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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-
Q2 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 withQ2 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 current.@S0556-2813~97!04411-7#

PACS number~s!: 25.30.Dh, 24.10.Ht, 24.70.1s, 27.20.1n

I. INTRODUCTION

The A(e,e8N)B reaction provides the most direct experi-
mental probe of momentum distributions in nuclei that is
presently available. The (e,e8p) reaction has been used ex-
tensively to determine missing momentum distributions and
spectroscopic factors for valence hole states in many nuclei;
recent reviews of this subject may be found in Refs.@1–5#.
The plane-wave impulse approximation~PWIA! provides a
physically appealing, albeit simplistic, model of this reaction
in which a nucleon with initial momentumpm5p82q ab-
sorbs a virtual photon~v,q! and emerges with final momen-
tum (E8,p8). The differential cross section

PWIA⇒ ds

d« fdVed«NdVN
5KseNS~pm ,Em! ~1!

can then be represented by the product of an elementary
cross sectionseN , a phase-space factorK, and the probabil-
ity, S(pm ,Em), that removal of a nucleon with momentum
pm will result in a final state of the residual system with
missing energyEm5mN1mB2mA . Thus, to the extent that
this simple picture applies, the knockout cross section is pro-
portional to the single-nucleon spectral function for the tar-
get, which then forms a bridge between the experiment and
the theory of nuclear structure. However, the spectral func-
tion is not itself an experimental observable, but rather must
be deduced from cross section measurements using a suitable
reaction model. Therefore, to cross this bridge we must re-
fine the picture to account for electron distortion, final-state
interactions, modifications of the electromagnetic vertex
function for bound particles, and meson-exchange and isobar
currents.

Corrections to this simple picture due to initial- and final-
state interactions are usually evaluated using the distorted-

wave impulse approximation~DWIA ! in which electron
wave functions are distorted by Coulomb potentials and the
ejectile wave function is distorted by an optical potential that
also accounts for the flux that is diverted by final-state inter-
actions into more complicated channels. For modest missing
momenta one generally finds that the fitted momentum dis-
tributions are almost independent of the kinematics of the
reaction, which supports the applicability of the distorted-
wave approximation under those conditions@1–5#.

A consistent theoretical description of the single-hole
spectral functions for both nuclear matter and finite nuclei
has emerged from a vast body of work employing diverse
methods. A brief review of this work and an extensive set of
references may be found in Ref.@1#. For nuclear matter,
short-range and tensor correlations deplete the Fermi sphere
by approximately 15–20% and populate nominally empty
orbitals, thereby producing a long tail on the momentum dis-
tribution. The quasihole strength near the Fermi surface is
then about 0.5–0.7 and increases with binding energy. In
finite nuclei, coupling to low-lying surface modes~long-
range correlations! produces additional depletion of the va-
lence hole states, increases the population of nominally
empty orbitals, and spreads the quasihole strength over sev-
eral fragments. The calculated missing momentum distribu-
tions for valence-hole states generally follow mean-field pre-
dictions ~Hartree-Fock! quite closely in shape, differing
mainly by overall spectroscopic factors. Thus, the momen-
tum distribution forpm&250 MeV/c is dominated by low-
lying quasihole contributions, but as the missing momentum
increases more complicated continuum configurations at
high excitation energy dominate. Short-range and tensor cor-
relations spread the high momentum strength over several
hundred MeV of excitation energy. For example, a partial-
wave analysis of the hole spectral function for16O by Polls
et al. @6# shows dramatic enhancement at high momenta for
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large missing energy while valence states continue to follow
mean-field momentum distributions rather closely.

Several models suggest that coupling to low-lying surface
modes may substantially enhance the missing momentum
distributions for quasihole states beyondpm.300 MeV/c
also. For example, the quasiparticle Hamiltonian model of
Ma and Wambach@7,8# represents this coupling by a
surface-peaked contribution to the effective mass which has
the effect of substantially increasing the single-nucleon over-
lap function for large momenta. Alternatively, the dispersive
optical model of Mahaux and co-workers@9–11# relates
the surface-peaked feature of the effective mass to the
energy dependence of dispersive contributions to the
single-particle potential. Bobeldijket al. @12# measured
208Pb(e,e8p) for 300,pm,500 MeV/c with (v,q)
5(110 MeV, 221 MeV/c) and Tp5100 MeV and for low-
lying states found significant enhancements with respect to
Hartree-Fock wave functions at large momenta. Better agree-
ment with these data was obtained from calculations that
applied effective mass corrections of the type suggested by
these models of long-range correlations. However, with a
value for the Bjorken scaling variable,x5 Q2/2mv, of only
about x'0.18, wherex51 corresponds to quasifree kine-
matics, one must be concerned with the validity of the im-
pulse approximation for these experimental conditions. Fur-
thermore, comparable effects are attributed by van der Sluys
et al. @13# to two-body currents and by Udı´as et al. @14# to
variations of the one-body current operator in a relativistic
DWIA.

Sahaet al. @15# have proposed to measure16O(e,e8p)15N
at large missing momentum using quasifree kinematics
with v50.445 GeV, q51.0 GeV/c such that Q250.8
(GeV/c)2 and x50.96. Similarly, Glashausseret al. @16#
have proposed to measure recoil polarization for modest
missing momentum using the same reaction and similar ki-
nematics. The relatively high ejectile energy should help to
minimize ambiguities due to final-state interactions while the
use of quasifree kinematics is intended to simplify the reac-
tion mechanism. Furthermore, both initial-state and final-
state distortions are less important for this relatively light
target than for lead. Therefore, it is of considerable interest to
investigate the implications of ambiguities in the one-body
current operator for these proposed experiments. In addition,
we consider the lower-energy16O(e,e8p)15N experiment
performed by Blomqvistet al. @17# in which valence states
were measured forpm&675 MeV/c but with kinematics
rather far from quasifree.

In this paper we investigate the consequences of ambigu-
ities in the one-body current operator for nonrelativistic
DWIA calculations of (e,e8N) reactions over a wide range
of experimental conditions. It has long been recognized that
optical model calculations violate gauge invariance because
the DWIA does not conserve current~e.g., Refs.@18–20#!.
Therefore, most calculations of (e,e8p) reactions attempt to
restore current conservation using anad hoc prescription.
The most common prescription, popularized by de Forest
@18#, is to replace the longitudinal component of the electro-
magnetic current for the target by a term proportional to the
charge component such thatq•J→0 for the modified cur-
rent. However, this prescription is not unique and there exist
several equally simple and equally~un!worthy alternatives

which would all give equivalent results if the model con-
served current but which actually give rather different results
under some kinematical conditions. As suggested by Pollock
et al. @21#, each of these prescriptions can be associated with
a gauge for which the original nonconserved current gives
the same results as the modified current. Furthermore, sev-
eral prescriptions for off-shell extrapolation of the current
operator have been proposed@18,22#. These prescriptions are
related by the Gordon identity and are equivalent on shell but
violate current conservation off shell and also give different
results for the same gauge. Thus, it is useful to distinguish
between gauge ambiguities related to violations of current
conservation for a particular one-body current operator and
Gordon ambiguities related to structural differences which
become manifest off shell.

Additional flexibilities in the general structure of the off-
shell current operator are not considered here. Nauset al.
@20# demonstrated that the half off-shell vertex function con-
tains six operators with four independent form factors, each
of which depends upon two Lorentz scalars. Therefore, limi-
tation of the vertex function to only two form factors de-
pending upon only a single kinematic variable represents a
rather severe truncation which can only be justified on the
basis of a theory of the underlying dynamics of the off-shell
gN vertex.

