,,~400 MeV/c than wherp,,~300 MeV/c be- o f ~ T -

11— —
®0(e.ep) (b))

Kinematics of Blomgvist et al.

11k -

causex~0.45 for the former versugs~0.11 for the latter. 0o [ E
Nevertheless, the net effect is a widening spread betwee S ]
these models ag,, increases; for large,, and smallx, the

discrepancy between the Landau and Weyl gauges af ggboi .0 v v i
proaches an order of magnitude. 100 200 30; [ﬁgv /el 500 600 700

In Fig. 4 we compare cross sections for g, andI'¢.3

vertex functions with those foFc.,, all using the Coulomb FIG. 4. The sensitivity of DWIA calculations of differential
gauge. We find that Gordon ambiguities remain relativelycross sections for th#0(e,e’N)(1pyy,) ~* reaction at the kinemat-
small, within=10%, even though becomes quite small for ics of the Mainz experiment to the choice of vertex function is
some kinematics. The abrupt change fay=375 MeVIc illustrated by ratios with respect to results for the cc1 operator in the
occurs at the transition between nearly parallel and markedlgoulomb gauge. Dashed and solid lines use the cc2 or cc3 opera-
nonparallel kinematical conditions. Within each kinematictors, respectively.
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which upsets some delicate relationships between upper ar = 2.0 . . .
lower components that enter matrix elements of the currer — N - EG”dG“ gau9e
\ oulomb gauge
operator[Sl]. g 15 \\\\_\ ———— Weyl gauge
In addition, there are ambiguities due to optical potentials 3
and effects of channel coupling in final-state interactigfls <
that also become important at largg,. Furthermore, two- 5
body currents due to meson-exchange and intermediatt ~
isobar excitation can substantially increase the cross sectic &~ *0(e.ep) (Ip,,)" Q% = 0.8 (GeV/c)% x = 0.96
at largep,, relative to the one-body curref$2,13. In par- 0.0 - L . ‘ .
ticular, van der Sluy=t al. [13] found using the HF-RPA 3.0

approach that two-body currents produce effects upol &
2%%pp(e,e’p) at largep,, as large or larger than the effects &
attributed to long-range correlations by Bobeldijkal. [12]. 3
Therefore, under these conditions, DWIA calculations of the £
cross section become completely unreliable and no conclu &
sion can be drawn about correlations in the nuclear wavi ™

function. bo 05 ¢ %0(e,en) (1P1/2)_1 “"\“’——‘_:;
) 00500 250 0 250 500
B. Quasifree °0(&,e'N) for q=1.0 GeVic p, [Mev/c]

An expe.rlment thatis about to run at T‘]NN':?] sltgeks to FIG. 5. The sensitivity of DWIA calculations of differential
measure hlgh-r_nomen.tum components ®(e,e’ p) N us- cross sections for th#0(e,e’N)(1py,) ~? reaction at the kinemat-
ing quasifree kinematics fop=0.445 GeV,q=1.0 GeVE  cs of the TINAF proposal No. 89-003 to the choice of gauge is
such thatQ*=0.8 (GeVk)® andx=0.96. The larger beam jjustrated by ratios with respect to results for the Coulomb gauge.
energyE,=2.445 GeV makes it possible to reach laf@g  Solid, dashed, and dot-dashed lines use the Landau, Coulomb, or
with x~1. A related experimenf16] will measure recoil Weyl gauges, respectively.
polarization at modesp,, using the'®0O(&,e’ §)1°N reaction
with similar kinematics. Hence, it is of interest to examine affected by optical-model distortion, at least in the context of
the relative importance of gauge ambiguities under thos@onrelativistic models. Calculations using plane waves for
conditions. For completeness, we also consider thé¢he ejectile are smoother but otherwise very similar to those
180(&,e'n) 0 reaction. The calculations are performed inshown here—optical-model distortion merely produces
quasiperpendicular kinematics, constéuntq), and are dis- gentle oscillations about the plane-wave curves. Therefore, it
played as functions of missing momentum where posjiye might be possible to improve the model of the current opera-
refers to ejectile angles on the large-angle sidegpfg,  tor without requiring a very detailed description of the final-
>0y, and negativep,, to 6,<6,. The EDAD1 potential state interactions.
from Dirac phenomenologf46] was used.