Ideally one should evaluate the nuclear electromagnetic
current using a many-body Hamiltonian which accurately de-
scribes both bound and scattering states. Calculations for
16O(e,e8N) have been performed forTN'70– 100 MeV by
Ryckebuschet al. @23# using a Hartree-Fock~HF! random
phase approximation~RPA! model based upon a Skyrme in-
teraction @24#. Both bound and continuum wave functions
are generated within the HF mean field for the Skyrme inter-
action and long-range correlations are described by the RPA.
The current operator is also based upon the HF Hamiltonian.
Thus, this approach preserves gauge invariance and avoids
orthogonality defects which can be important at largepm .
On the other hand, because the mean field is real, attenuation
of the scattered flux must be described by explicit coupling
to the open channels. Coupling to all single-nucleon emis-
sion channels is included within the RPA, but more compli-
cated configurations are omitted. Hence, although this model
is internally consistent, its description of the final-state inter-
actions is not adequate. This model is most applicable for
small ejectile energies, but as the energy increases final-state
interactions involve increasingly complicated configurations,
including meson production, which cannot be adequately de-
scribed by the HF-RPA approach. For high-energy ejectiles
there are no practical alternatives to distorted wave or
Glauber approaches, neither of which conserve current.

Fortunately, because gauge ambiguities appear to have
relatively little practical significance when the missing mo-
mentum is relatively small and the kinematics are nearly
quasifree@5,1#, one is reasonably confident that momentum
distributions for pm&250 MeV/c can be extracted accu-
rately from quasifree (e,e8p) data using DWIA analyses.
However, recently there have been several experiments per-
formed or proposed that are intended to investigate correla-
tions using single-nucleon knockout at large missing mo-
menta @12,17,15#, but because the kinematics of such
experiments are often rather far from quasifree it becomes
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necessary to reexamine the consequences of various ambigu-
ities in the reaction mechanism. In addition, there are pro-
posed experiments@16# designed to investigate medium
modifications of the nucleon electromagnetic current using
recoil polarization. Although there are additional ambiguities
due to the off-shell extrapolation of the current operator for
bound nucleons or from the choice of optical potential, in
this paper we investigate the consequences of gauge and

Gordon ambiguities in (eW ,e8NW ) reactions over a wide range
of kinematical conditions.

The model is outlined in Sec. II and calculations for both
the Mainz and the TJNAF16O(e,e8p)15N experiments are
presented in Sec. III. Our conclusions are summarized in
Sec. IV.

II. MODEL

A. One-photon-exchange approximation

For semiexclusiveA(e,e8x)B reactions in which only a
single discrete state or narrow resonance of the target is ex-
cited, the one-photon-exchange approximation in the Feyn-
man gauge for the fivefold differential cross section takes the
form

d5s

d« fdVedVx
5K

« f

« i

a2

Q4 hmnWmn, ~2!

where

K5R px«x

~2p!3 ~3!

is a phase-space factor,ki5(« i ,k i) andkf5(« f ,k f) are the
initial and final electron momenta,pA5(«A ,pA) and pB
5(«B ,pB) are the initial and final target momenta,px
5(«x ,px) is the ejectile momentum,q5ki2kf5(v,q) is
the momentum transfer carried by the virtual photon,Q25
2qmqm5q22v2 is the photon virtuality, and

R5U12
«x

«B

px•pB

px•px
U21

~4!

is a recoil factor which adjusts the nuclear phase space@25#
for the constraint on missing energy. In the extreme relativ-
istic limit, only the longitudinal component of the electron
polarization is relevant and the electron response tensor@26#

hmn5
1

2
@hmn

u 1hhmn
h # ~5!

can be separated into helicity-independent,hmn
u , and

helicity-dependent,hmn
h , contributions of the form

hmn
u 5KmKn2qmqn2Q2gmn , ~6a!

hmn
h 52 i«mnabqi

aK f
b , ~6b!

where«mnab is the completely antisymmetric tensor andK
5ki1kf .

Similarly, one defines the unpolarized nuclear response
tensor as

Wmn5^JmJn
†&, ~7!

where the angular brackets denote products of matrix ele-
ments appropriately averaged over initial states and summed
over final states. Recoil polarization is included via the gen-
eralization

Wmn~ â!5^JmJn
†s–â&, ~8!

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

qmJm50⇒qmWmn5Wmnqn50,

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

B. Relationship between gauge and prescription
for current conservation

Most recent calculations attempt to restore current conser-
vation by modifying the longitudinal component of the
nuclear current using thead hocreplacement

Jq→
v

q
J0 . ~9!

This procedure was originally applied to (e,e8p) calcula-
tions by de Forest@27,18# and was justified by the argument
that the charge operator was understood better than the lon-
gitudinal convection current. However, we do not find this
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

J0→
q

v
Jq ~10!

is associated with the Weyl gauge. Finally, the prescription

Jm→Jm1
J•q

Q2 qm ~11!

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
current obtained via the Landau prescription are equivalent
to using the original nonconserved current in the Feynman
gauge.

C. Current operator

Matrix elements of the nucleon electromagnetic current
can be expressed in the form
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^pfsf uJmupisi&5ūfG
m~pf ,pi !ui , ~12!

where Gm is the electromagnetic vertex function for the
nucleon and where the spinors are denoted byui anduf . For
a free nucleon, the electromagnetic vertex function can be
expressed in several equivalent forms@22#

G1
m5gmGM~Q2!2

Pm

2m
kF2~Q2!, ~13a!

G2
m5gmF1~Q2!1 ismn

qn

2m
kF2~Q2!, ~13b!

G3
m5

Pm

2m
F1~Q2!1 ismn

qn

2m
GM~Q2!, ~13c!

where F1 is the Dirac form factor,F2 is the Pauli form
factor, andk is the anomalous part of the magnetic moment.
The Sachs electric and magnetic form factors@29# are GE
5F12tkF2 andGM5F11kF2 , wheret5 Q2/4m2. Addi-
tional variations can be obtained from linear combinations.
These forms are related by the Gordon identity@30,31# 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 momentump and massm, but
replaces the energyE used within the vertex function by the
valueĒ it would have had if the nucleon were on shell in the
initial state. Thus, the off-shell extrapolation is obtained by
replacing the energy transfer and the momenta by

q5~v,q!→q̄5~v̄,q!,

P5p81p→ P̄5~E81Ē,p81p!,

in the nucleon current operator. However, the form factors
are still evaluated at the asymptotic momentum transfer,Q2

rather thanQ̄2. Therefore, we obtain the alternative prescrip-
tions

Ḡ1
m5gmGM~Q2!2

P̄m

2m
kF2~Q2!, ~14a!

Ḡ2
m5gmF1~Q2!1 ismn

q̄n

2m
kF2~Q2!, ~14b!

Ḡ3
m5

P̄m

2m
F1~Q2!1 ismn

q̄n

2m
GM~Q2!. ~14c!

Several other prescriptions for off-shell extrapolation based
upon effective mass concepts may be found in Refs.@5, 18#.

We describe differences between off-shell vertex func-
tions obtained using the Gordon identity as Gordon ambigu-
ities. The importance of Gordon ambiguities is expected to
increase withQ2 @20#. Furthermore, distortion of nucleon
spinors in Dirac mean fields tends to make relativistic mod-
els more sensitive to Gordon ambiguities than nonrelativistic
DWIA models @22,14#.