1.2 T T T
1. Differential cross section ®0(e,ep) (1p1/2)’1

Figure 5 shows the ratio with respect to Coulomb gauge
for ground-state cross sections in quasiperpendicular kine
matics. As|p,,| approaches 500 Me¥/ the Weyl/Coulomb
ratio for proton knockout approaches 0.5 for positive or 2.0
for negativep,,, whereas the corresponding ratio for the
Landau gauge remains within abotitl5% of unity when
x~1.0. The gauge dependence for neutron knockout is simi- 5 —
lar but somewhat stronger. Similarly, in Fig. 6 we examine I ©0(e,e
the dependence of single-nucleon knockout cross section

(ect)

Q

0.8

o,/ @

Q% = 0.8 (GeV/c)? x = 0.96
0.6 — - - - - 1

") (Ip,,)"

upon the prescription for off-shell extrapolation of the one- § 10————————- s T

body current operator using the customary Coulomb gauge 2@ I e TN .
For valence states, ambiguities due to violation of the Gor--_ "
don identity remain below about 10% f@,<250 MeV/c 2
but reach about 35% ag,, approaches 500 Me¥¢/ The
Gordon ambiguities are substantially stronger Q@ 0.6 e . L .
=0.8 (GeVk)? than for the lowQ? Mainz experiment be- =500 -250 [?A v /el
cause such violations are relativistic effects. Therefore, dif- P erse
ferential cross sections suffer from serious gauge and off- ki 6. The sensitivity of DWIA calculations of differential
shell ambiguities at large missing momentum with gaugeross sections for th#0(e,e’N) (1py;) ~* reaction at the kinemat-
ambiguities being exacerbated for smaland Gordon am- jcs of the TINAF proposal No. 89-003 to the choice of vertex
biguities increasing witlQ?. function is illustrated by ratios with respect to results for the ccl

It is important to recognize that these ambiguities areoperator in the Coulomb gauge. Dashed, dot-dashed, and solid lines
properties of the current operator that are not significantlyuse the cci, cc2, or cc3 operators, respectively.

———— ccl
———-- cc?
cc3

0.8

1 n 2
250 500
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FIG. 7. The sensitivity of DWIA calculations to correlations is illustrated by differential cross sections fofdtfe,e’N)(1p) !
reaction at largep,, for the kinematics of the TINAF proposal No. 89-003. Dashed lines use the basic Woods-Saxon wave function,
dash-dotted lines include,(r), dotted lines includen(r), and solid lines includen* (r).

The magnitude of these ambiguities poses serious prolions. It is clear that the short-range correlations represented
lems for experiments which seek to interpret cross sectioy my(r) have relatively little effect upon the shape of the
measurements for valence single-nucleon knockout in termgissing momentum distribution and that this minor modula-
of correlations. This problem is illustrated by Fig. 7, which tion would be reduced when analyzing experimental data
shows the effect o, and mg corrections to the overlap simply by readjusting the radius parameter for the Woods-
functions at large missing momentum. In Fig. 8 we illustratesaxon potential. On the other hand, long-range correlations
th_e ejfect ofm,, ande_ corrections using ratios between the represented byng(r) produce a relatively strong enhance-
missing momentum distributions with respect to the Woodsment that is sufficiently localized in missing momentum to
Saxon model. Although this model is rather simple, it shouldsyryive the customary fitting procedure. If the long-range
suffice to indicate the relative sensitivity of missing momen-cqrelations do affect momentum distributions for valence
tum distributions to long-range versus short-range correlagiates this strongly and the reaction model were under good

control, it should be possible to extract the parameters de-
‘ T scribingmg(r) from cross section data. However, the effects
of these correlations are not substantially larger than the am-
biguities in cross section due to the current operator. More-
over, we have argued that it is likely that the Ma and
Wambach model overestimates correlations for valence
states. Hence, it will be necessary to achieve a much more
accurate understanding of the one-body current operator in
the nuclear environment before one can expect to extract
structure information from relatively small modulations of
the differential cross section for single-nucleon knockout.