Unfortunately, because none of these off-shell vertex
functions explicitly conserves electromagnetic current, it be-

comes necessary to restore current conservation in anad hoc
manner as described in Sec. II B. Thus, after modification of
the current operator, one obtains a family of off-shell vertex
functions $Ḡcc1,Ḡcc2,Ḡcc3% optimistically designated ‘‘cc’’
for ‘‘current conserving.’’ Although gauge labels are not ap-
pended, full specification of these operators requires a choice
of gauge also.

D. Distorted-wave impulse approximation

The DWIA for the electromagnetic transition amplitude
that governs the single-nucleon knockout reaction
A(e,e8N)B can be expressed in the form@27#

M5E d3q8

~2p!3 J m
e ~q8!

1

Q82 JN
m~q8!, ~15!

where the electron and nuclear currents are

J m
e ~q8!5E d3r e2 iq8•rc̄ f

e~r !gmc i
e~r !, ~16a!

J m
N~q8!5E d3r ei q̃ 8•rc̄ f

N~r !Gmc i
N~r !, ~16b!

and whereGm is the vertex operator for the nucleon current.
In these expressions the electron wave functions relative to
the target of massmA are denoted by the spinorsc i

e andc f
e

for the initial and final states, respectively. At this stage we
leave implicit the dependence of the nuclear current upon the
ejectile kinematics and the state of the residual nucleus.
Since it is more convenient to express the ejectile wave func-
tions cN relative to the residual nucleus of massmB , the
radial scale is adjusted by means of the reduced momentum
transfer@32# q̃85q8mB /mA .

If we assume that a virtual photon with momentumq8 is
absorbed by a single nucleon with initial momentump, the
nuclear current at positionr becomes

J m
N~r !5E d3p

~2p!3

d3p9

~2p!3 e2 i q̃8•rx̃~2 !* ~p8,p9!

3Gm~p9,p!f̃~p!, ~17!

where the single-nucleon wave function is the amplitude for
removing a nucleon from the initial state of targetA and
reaching the final state of residual nucleusB, such that

f̃~p!5^Bua~p!uA&. ~18!

The distorted wavex̃ (2)* (p8,p9) is the amplitude that the
ejectile with initial momentump95p1q8 emerges from the
nuclear field with final momentump8. Inclusion of inelastic
processes within the final-state interactions can be accom-
plished using a coupled-channels model of the distorted
waves, as discussed in Ref.@1#. In coordinate space these
wave functions are expressed as

f~r !5E d3p

~2p!3 eip•rf̃~p!, ~19a!
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x~p8,r !5E d3p9

~2p!3 eip9•rx̃~p8,p9!. ~19b!

Thus, the nuclear current becomes

J m
N~q8!5E d3p

~2p!3 x̃~2 !* ~p8,p1q8!Gm~p1q8,p!f̃~p!,

~20!

where q8 is the local momentum transfer supplied by the
electron.

In the absence of Coulomb distortion, the electron current
would be proportional tod3(q82q), so that the nuclear cur-
rent could be evaluated for a unique value of the momentum
transfer obtained from asymptotic kinematics. Fortunately,
even in the presence of Coulomb distortion, the electron cur-
rent tends to be sharply peaked about a local or effective
momentum transfer,q8'qeff , so that for light nuclei it re-
mains a good approximation@33# to evaluate the vertex func-
tion in the asymptotic momentum approximation~AMA !,

Gm~p9,p!'Gm~p8,pm!. ~21!

The effect of Coulomb distortion can be included in a some-
what better effective momentum approximation~EMA!,

Gm~p9,p!'Gm~p8,pm,eff!, ~22!

where the effective missing momentumpm,eff5p82qeff is
based upon the the effective momentum transferqeff5k̄ i

2 k̄ f obtained by replacing the asymptotic momentak by
local momentak̄ accelerated by the mean electrostatic poten-
tial, such that@34#

k̄5k1 f Z

aZ

RZ
k̂, ~23!

where f Z51.5 corresponds to the electrostatic potential at
the center of a uniformly charged sphere of radiusRZ . Fo-
cusing of the electron wave function is then included by
applying factors ofk̄/k to each electron spinor@33#. We find
that ambiguities in the one-body current operator are suffi-
ciently large that the considerable computational effort re-
quired to improve upon AMA or EMA by treating the mo-
menta in the vertex functions as operators is not justified
@35#. Because we consider in this paper only light nuclei and
high-energy electrons, we employ the AMA and omit elec-
tron distortion in the present calculations.

Therefore, we obtain

J m
N~q8!'J m

N~p8,qeff!5E d3r ei q̃eff•rx~2 !* ~p8,r !

3Gm~p8,p82qeff!f~r !, ~24!

where the vertex function has now been reduced to a matrix,
acting on nucleon spins, whose elements are evaluated using
effective kinematics. This approach greatly simplifies the nu-
merical evaluation of the transition amplitude and is a suit-
able starting point for nonrelativistic models that use nonrel-
ativistic wave functionsx and f and a nonrelativistic

reduction ofG. It also has the advantage of preserving the
response function structure of the one-photon exchange ap-
proximation.

In the present work we evaluate the distorted waves using
the Schro¨dinger equation with relativistic kinematics. Optical
potentials are based upon phenomenological analysis of
nucleon elastic scattering or upon empirical density-
dependent effective interactions fitted to elastic and inelastic
scattering data. Optical potentials from Dirac phenomenol-
ogy can be transformed to Schro¨dinger-equivalent form and
used with a Darwin nonlocality factor. Further details can be
found in Ref.@1#. Unless stated otherwise, we use theḠcc1
vertex function with nucleon form factors from the model 3
of Gari and Krümpelmann@36,37#.

E. Overlap functions

The single-nucleon overlap functionf~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,e8p) for strong states and modest missing momentum.
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
the separation energy.

The quasiparticle Hamiltonian model of Ma and
Wambach@7,8# provides a physically appealing model of
both short-range and long-range correlations that is suffi-
ciently simple for use in the analysis of experimental data.
Here we provide a brief description of this model and refer to
@1# for a more detailed review and comparison with related
approaches. According to the model, the local effective mass
m* (r ) consists of two factors:~1! The k mass,mk(r ) repre-
sents the spatial nonlocality of the mean field arising prima-
rily from exchange effects, and~2! the E massmE(r ) repre-
sents temporal nonlocalities arising from short-range and
tensor correlations and from coupling to surface modes.
Thus, the effective mass is parametrized as

m* ~r !

m
5

mk~r !

m

mE~r !

m
, ~25a!

mk~r !

m
512ag~r !, ~25b!

mE~r !

m
511bvg~r !1bs

dg~r !

dr
, ~25c!

whereg(r ) describes the radial shape of the mean field and
is conveniently represented as a Woods-Saxon function

g~r !5
1

exp@~r 2R!/a#11
, ~26!

whereR5RV(A21)1/3 is the radius anda is the diffuseness
of the single-particle potential; typically one choosesRV
'1.25 fm anda'0.65 fm.

The correlated single-particle wave function is now rep-
resented by
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f~r !}Am* ~r !

m
w~r !, ~27!

wherew~r ! is the corresponding uncorrelated eigenfunction
of the single-particle potential. The effects of spatial versus
temporal nonlocality can be examined separately by replac-
ing m* by eithermk or mE , respectively. One then finds that
the effect of spatial nonlocality, as represented bymk(r ), on
the shapes of missing momentum distributions for valence
orbitals is quite modest and, when analyzing data, can partly
be compensated by adjustment of the radius parameter.
Moreover,mk(r )/m is very similar to the Perey factor that is
usually included when analyzing (e,e8p) data anyway. By
contrast, the pronounced surface peak inmE(r ) produces
substantial enhancements of the cross section forpm
*300 MeV/c. This suggested enhancement has been the
subject of several recent experiments and proposals. There-
fore, one of the purposes of the present work is to investigate
the extent to which this effect can be disentangled from un-
certainties in the reaction model for single-nucleon knockout
by electron scattering that tend to increase withpm also.

Ma and Wambach@8# applied this model to analyze vari-
ous single-particle properties of208Pb. The geometrical pa-
rametersRV anda were chosen to fit the charge density. The
volume-nonlocality parametersa50.42 andbv50.2 were
chosen to producem* /m50.7 in the interior based upon the
Perey-Buck analysis of the effective mass@38,39#. The
surface-nonlocality parameterbs523.0 fm was adjusted to
reproduce the experimental particle-hole gap and spin-orbit
splitting. The quasiparticle strength for deep hole states ob-
served in208Pb(e,e8p) by Quint @40# was fitted also. Subse-
quently, Ma and Feng@41# obtaineda50.4, bv50.1, and
bs523.0 fm for 40Ca. Hence, it appears that theA depen-
dence of these parameters is small. Therefore, although we
have not fitted the single-particle properties of16O, for the
purpose of comparing the sensitivity of16O(e,e8N) to long-
range versus short-range correlations, we employa50.4,
bv50.1, andbs523.0 fm for 16O also. We use single-
particle potentials adjusted to reproduce the p-shell
16O(e,e8p) data of Leuschneret al. @42#.

However, it is likely that the model of Ma and Wambach
overestimates the effect of long-range correlations upon the
missing momentum distributions for valence knockout. The
dispersive optical model of Mahaux and Sartor@11# produces
an effective mass of similar shape, but the surface enhance-
ment for 208Pb is considerably less pronounced. Further-
more, Mahaux and Sartor represent the quasiparticle wave
function usingmk(r ) in place ofmE(r ) in Eq. ~27! and relate
the quasiparticle strength to the matrix element ofmE(r ) for
those wave functions. Thus, in this approach temporal non-
locality affects the quasiparticle strength but does not en-
hance the missing momentum distribution at largepm . The
analysis of208Pb(e,e8p) by Bobeldijk et al. @12# found that
inclusion of mE(r ) in the overlap function improves the
agreement between DWIA calculations and the data for large
pm and found a slight preference for the milder surface peak
of Mahaux and Sartor over the stronger surface peak of Ma
and Wambach. However, subsequent work found compa-
rable effects at largepm arising from two-body currents@13#
or from Gordon ambiguities in relativistic DWIA@14#. Fur-

thermore, channel coupling in final-state interactions can
also enhance knockout cross sections at largepm @1#. Never-
theless, even though this model probably overestimates the
influence of correlations on valence knockout, it provides an
instructive guide to the importance of correlations at large
pm relative to ambiguities in the one-body current operator.

F. Observables and response functions forA„e¢ ,e8N¢ …B

Nucleon knockout reactions of the typeA(eW ,e8NW )B initi-
ated by a longitudinally polarized electron beam and for
which the ejectile polarization is detected may be described
by a doubly differential cross section of the general form
@43,44#

dshs

d« fdVedVN
5s0

1

2
@11P•s1h~A1P8•s!#, ~28!

where« i (« f) is the initial ~final! electron energy,s0 is the
unpolarized cross section,h is the electron helicity,s indi-
cates the nucleon spin projection upons, P is the induced
polarization,A is the electron analyzing power, andP8 is the
polarization transfer coefficient. Thus, the net polarization of
the recoil nucleonP has two contributions of the form

P5P1hP8, ~29!

where uhu<1 is interpreted as the longitudinal beam polar-
ization. Each of the observables may be expressed in terms
of kinematical factorsVab and response functionsRab , as
reviewed in Ref.@1#.

The recoil polarization is usually calculated with respect
to a helicity basis in the barycentric frame defined by the
basis vectors

L̂5
pN

upNu
, ~30a!

N̂5
q^ L̂

uq^ L̂u
, ~30b!

Ŝ5N̂^ L̂. ~30c!

However, since this basis is not well defined whenq andpN
are either parallel or antiparallel, these cases are convention-
ally handled by first rotating the reaction plane tofN , as it
would be in nonparallel kinematics, and then taking the limit
upq→0° or upq→180° as required. Note that since the basis
vectorsŜ andN̂ reverse directions whenf→f1p, the cor-
responding components of the recoil polarizations also tend
to reverse sign even when there is no physical asymmetry
with respect tof; this behavior is simply an artifact of the
basis.

Alternatively, since the recoil polarization is measured in
the laboratory frame, it is useful to employ a polarimeter
basis in which

ŷ5
ki ^ kf

uki ^ kf u
, ~31a!
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x̂5
ŷ^ pN

uŷ^ pNu
~31b!

ẑ5 x̂^ ŷ ~31c!

Furthermore, although the effect is small except for very
light targets, the polarization vector must be transformed to
the lab frame using a Wigner rotation@45#. One advantage of
presenting the recoil polarization in the laboratory or polar-
imeter basis is that the recoil polarization components are
continuous aspN moves throughq from one side to the
other. Unlike Ŝ and N̂, x̂ and ŷ do not reverse directions
when f→f1p. For coplanar quasiperpendicular kinemat-
ics with ŷ upwards, it has become conventional to assign
positive missing momentum to ejectile momenta on the
large-angle side ofq, such thatf5p andupq.0.

The distorted missing momentum distributionrD(pm ,p8)
is obtained by dividing the unpolarized differential cross sec-
tion s0 by the elementary electron-nucleon cross sectionseN
for initial ~final! nucleon momentapm (p8), such that

rD~pm ,p8!5
s0

KseN
, ~32!

where

seN5
« f

« i

a2

Q4 hmnWeN
mn ~33!

is based upon the PWIA response tensor for off-shell kine-
matics and, by convention, does not include the phase-space
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 Eq.~32!. However, because nature does
not afford one the luxury of choosing these prescriptions for
the experimental cross sections, it has become customary to
report experimental data in the form of a reduced cross sec-
tion defined by

s red~pm ,p8!5
s0

Kscc1
, ~34!

where scc1 is seN obtained fromḠcc1 using the Coulomb
gauge. Therefore, when making comparisons with experi-
mental data for the distorted momentum distribution, we use
s red with the same denominator, usuallyscc1, that was used
to analyze the data even if that denominator is inconsistent
with the gauge or current operator used in the theoretical

calculation of the numerator, namely, the cross section itself.
Although direct comparisons between theoretical and experi-
mental differential cross sections would be simpler to inter-
pret, the reduced cross section depends less strongly on the
kinematics of the experiment and strongly resembles the mo-
mentum distribution. Furthermore, the data are often re-
ported only as reduced cross sections and the same purpose
is served by definings red with a common denominator for
both theory and experiment.

III. RESULTS

A. 16O„e,e8p… for Mainz kinematics

Blomqvist et al. @17# reported missing momentum distri-
butions for the lowest (1p1/2)

21 and (1p3/2)
21 states for the

16O(e,e8p)15N reaction with ejectile kinetic energies in the
range 190&Tp&260 MeV. These data were acquired using
six kinematical settings summarized by Table I, where the
Bjorken x is defined byx5 Q2/2mv and they-scaling vari-
able by the solution of

v1mA5AmN
2 1~y1q!21AmB

21y2. ~35!

Although we recognize that the direct reaction mechanism
based upon a one-body current operator may not suffice for
small x or, equivalently, large positivey where meson-
exchange and isobar currents become important, several pre-
vious analyses attempted to interpret the data for largepm in
terms of single-nucleon momentum components. Here we
consider gauge and Gordon ambiguities in the direct knock-
out contribution.