Furthermore, relativistic DWIA models are considerably
i | more sensitive to Gordon ambiguities than are nonrelativistic
05 _— e models. In addition, channel coupling in final-state interac-
p. [Mev/c] tions can produce significant state-dependent changes of

cross section in the same range of missing momentum. It

FIG. 8. The sensitivity of DWIA calculations of differential d0€s not appear likely that one will be able to extract corre-
cross sections for th&0(e, e’ p)(1p) /2 reaction to correlations is 1ation information from single-nucleon knockout for valence
illustrated for the kinematics of the TINAF proposal No. 89-003 bystates. On the other hand, a wide variety of theoretical cal-
ratios with respect to the missing momentum distribution for theculations suggest that short-range and tensor correlations
basic Woods-Saxon wave function. Dashed lines inclogér), should yield considerable high-momentum strength at large
dash-dotted lines include(r), and solid lines includen* (r). missing energies, well beyond the ranges relevant to the

25 1 — ———
[ ®0(e.ep) (Tp,,)"
= 08 (GeV/c)? «x
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is illustrated by ratios with respect to results for the Coulomb
gauge. Solid, dashed, and dot-dashed lines use the Landau, Cou- FIG. 10. The sensitivity of DWIA calculations of the left-right
lomb, or Weyl gauges, respectively. asymmetry for the'®0(e,e’N)(1p,/,) ~* reaction at the kinematics

of the TINAF proposal No. 89-003 to the choice of gauge is illus-
mean field. For example, Polkt al. [6] evaluated the hole trated by ratios with respect to results for the Coulomb gauge.
spectral function for'®O(e,e’p) and found that large mo- Solid, dashed, and dot-dashed lines use the Landau, Coulomb, or
menta occur predominantly at large missing energy, suclVeyl gauges, respectively.
that the continuum strength is more than an order of magni-
tude greater than the quasihole strength f@, by off-shell current operators. Evidently, these prescriptions
=400 MeV/c. However, further investigation is needed to for current conservation and off-shell extrapolation affect the
determine whether the spectral function actually can be exdependences of the differential cross section more strongly
tracted from g,e’p) data for largep,, andE, despite am-  for the polar angle than for the azimuthal angle. However,
biguities in the current operator and final-state interactionshere is probably a greater spread ameéngcalculations in

under these conditions. relativistic DWIA because Gordon ambiguities are lar@ér
) Fig. 3 of Ref.[14]). Furthermore, by changing the direction
2. Response functions of the effective momentum transfeg, electron distortion

Since gauge differences between these currents are cogan mix polar and azimuthal angles and produce significant
fined to the scalar and longitudinal currents, it is also usefuthanges irR r andA,,, particularly for heavy target53].
to examine the dependence of ReandR, ; response func- However, investigation of the coupling between electron dis-
tions upon the choice of gauge. These response functions fé@rtion and ambiguities in the nucleon current is beyond the
180(e,e’p) (1py) ! are shown in Fig. 9 as ratios with re- scope of the present work.

spect to the Coulomb gauge using g, operator. FoR

we find that the gauge dependence increases steadily wi 1.0
pPm. but for R 1 we find nearly constant ratios except in the i

immediate vicinity of a node. Similarly, Picklesimet al. i

[19] report significant gauge ambiguities iR, for Q? 05 - .

T I T I
“0fe.ep) (Tp,.)" ]
Q% = 0.8 (GeV/c), x = 0.96 .

~0.25 (GeVt)? using a relativistic DWIA calculation.