1. Normalization issue

Calculations illustrating the sensitivity of DWIA calcula-
tions to the choice of optical model are shown in Fig. 1. The
calculations were made using the Coulomb gauge and the
overlap wave functions and spectroscopic factors fitted to the
data of Leuschneret al. @42# acquired at NIKHEF usingTp
'100 MeV. For simplicity, these calculations were per-
formed for parallel kinematics using a constant ejectile en-
ergy of Tp5215 MeV; more detailed calculations using the
proper experimental kinematics are practically indistinguish-
able over this range of missing momentum. We compare the
EDAD1 potential fitted by Cooperet al. @46# using Dirac
phenomenology, the potential of Schwandtet al. @47# fitted
to proton elastic scattering forA>40 and 80<Tp
<180 MeV, and a folding model potential based upon an
empirical effective interaction~EEI! fitted to proton-nucleus

TABLE I. Kinematics for the16O(e,e8p)15N experiment of Blomqvistet al. @17#.

Setting
q

(MeV/c)
v

~MeV!
pm

(MeV/c)
Q2

@(GeV/c)2#
x y

(GeV/c)

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
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elastic and inelastic scattering data for 200 MeV@48#. The
properties of these potentials are compared in detail in Refs.
@1,49#, wherein we find that the EEI model gives the best
predictions for nuclear transparency while the EDAD1 po-
tential is too absorptive. However, although many (e,e8p)
calculations use the Schwandt potential significantly outside
the ranges of mass and/or energy for which it was optimized,
we find that its properties become unreasonable when ex-
trapolated in energy. Therefore, we also include a variation
of the Schwandt model by Madland@50# that extends the
upper limit of its energy range from 180 MeV to 400 MeV
and the lower limit of its mass range from 40 down to 12.

We find that all calculations overestimate the peak of the
missing momentum distribution and must be scaled by fac-
tors of about 0.5–0.6 to reproduce the data for lowpm . The
EEI and EDAD1 potentials give distributions of similar
shape which both describe the data well if the calculations
are reduced by factors of about 0.5 or 0.6, respectively. The
EEI requires a smaller scale factor than the more absorptive
EDAD1 potential, but is nevertheless expected to be more
reliable because it provides more accurate predictions for
nuclear transparency and for proton absorption and neutron
total cross sections@49#. The Schwandt and Madland poten-
tials require intermediate normalization factors for smallpm ,
but predict cross sections which fall more rapidly than the
data aspm increases. The failure of those potentials to repro-
duce the shape of the missing momentum distribution can be
attributed to their simplistic radial shapes, whereas the more
complicated radial shapes produced by folding a nuclear
density with a density-dependent effective interaction or by
reducing a Dirac optical potential to Schro¨dinger-equivalent
form tend to enhance the cross section at largepm . Although
we might prefer to employ the EEI potential, that interaction
is only available at discrete energies. The calculations for
largerpm are more sensitive to the details of the kinematical
conditions and hence require optical potentials over a broad
range of energy. Therefore, we chose to use the EDAD1

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 smallpm .

These data were reported in the form of reduced cross
sections wheresep was calculated usingḠcc1 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 ofsep or the phase-
space factor. Although we consider this possibility to be un-
likely, we would like to take this opportunity to encourage
experimentalists to make the original differential cross sec-
tions available directly before constructing ratios that are not
necessarily unambiguous.

The discrepancy between these calculations and the
small-pm data for 200 MeV is a serious problem. Blomqvist
et al. also performed measurements forTp'100 MeV using
the same waterfall target and obtained good agreement with
the data of Leuschneret al. Thus, there is a discrepancy of
about a factor of 2 between the spectroscopic factors one
would deduce from the 100 and 215 MeV data using the
same reaction model for each. The spectroscopic factors ob-
tained by Leuschneret al.are consistent with the systematics
for valence hole states established over a broad mass range
@1#, whereas those suggested by the experiment of Blomqvist
et al. would be anomalously small for16O. Note that the
calculations reported in Refs.@17,6# using the Schwandt po-
tential, despite its inapplicability, show essentially the same
normalization problem. Therefore, if these data are normal-
ized correctly, there may be a serious error in the DWIA
even when the kinematics are nearly quasifree. It is impor-
tant to confirm these data and to extend the range of ejectile
energy upwards. In the meantime, we present DWIA calcu-
lations for the full kinematical range of the Mainz experi-
ment normalized to the data for smallpm .

2. Gauge ambiguities

The sensitivity of missing momentum distributions for the
Mainz 16O(e,e8p)15N experiment to the choice of gauge is
illustrated in Fig. 2. These calculations were performed for
the actual kinematics of the experiment and hence there are
discontinuities between settings. All calculations employ the
Ḡcc1 current operator and the EDAD1 potential and are scaled
by a factor of 0.6. The data for successive settings are shown
alternating between filled and open symbols. In order to
compare our calculations directly with the experimental data,
reduced cross sections,s red, were based upon the same de-
nominator that was used to analyze the data, namelyḠcc1 in
Coulomb gauge, even when the numerator uses the Landau
or Weyl gauges.

Our calculations using the Coulomb gauge are somewhat
larger for pm*300 MeV/c than the comparable results of
Refs.@17,6#, normalized in the same manner at low-pm , be-
cause we employ the EDAD1 potential instead of the
Schwandt potential. Nevertheless, calculations using the
Coulomb gauge, in which the longitudinal current is modi-
fied to restore current conservation, tend to remain below the
data. Furthermore, calculations using the Weyl gauge, in

FIG. 1. Normalization problem for Mainz16O(e,e8p) at Tp

;215 MeV. The data of Blomqvistet al. @17# are shown with al-
ternating groups of solid versus open symbols corresponding to
successive kinematic settings. DWIA calculations for parallel kine-
matics withTp5215 MeV use the overlap functions fitted to data
of Leuschneret al. @42# for Tp'100 MeV. The optical potentials
are EEI @48# for solid, Schwandt@47# for long dashed, Madland
@50# for dot-dashed, or EDAD1@46# for dotted lines.
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which the scalar current is modified instead, give somewhat
smaller cross sections for modestpm and fall even lower for
large missing momentum. Of course, those calculations
would have agreed if the model conserved current and there
exists no rigorous criteria for choosing one over another. On
the other hand, calculations using the Landau gauge tend to
give larger cross sections than the traditional Coulomb gauge
and give better agreement with these data. Unfortunately,
better agreement with data does not necessarily constitute a
preference because these kinematics for largepm are too far
from quasifree to ensure dominance of the one-body current
or the direct knockout mechanism.

The differences between these models can be illustrated
more clearly by Fig. 3 which shows the ratio with respect to
the standard calculation using the Coulomb gauge. At small
pm the Landau and Coulomb gauges give very similar re-
sults, with the Weyl gauge falling about 10% lower. The
ratio s~Weyl!/s~Coulomb! tends to decrease steadily aspm
increases with minor discontinuities between kinematical
settings, whereass~Landau!/s~Coulomb! increases with
marked discontinuities where the scaling variables change
abruptly. Notice thats~Landau!/s~Coulomb! is closer to
unity whenpm;400 MeV/c than whenpm;300 MeV/c be-
causex;0.45 for the former versusx;0.11 for the latter.
Nevertheless, the net effect is a widening spread between
these models aspm increases; for largepm and smallx, the
discrepancy between the Landau and Weyl gauges ap-
proaches an order of magnitude.

In Fig. 4 we compare cross sections for theḠcc2 and Ḡcc3

vertex functions with those forḠcc1, all using the Coulomb
gauge. We find that Gordon ambiguities remain relatively
small, within610%, even thoughx becomes quite small for
some kinematics. The abrupt change forpm*375 MeV/c
occurs at the transition between nearly parallel and markedly
nonparallel kinematical conditions. Within each kinematic

range the Gordon ambiguities increase withpm as the kine-
matics move further off shell. Nevertheless, Gordon ambigu-
ities for the nonrelativistic DWIA appear to be much less
important than gauge ambiguities for smallQ2. On the other
hand, Gordon ambiguities can be much larger for DWIA
calculations which evaluate ejectile distortion in a Dirac
framework. For example, Udı´aset al. @14# compared calcu-
lations for the 208Pb(e,e8p) data of Bobeldijket al. @12#
based upon a relativistic DWIA model using theḠcc1 and
Ḡcc2 operators and find differences that increase from 10% at
small pm and reach almost an order of magnitude forpm
;500 MeV/c, whereas nonrelativistic DWIA calculations
for the same conditions find variations that remain within a
few percent. The greater sensitivity of relativistic DWIA cal-
culations to Gordon ambiguities arises from the distortion of
the spinors by the strong Dirac scalar and vector potentials,

FIG. 2. Sensitivity of Mainz data for16O(e,e8p) at Tp

;215 MeV to choice of gauge. The data of Blomqvistet al. @17#
are shown with alternating groups of solid versus open symbols
corresponding to successive kinematic settings. DWIA calculations
for the experimental kinematics were made using the EDAD1 po-
tential @46# and overlap functions from Leuschneret al. @42#. All
calculations were scaled by a factor of 0.6. Solid, dashed, and dot-
dashed lines use the Landau, Coulomb, or Weyl gauges, respec-
tively. Discontinuities correspond to substantial changes in kine-
matical conditions.

FIG. 3. The sensitivity of DWIA calculations for the
16O(e,e8p) reaction at the kinematics of the Mainz experiment for
Tp;215 MeV to the choice of gauge are illustrated by ratios with
respect to results for the Coulomb gauge. Solid, dashed, and dot-
dashed lines use the Landau, Coulomb, or Weyl gauges, respec-
tively. Discontinuities correspond to substantial changes in kine-
matical conditions.

FIG. 4. The sensitivity of DWIA calculations of differential
cross sections for the16O(e,e8N)(1p1/2)

21 reaction at the kinemat-
ics of the Mainz experiment to the choice of vertex function is
illustrated by ratios with respect to results for the cc1 operator in the
Coulomb gauge. Dashed and solid lines use the cc2 or cc3 opera-
tors, respectively.
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which upsets some delicate relationships between upper and
lower components that enter matrix elements of the current
operator@51#.

In addition, there are ambiguities due to optical potentials
and effects of channel coupling in final-state interactions@1#
that also become important at largepm . Furthermore, two-
body currents due to meson-exchange and intermediate-
isobar excitation can substantially increase the cross section
at largepm relative to the one-body current@52,13#. In par-
ticular, van der Sluyset al. @13# found using the HF-RPA
approach that two-body currents produce effects upon
208Pb(e,e8p) at largepm as large or larger than the effects
attributed to long-range correlations by Bobeldijket al. @12#.
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 wave
function.

B. Quasifree 16O„e¢ ,e8N¢ … for q51.0 GeV/c

An experiment that is about to run at TJNAF@15# seeks to
measure high-momentum components in16O(e,e8p)15N us-
ing quasifree kinematics forv50.445 GeV,q51.0 GeV/c
such thatQ250.8 (GeV/c)2 and x50.96. The larger beam
energyE052.445 GeV makes it possible to reach largepm
with x'1. A related experiment@16# will measure recoil
polarization at modestpm using the16O(eW ,e8pW )15N reaction
with similar kinematics. Hence, it is of interest to examine
the relative importance of gauge ambiguities under those
conditions. For completeness, we also consider the
16O(eW ,e8nW )15O reaction. The calculations are performed in
quasiperpendicular kinematics, constant~v,q!, and are dis-
played as functions of missing momentum where positivepm
refers to ejectile angles on the large-angle side ofq, up
.uq , and negativepm to up,uq . The EDAD1 potential
from Dirac phenomenology@46# was used.

1. Differential cross section

Figure 5 shows the ratio with respect to Coulomb gauge
for ground-state cross sections in quasiperpendicular kine-
matics. Asupmu approaches 500 MeV/c, the Weyl/Coulomb
ratio for proton knockout approaches 0.5 for positive or 2.0
for negativepm , whereas the corresponding ratio for the
Landau gauge remains within about615% of unity when
x'1.0. The gauge dependence for neutron knockout is simi-
lar but somewhat stronger. Similarly, in Fig. 6 we examine
the dependence of single-nucleon knockout cross sections
upon the prescription for off-shell extrapolation of the one-
body current operator using the customary Coulomb gauge.
For valence states, ambiguities due to violation of the Gor-
don identity remain below about 10% forpm&250 MeV/c
but reach about 35% aspm approaches 500 MeV/c. The
Gordon ambiguities are substantially stronger forQ2

50.8 (GeV/c)2 than for the low-Q2 Mainz experiment be-
cause such violations are relativistic effects. Therefore, dif-
ferential cross sections suffer from serious gauge and off-
shell ambiguities at large missing momentum with gauge
ambiguities being exacerbated for smallx and Gordon am-
biguities increasing withQ2.

It is important to recognize that these ambiguities are
properties of the current operator that are not significantly

affected by optical-model distortion, at least in the context of
nonrelativistic models. Calculations using plane waves for
the ejectile are smoother but otherwise very similar to those
shown here—optical-model distortion merely produces
gentle oscillations about the plane-wave curves. Therefore, it
might be possible to improve the model of the current opera-
tor without requiring a very detailed description of the final-
state interactions.

FIG. 5. The sensitivity of DWIA calculations of differential
cross sections for the16O(e,e8N)(1p1/2)

21 reaction at the kinemat-
ics of the TJNAF proposal No. 89-003 to the choice of gauge is
illustrated by ratios with respect to results for the Coulomb gauge.
Solid, dashed, and dot-dashed lines use the Landau, Coulomb, or
Weyl gauges, respectively.

FIG. 6. The sensitivity of DWIA calculations of differential
cross sections for the16O(e,e8N)(1p1/2)

21 reaction at the kinemat-
ics of the TJNAF proposal No. 89-003 to the choice of vertex
function is illustrated by ratios with respect to results for the cc1
operator in the Coulomb gauge. Dashed, dot-dashed, and solid lines
use the cc1, cc2, or cc3 operators, respectively.
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The magnitude of these ambiguities poses serious prob-
lems for experiments which seek to interpret cross section
measurements for valence single-nucleon knockout in terms
of correlations. This problem is illustrated by Fig. 7, which
shows the effect ofmk and mE corrections to the overlap
functions at large missing momentum. In Fig. 8 we illustrate
the effect ofmk andmE corrections using ratios between the
missing momentum distributions with respect to the Woods-
Saxon model. Although this model is rather simple, it should
suffice to indicate the relative sensitivity of missing momen-
tum distributions to long-range versus short-range correla-

tions. It is clear that the short-range correlations represented
by mk(r ) have relatively little effect upon the shape of the
missing momentum distribution and that this minor modula-
tion would be reduced when analyzing experimental data
simply by readjusting the radius parameter for the Woods-
Saxon potential. On the other hand, long-range correlations
represented bymE(r ) produce a relatively strong enhance-
ment that is sufficiently localized in missing momentum to
survive the customary fitting procedure. If the long-range
correlations do affect momentum distributions for valence
states this strongly and the reaction model were under good
control, it should be possible to extract the parameters de-
scribingmE(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
more sensitive to Gordon ambiguities than are nonrelativistic
models. In addition, channel coupling in final-state interac-
tions can produce significant state-dependent changes of
cross section in the same range of missing momentum. It
does not appear likely that one will be able to extract corre-
lation information from single-nucleon knockout for valence
states. On the other hand, a wide variety of theoretical cal-
culations suggest that short-range and tensor correlations
should yield considerable high-momentum strength at large
missing energies, well beyond the ranges relevant to the

FIG. 7. The sensitivity of DWIA calculations to correlations is illustrated by differential cross sections for the16O(e,e8N)(1p)21

reaction at largepm for the kinematics of the TJNAF proposal No. 89-003. Dashed lines use the basic Woods-Saxon wave function,
dash-dotted lines includemk(r ), dotted lines includemE(r ), and solid lines includem* (r ).