A useful way to minimize nuclear structure ambiguities
when studying the current operator is provided by the left-=o.0
right asymmetry

o(¢=0)—a(p=)
" o(p=0)+ (=)’

-0.5

(36)

in which uncertainties in the overlap function or optical po- _;, . | ‘ ! . ! ‘ !
tential tend to divide out of the ratio. The gauge dependenc 2 [I\/Ie\/;?:o] 400 500

of A, for °O(e,e'p)(1py,) ! is shown in Fig. 10. We P

aggln find that the Landau anq COU'me gauges give rather FIG. 11. The sensitivity of DWIA calculations of the left-right
similar rgsults for_quasﬁree kinematics, whereqs the Wey‘ljtsymmetry for the®®O(e, e’ N)(1py,) ! reaction at the kinematics
gauge differs significantly. On the other hand, Fig. 11 com-y e TINAF proposal No. 89-003 to the choice of vertex function
paresA for the{I'cc;,[eco.ecgt Vertex functions within the s illustrated by ratios with respect to results for the ccl operator in
Coulomb gauge and shows that the left-right asymmetry ishe Coulomb gauge. Dashed, dot-dashed, and solid lines use the
relatively insensitive to the violations of the Gordon identity cc1, cc2, or cc3 operators, respectively.

o
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FIG. 12. DWIA calculations of recoil polarization for th¥O(&,e’5) reaction at the kinematics of TINAF proposal No. 89-033 are
shown using the ccl current operator. Solid, dashed, and dot-dashed lines use the Landau, Coulomb, or Weyl gauges, respectively.

Although the dependence &f, upon gauge is indicative measurements for single-nucleon knockout should employ
of a failure of the DWIA, it may nevertheless be possible toR; for negativey and largeq.
select the most appropriate gauge by this criterion. This mea-
sure of the azimuthal asymmetry is sensitive to properties of 3. Recaoil polarization

the current operator that are relatively insensitive to the e dependence of the recoil polarization observables
structure of the target. Therefore, one can hope that one pafnon gauge is shown in Fig. 12 for proton knockout and in
ticular choice of gauge might provide the best predictions foirig. 13 for neutron knockout. The dependence upon gauge is
this quantity over a wide range of targets and kinematicajninimal for the helicity-independent polarizatiét, , which
conditions, provided that the one-body current is dominantyapishes in the absence of final-state interactioRg-de-
Unfortunately, there exists very little data fByy in single-  pends primarily upon the optical potential and is practically
nucleon knockout from complex nuclzel; see RE] fo”zi independent of the current operator. For the helicity-
review of the Zdata for®O(e,e’p) at Q*=0.2[54] andQ®  yependent componeni, andP,, the gauge dependence is
=0.3 (GeVk)“ [55]. Both data sets suggest that the azi-qite small forp,,<250 MeV/c and remains relatively small

muthal asymmetry is somewhat larger than obtained i en for jargep,,. Similarly, recoil polarization observables
DWIA using the Coulomb gauge, but theoretical calculations.gcylated  within  the usual Coulomb gauge for the

§uggest that meson-exchange and isobar contributions a{EClvFCCZaFccC%} vertex functions are compared for proton
important. However, the Pav[%6,57 and Gen{58] groups knockout in Fig. 12 or for neutron knockout in Fig. 13.

make very different predictions for the relative importance of : o " e
meson-exchange versus isobar currents and for the depe-rl;hese figures show th&, is insensitive to variations of the

dence of two-body currents upon nuclear structure. off-shell extrapolation and that the ambiguitiesff and P,,

Although gauge ambiguities at large, are reduced by remain quite small. Therefore, unlike cross sections, recoil
choosingx~1, it will nevertheless be very difficult to inter- polarization observables for quasifree kinematics are rather

pret longitudinal response functions in terms of possibleinsensitive to variations among one-body current operators

modifications of the one-body momentum distribution. AOf the de Forest type.

C : ) In the one-photon-exchange approximation, the recoil
somewhat more promising approach might be to Rgde ucleon polarization produced by a longitudinally polarized

cause the requirements of current conservation do not affe&lectron beam scattered throuah an a a free-nucleon
the transverse current directly. On the other hand, meson)- 9 ritfisy

exchange and isobar currents contribute primarily to th arget has two nonvanishing components of the 0861
transverse response. The relative importance of those contri- "y s

butions tends to be reduced by using quasifree kinematics ., _ 27(1+ 7)Y 1+ (1+ r)tart(6/2)]Van( 6/2)
and can be reduced further by performing the experiment for " t M G§+[r+ 27(1+ 7)tari( 9/2)](3§/I '
large negativey, in other words, on the smad-side of the (379
guasifree peak. This conclusion is supported by the observa-
tion of y scaling in inclusive electron scattering for negative

1/2
y and largeq and has been used to deduce ground-state  pPi=—G Gy — 2 r(1+ 7] A 6/2) >,
momentum densitief59]. Furthermore, the calculations of Gg+[7+27(1+ 7)tarf(6/2)IGy,
van der Sluyset al. [13] show that for fixedw and p,, the (37b

relative importance of two-body currents decreases asd,
consequentlyx increase. Therefore, we suggest that similarwhere 7= Q%/4m?. Hence, the ratio
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FIG. 13. DWIA calculations of recoil polarization for th€O(&,e’fi) reaction at the kinematics of TINAF proposal No. 89-033 are

shown using the ccl current operator. Solid, dashed, and dot-dashed lines use the Landau, Coulomb, or Weyl gauges, respectively.
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Pl Gu

}—1/2 identity that are equivalent on shell but differ off shell. The
r

(38)  present calculations were made using the nonrelativistic
DWIA, but we also discuss the implications of stronger Gor-

provides a means of measurit@g /Gy, that is relatively don ambiguities encountered in calculationg based upon the
insensitive to systematic errors in the beam polarization andelativistic DWIA. Calculations for'®0(é,e’N) were pre-

in the analyzing power of the polarimeter. It is important tosented for the kinematics of the Mainz measurements at
recognize that for quasifree kinematics PWIA and DWIA small Q? and large missing momentum and for the kinemat-
calculations of the helicity-dependent recoil polarization pro-ics of experiments aiQ?=0.8 (GeVk)? in progress at
duced by single-nucleon knockout from nuclei in quasifreeT JNAF.

kinematics withp, =250 MeV/c are quite similar, with op- Although the p-shell 1%0(e,e’p) data obtained at both
tical model distortion producing only rather gentle modula-Nj\KHEE and Mainz are in good agreement foF
tions. Furthermore, both relativistic and nonrelativistic~100 MeV, the cross sections obtained at Mainz negr the

DWIA calculations also agree over this range of missing eak of the momentum distribution usifig~215 MeV are
momentum. Nor do gauge or Gordon ambiguities affecl?

these quantities for mode Therefore, to the extent that actors of 0.5-0.6 smaller than predicted by DWIA calcula-
q Ph- L tions based upon spectroscopic factors and overlap functions
the one-body current operator dominates the knockout rea

tion, helicity-dependent recoil polarization provides a robus?'tted to the lower-energy data, which are consistent with

measure of the nucleon electromagnetic form factors in thgys.tema}tms.prewously established for a broad range of nu-
nuclear environment clei. This discrepancy cannot be explained by reasonable

Thus, TINAF experiment 89-0336] is designed to mea- variations of the optical m(_)del or the one-body current op-
sure possible medium modifications of the proton electro€rator. Furthermore, the kinematics for small are close
magnetic form factors. However, several calculations sugge§nough to quasifree that one does not expect two-body cur-
that two-body currents affect the helicity-dependent recoif€Nts to substantially reduce the.crc?ss section at the p_eak of
polarization[61,57). It should be possible to investigate the the smgle—nucle_on momentum distribution. Therefore, if the
roles of two-body currents and/or possible medium modifi-data of Blomaqvistet al. [17] for T,~215 MeV are normal-
cations of the one-body current using recoil polarization forized correctly, there may be a serious error in the DWIA,

modestp,, with relatively little uncertainty due to final-state WhOSe origin is not understood, even when the kinematics
interactions, gauge or Gordon ambiguities, or relativistic cor-2'® nearly quasifree. It is |mportant to confirm these data and
rections. to extend the range of ejectile energy upwards.