FIG. 8. The sensitivity of DWIA calculations of differential
cross sections for the16O(e,e8p)(1p)1/2

21 reaction to correlations is
illustrated for the kinematics of the TJNAF proposal No. 89-003 by
ratios with respect to the missing momentum distribution for the
basic Woods-Saxon wave function. Dashed lines includemk(r ),
dash-dotted lines includemE(r ), and solid lines includem* (r ).
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mean field. For example, Pollset al. @6# evaluated the hole
spectral function for16O(e,e8p) and found that large mo-
menta occur predominantly at large missing energy, such
that the continuum strength is more than an order of magni-
tude greater than the quasihole strength forpm
*400 MeV/c. However, further investigation is needed to
determine whether the spectral function actually can be ex-
tracted from (e,e8p) data for largepm and Em despite am-
biguities in the current operator and final-state interactions
under these conditions.

2. Response functions

Since gauge differences between these currents are con-
fined to the scalar and longitudinal currents, it is also useful
to examine the dependence of theRL andRLT response func-
tions upon the choice of gauge. These response functions for
16O(e,e8p)(1p1/2)

21 are shown in Fig. 9 as ratios with re-
spect to the Coulomb gauge using theḠcc1 operator. ForRL
we find that the gauge dependence increases steadily with
pm , but for RLT we find nearly constant ratios except in the
immediate vicinity of a node. Similarly, Picklesimeret al.
@19# report significant gauge ambiguities inRL for Q2

'0.25 (GeV/c)2 using a relativistic DWIA calculation.
A useful way to minimize nuclear structure ambiguities

when studying the current operator is provided by the left-
right asymmetry

Af5
s~f50!2s~f5p!

s~f50!1s~f5p!
, ~36!

in which uncertainties in the overlap function or optical po-
tential tend to divide out of the ratio. The gauge dependence
of Af for 16O(e,e8p)(1p1/2)

21 is shown in Fig. 10. We
again find that the Landau and Coulomb gauges give rather
similar results for quasifree kinematics, whereas the Weyl
gauge differs significantly. On the other hand, Fig. 11 com-
paresAf for the $Ḡcc1,Ḡcc2,Ḡcc3% vertex functions within the
Coulomb gauge and shows that the left-right asymmetry is
relatively insensitive to the violations of the Gordon identity

by off-shell current operators. Evidently, these prescriptions
for current conservation and off-shell extrapolation affect the
dependences of the differential cross section more strongly
for the polar angle than for the azimuthal angle. However,
there is probably a greater spread amongAf calculations in
relativistic DWIA because Gordon ambiguities are larger~cf.
Fig. 3 of Ref.@14#!. Furthermore, by changing the direction
of the effective momentum transferqeff , electron distortion
can mix polar and azimuthal angles and produce significant
changes inRLT andAf , particularly for heavy targets@53#.
However, investigation of the coupling between electron dis-
tortion and ambiguities in the nucleon current is beyond the
scope of the present work.

FIG. 9. The sensitivity of DWIA calculations of theRL andRLT

response functions for the16O(e,e8p)(1p1/2)
21 reaction at the ki-

nematics of the TJNAF proposal No. 89-003 to the choice of gauge
is illustrated by ratios with respect to results for the Coulomb
gauge. Solid, dashed, and dot-dashed lines use the Landau, Cou-
lomb, or Weyl gauges, respectively.

FIG. 10. The sensitivity of DWIA calculations of the left-right
asymmetry for the16O(e,e8N)(1p1/2)

21 reaction at the kinematics
of the TJNAF proposal No. 89-003 to the choice of gauge is illus-
trated by ratios with respect to results for the Coulomb gauge.
Solid, dashed, and dot-dashed lines use the Landau, Coulomb, or
Weyl gauges, respectively.

FIG. 11. The sensitivity of DWIA calculations of the left-right
asymmetry for the16O(e,e8N)(1p1/2)

21 reaction at the kinematics
of the TJNAF proposal No. 89-003 to the choice of vertex function
is illustrated by ratios with respect to results for the cc1 operator in
the Coulomb gauge. Dashed, dot-dashed, and solid lines use the
cc1, cc2, or cc3 operators, respectively.
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Although the dependence ofAf upon gauge is indicative
of a failure of the DWIA, it may nevertheless be possible to
select the most appropriate gauge by this criterion. This mea-
sure of the azimuthal asymmetry is sensitive to properties of
the current operator that are relatively insensitive to the
structure of the target. Therefore, one can hope that one par-
ticular choice of gauge might provide the best predictions for
this quantity over a wide range of targets and kinematical
conditions, provided that the one-body current is dominant.
Unfortunately, there exists very little data forRLT in single-
nucleon knockout from complex nuclei; see Ref.@1# for a
review of the data for16O(e,e8p) at Q250.2 @54# and Q2

50.3 (GeV/c)2 @55#. Both data sets suggest that the azi-
muthal asymmetry is somewhat larger than obtained in
DWIA using the Coulomb gauge, but theoretical calculations
suggest that meson-exchange and isobar contributions are
important. However, the Pavia@56,57# and Gent@58# groups
make very different predictions for the relative importance of
meson-exchange versus isobar currents and for the depen-
dence of two-body currents upon nuclear structure.

Although gauge ambiguities at largepm are reduced by
choosingx'1, it will nevertheless be very difficult to inter-
pret longitudinal response functions in terms of possible
modifications of the one-body momentum distribution. A
somewhat more promising approach might be to useRT be-
cause the requirements of current conservation do not affect
the transverse current directly. On the other hand, meson-
exchange and isobar currents contribute primarily to the
transverse response. The relative importance of those contri-
butions tends to be reduced by using quasifree kinematics
and can be reduced further by performing the experiment for
large negativey, in other words, on the small-v side of the
quasifree peak. This conclusion is supported by the observa-
tion of y scaling in inclusive electron scattering for negative
y and largeq and has been used to deduce ground-state
momentum densities@59#. Furthermore, the calculations of
van der Sluyset al. @13# show that for fixedv and pm the
relative importance of two-body currents decreases asq and,
consequently,x increase. Therefore, we suggest that similar

measurements for single-nucleon knockout should employ
RT for negativey and largeq.

3. Recoil polarization

The dependence of the recoil polarization observables
upon gauge is shown in Fig. 12 for proton knockout and in
Fig. 13 for neutron knockout. The dependence upon gauge is
minimal for the helicity-independent polarizationPy , which
vanishes in the absence of final-state interactions—Py de-
pends primarily upon the optical potential and is practically
independent of the current operator. For the helicity-
dependent componentsPx8 andPz8 , the gauge dependence is
quite small forpm&250 MeV/c and remains relatively small
even for largerpm . Similarly, recoil polarization observables
calculated within the usual Coulomb gauge for the
$Ḡcc1 ,Ḡcc2 ,Ḡcc3% vertex functions are compared for proton
knockout in Fig. 12 or for neutron knockout in Fig. 13.
These figures show thatPy is insensitive to variations of the
off-shell extrapolation and that the ambiguities inPx8 andPz8
remain quite small. Therefore, unlike cross sections, recoil
polarization observables for quasifree kinematics are rather
insensitive to variations among one-body current operators
of the de Forest type.