We find that Gordon ambiguities in nonrelativistic DWIA
calculations of the differential cross section are unimportant
for small Q2 but approach 35% fop,,~500 MeV/c and

We have investigated some of the consequences of ambR?=0.8 (GeVk)?. However, Udas et al. [14] find that
guities in the one-body current operator for DWIA calcula- Gordon ambiguities are about 10% for smpl}, and ap-
tions of semiexclusive single-nucleon knockout over a wideproach an order of magnitude fgr,~500 MeV/ic and Q2
range of kinematical conditions. These ambiguities can be-0.04 (GeVE)2. Conversely, we find that gauge ambigu-
classified in two categories:(1) gauge ambiguities arising ities in nonrelativistic DWIA cross sections approach an or-
from violation of current conservation by the off-shell vertex der of magnitude fop,,~500 MeV/c andQ?~0.04 and re-
function and(2) Gordon ambiguities arising from transfor- main important, but are somewhat smaller, f@)?
mations of the vertex function generated using the Gordon-0.8 (GeVk)2. For large p,,, gauge ambiguities are

0
1+(1+r)tar\2§

IV. SUMMARY AND CONCLUSIONS
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smaller for quasifree kinematicx{1) than for the smalk  structure of the vertex function. Fg,,<250 MeVic, P’
experiments performed at 0@, These ambiguities in the appears to be quite insensitive to final-state interactions.
one-body current operator are as large or larger than theyith different spin structure, two-body currents can produce
modifications of the missing momentum distributions for va-gppreciable effects upoR’. In contrast to the differential
lence knockout that are expected from both long-range angross section and unpolarized response functions, recoil po-
short-range correlations. Furthermore, channel coupling ifarization observables are much less sensitive to gauge and
final-state interactions and contributions from two-body cur-Gordon ambiguities. Therefore, measurements of the
rents also become quite important for large missing momenne|icity-dependent recoil polarization for modest provide

tum. Therefore, we conclude that it will not be possible togensitivity to possible medium modifications of the nucleon
extract information about correlations from valence single<qrm factors or to two-body currents.

nucleon knockout by electron scattering before considerable The nature of the off-shell single-nucleon electromagnetic

progress is made in understanding the one-body and tW@sertex function in the nuclear medium remains the most im-
body current operators. Further investigation is needed tQortant unsolved theoretical problem in electronuclear phys-
evaluate ambiguities in the current operator and final-statg.s \We have investigated some of the consequences of un-
interactions for knockout reactions that probe the continuumerainties in this operator upon the interpretation of several
at largepy, and E,, where short-range correlations becomeexperiments of current interest, but unfortunately there exists
most prominent. o _no compelling theoretical argument for selecting a preferred
Gauge ambiguities in the longitudinal response functiorform or gauge. Until a more fundamental theory is devel-
R_ increase withp,, while for the longitudinal-transverse gped, which is beyond the scope of the present work, one
interference response _fU_nCtKRLT gauge ambiguities vary mjight as well continue to employ the traditional choices of
more slowly and remain important even for smayl. Fur-  the de Forest ccl current and the Coulomb gauge but should

thermore, Gordon ambiguities in the azimuthal asymmetrype aware of the interpretative limitations incurred by these
Ay, are quite small for nonrelativistic DWIA. Therefor®,  more or less arbitrary choices.

may provide a useful means for selecting a gauge using ex-
perimental data.

The helicity-independent polarization depends upon final-
state interactions and is rather insensitive to the current op-
erator. The helicity-dependent polarizatiBh is sensitive to The support of the U.S. National Science Foundation un-
the nucleon electromagnetic form factors and to the spimder Grant No. PHY-9513924 is gratefully acknowledged.
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