In the one-photon-exchange approximation, the recoil
nucleon polarization produced by a longitudinally polarized
electron beam scattered through an angleu by a free-nucleon
target has two nonvanishing components of the form@60#

PL85GM
2 2t~11t!1/2@11~11t!tan2~u/2!#1/2tan~u/2!

GE
21@t12t~11t!tan2~u/2!#GM

2 ,

~37a!

PS852GEGM

2@t~11t!#1/2tan~u/2!

GE
21@t12t~11t!tan2~u/2!#GM

2 ,

~37b!

wheret5 Q2/4m2. Hence, the ratio

FIG. 12. DWIA calculations of recoil polarization for the16O(eW ,e8pW ) reaction at the kinematics of TJNAF proposal No. 89-033 are
shown using the cc1 current operator. Solid, dashed, and dot-dashed lines use the Landau, Coulomb, or Weyl gauges, respectively.
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GM
FtS 11~11t!tan2

u

2D G21/2

~38!

provides a means of measuringGE /GM that is relatively
insensitive to systematic errors in the beam polarization and
in the analyzing power of the polarimeter. It is important to
recognize that for quasifree kinematics PWIA and DWIA
calculations of the helicity-dependent recoil polarization pro-
duced by single-nucleon knockout from nuclei in quasifree
kinematics withpm&250 MeV/c are quite similar, with op-
tical model distortion producing only rather gentle modula-
tions. Furthermore, both relativistic and nonrelativistic
DWIA calculations also agree over this range of missing
momentum. Nor do gauge or Gordon ambiguities affect
these quantities for modestpm . Therefore, to the extent that
the one-body current operator dominates the knockout reac-
tion, helicity-dependent recoil polarization provides a robust
measure of the nucleon electromagnetic form factors in the
nuclear environment.

Thus, TJNAF experiment 89-033@16# is designed to mea-
sure possible medium modifications of the proton electro-
magnetic form factors. However, several calculations suggest
that two-body currents affect the helicity-dependent recoil
polarization@61,57#. It should be possible to investigate the
roles of two-body currents and/or possible medium modifi-
cations of the one-body current using recoil polarization for
modestpm with relatively little uncertainty due to final-state
interactions, gauge or Gordon ambiguities, or relativistic cor-
rections.

IV. SUMMARY AND CONCLUSIONS

We have investigated some of the consequences of ambi-
guities in the one-body current operator for DWIA calcula-
tions of semiexclusive single-nucleon knockout over a wide
range of kinematical conditions. These ambiguities can be
classified in two categories:~1! gauge ambiguities arising
from violation of current conservation by the off-shell vertex
function and~2! Gordon ambiguities arising from transfor-
mations of the vertex function generated using the Gordon

identity that are equivalent on shell but differ off shell. The
present calculations were made using the nonrelativistic
DWIA, but we also discuss the implications of stronger Gor-
don ambiguities encountered in calculations based upon the

relativistic DWIA. Calculations for16O(eW ,e8NW ) were pre-
sented for the kinematics of the Mainz measurements at
smallQ2 and large missing momentum and for the kinemat-
ics of experiments atQ250.8 (GeV/c)2 in progress at
TJNAF.

Although thep-shell 16O(e,e8p) data obtained at both
NIKHEF and Mainz are in good agreement forTp

;100 MeV, the cross sections obtained at Mainz near the
peak of the momentum distribution usingTp;215 MeV are
factors of 0.5–0.6 smaller than predicted by DWIA calcula-
tions based upon spectroscopic factors and overlap functions
fitted to the lower-energy data, which are consistent with
systematics previously established for a broad range of nu-
clei. This discrepancy cannot be explained by reasonable
variations of the optical model or the one-body current op-
erator. Furthermore, the kinematics for smallpm are close
enough to quasifree that one does not expect two-body cur-
rents to substantially reduce the cross section at the peak of
the single-nucleon momentum distribution. Therefore, if the
data of Blomqvistet al. @17# for Tp;215 MeV are normal-
ized correctly, there may be a serious error in the DWIA,
whose origin is not understood, even when the kinematics
are nearly quasifree. It is important to confirm these data and
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% forpm;500 MeV/c and
Q250.8 (GeV/c)2. However, Udı´as et al. @14# find that
Gordon ambiguities are about 10% for smallpm and ap-
proach an order of magnitude forpm;500 MeV/c and Q2

;0.04 (GeV/c)2. Conversely, we find that gauge ambigu-
ities in nonrelativistic DWIA cross sections approach an or-
der of magnitude forpm;500 MeV/c andQ2;0.04 and re-
main important, but are somewhat smaller, forQ2

;0.8 (GeV/c)2. For large pm , gauge ambiguities are

FIG. 13. DWIA calculations of recoil polarization for the16O(eW ,e8nW ) reaction at the kinematics of TJNAF proposal No. 89-033 are
shown using the cc1 current operator. Solid, dashed, and dot-dashed lines use the Landau, Coulomb, or Weyl gauges, respectively.
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smaller for quasifree kinematics (x'1) than for the small-x
experiments performed at lowQ2. These ambiguities in the
one-body current operator are as large or larger than the
modifications of the missing momentum distributions for va-
lence knockout that are expected from both long-range and
short-range correlations. Furthermore, channel coupling in
final-state interactions and contributions from two-body cur-
rents also become quite important for large missing momen-
tum. Therefore, we conclude that it will not be possible to
extract information about correlations from valence single-
nucleon knockout by electron scattering before considerable
progress is made in understanding the one-body and two-
body current operators. Further investigation is needed to
evaluate ambiguities in the current operator and final-state
interactions for knockout reactions that probe the continuum
at largepm and Em where short-range correlations become
most prominent.

Gauge ambiguities in the longitudinal response function
RL increase withpm , while for the longitudinal-transverse
interference response functionRLT gauge ambiguities vary
more slowly and remain important even for smallpm . Fur-
thermore, Gordon ambiguities in the azimuthal asymmetry,
Af , are quite small for nonrelativistic DWIA. Therefore,Af
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 polarizationP8 is sensitive to
the nucleon electromagnetic form factors and to the spin

structure of the vertex function. Forpm&250 MeV/c, P8
appears to be quite insensitive to final-state interactions.
With different spin structure, two-body currents can produce
appreciable effects uponP8. In contrast to the differential
cross section and unpolarized response functions, recoil po-
larization observables are much less sensitive to gauge and
Gordon ambiguities. Therefore, measurements of the
helicity-dependent recoil polarization for modestpm provide
sensitivity to possible medium modifications of the nucleon
form factors or to two-body currents.

The nature of the off-shell single-nucleon electromagnetic
vertex function in the nuclear medium remains the most im-
portant unsolved theoretical problem in electronuclear phys-
ics. We have investigated some of the consequences of un-
certainties in this operator upon the interpretation of several
experiments of current interest, but unfortunately there exists
no compelling theoretical argument for selecting a preferred
form or gauge. Until a more fundamental theory is devel-
oped, which is beyond the scope of the present work, one
might as well continue to employ the traditional choices of
the de Forest cc1 current and the Coulomb gauge but should
be aware of the interpretative limitations incurred by these
more or less arbitrary choices.
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