
PHYSICAL REVIEW C, VOLUME 64, 064615
Relativistic corrections in „g,N… knockout reactions
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We develop a fully relativistic distorted wave impulse approximation~DWIA ! model for photonuclear
reactions using the relativistic mean field theory for the bound state, and the Pauli reduction of the scattering
state, which is calculated from a relativistic optical potential. Results for the12C(g,p) and 16O(g,p) differ-
ential cross sections and photon asymmetries are displayed in a photon energy range between 60 and 257 MeV,
and compared with nonrelativistic DWIA calculations. The effects of the spinor distortion and of the effective
momentum approximation for the scattering state are discussed. The sensitivity of the model to different
prescriptions for the one-body current operator is investigated. The off-shell ambiguities are large in (g,p)
calculations, and even larger in (g,n) knockout.
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I. INTRODUCTION

The analysis of (g,N) reactions at photon energies abo
the giant resonance was the object of a long debate conc
ing the mechanism of the reaction~see, e.g., Ref.@1#!. On the
one hand, the fact that the experimental cross sections
proton emission can be easily fitted with a single parti
wave function points to a direct knockout~DKO! mechanism
@2#. On the other hand, the transitions with neutron emiss
being of the same order of magnitude as those with pro
emission, were considered as a clear indication of a qu
deuteron reaction mechanism@3–5#. A number of corrections
were applied to the DKO model@6,7# in order to explain
both (g,p) and (g,n) cross sections, but were unable to gi
a reasonable explanation of the data.

In recent years, the development of tagged photon fa
ties allowed workers to perform experiments with high e
ergy resolution and a clear separation of the different in
vidual states of the residual nucleus. A large number
experimental data was produced at the electron micro
accelerator MAMI-A in Mainz and at the MAX-Laborator
in Lund ~see, e.g., Refs.@8–13#!.

For the (g,p) reaction the DKO mechanism represents
large part of the measured cross sections for the low-ly
states and in the photon energy range above the giant r
nance and below the pion production threshold. The res
however, are very sensitive to the theoretical ingredie
adopted for bound and scattering states@2,14#. Moreover,
various calculations in different theoretical approaches in
cate that a prominent role is played by more complica
processes, such as meson exchange currents~MEC! and mul-
tistep processes due to nuclear correlations@1,9,14#. Nonrel-
ativistic calculations based on the distorted wave impu
approximation~DWIA ! and with consistent theoretical ingre
dients for bound and scattering states@i.e., overlap functions,
spectroscopic factors, and optical model parameters ab
give a good description of (e,e8p) data# are unable to de-
scribe (g,p) data @14–16#. A reasonable agreement and
consistent description is obtained when the contribution
MEC is added to DKO in the (g,p) reaction @14#. MEC
produce a significant enhancement of the (g,p) cross sec-
tions calculated with DKO and affect both the shape and
0556-2813/2001/64~6!/064615~8!/$20.00 64 0646
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magnitude of the angular distributions. For the (g,n) reac-
tion, where the DKO mechanism gives only a small fracti
of the measured cross section, MEC and more complica
processes give the dominant contribution@1,11,14#.

However, the relative importance of the different mech
nisms on (g,p) and (g,n) reactions is still not completely
understood and justifies the interest on other effects, suc
relativistic corrections, nuclear current ambiguities, and o
shell behavior of the bound nucleons.

The relativistic approach was first applied to (g,p) reac-
tions in Ref.@17#, where also MEC were considered, and
Refs.@18,19# within the framework of DKO. In these model
the wave functions of the bound and continuum nucleons
solutions of a Dirac equation containing appropriate sca
and vector potentials fitted to the ground state properties
the nucleus and to proton-nucleus elastic scattering data.
DKO mechanism was able to reproduce the16O(g,p) cross
section for an incident photon energy of 60 MeV@19#. The
same approach was then extended to several target n
and to a much wider energy range falling into th
D-excitation region@20#. The comparison between these ca
culations and data suggests that DKO is the leading con
bution for missing momentum values up to abo
500 MeV/c, while for larger values of the missing momen
tum an important effect is expected from MEC andD exci-
tation.

Other studies within the same theoretical approach
cussed the differences between relativistic and nonrelativ
calculations for (g,p) and (e,e8p) reactions@21,22#. They
found noticeable medium modifications in the interacti
Hamiltonian due to relativistic potentials, which suggest th
the role of MEC could be strongly modified with respect to
nonrelativistic approach. In any case these relativistic mod
did not consider the (g,n) reaction.

Different models based on a fully relativistic DWIA
~RDWIA! framework have been developed in recent ye
and successfully applied to the analysis of (e,e8p) data
@23,24#. In a recent paper@24# we have compared relativisti
and nonrelativistic calculations for the (e,e8p) knockout re-
action in order to study relativistic effects for cross sectio
and structure functions and to establish a limit in energy
the validity of a nonrelativistic approach. In this paper w
©2001 The American Physical Society15-1
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A. MEUCCI, C. GIUSTI, AND F. D. PACATI PHYSICAL REVIEW C64 064615
make a similar comparison for (g,N) reactions. Relativistic
effects are different in different situations and kinematics.
(g,N) at intermediate photon energies the mismatch betw
the momentum transfer and the momentum of the outgo
nucleon is quite large and larger values of the missing m
mentum are explored than in usual (e,e8p) experiments.
Thus, different effects can be expected for the two reactio
Our aim is to clarify the relationship between the RDW
and DWIA approaches for (g,p) and (g,n) reactions also in
comparison with data, and to check the relevance of
DKO mechanism in relativistic and nonrelativistic calcul
tions.

The RDWIA treatment is the same as in Ref.@24#. The
relativistic bound state wave functions have been gener
as solutions of a Dirac equation containing scalar and ve
potentials obtained in the framework of the relativistic me
field theory. The effective Pauli reduction has been adop
for the outgoing nucleon wave function. This scheme
pears simpler and is in principle equivalent to the solution
the Dirac equation. The resulting Schro¨dinger-like equation
is solved for each partial wave starting from relativistic o
tical potentials. In the nonrelativistic calculations, the bou
nucleon wave function has been taken as the normalized
per component of the relativistic four-component spinor a
the scattering state is the solution of the same Schro¨dinger
equivalent equation of the relativistic calculation. In order
allow a consistent analysis of (e,e8p) and (g,p) reactions in
comparison with data, RDWIA and DWIA calculations ha
been performed with the same bound state wave funct
and optical potentials used for (e,e8p) in Ref. @24#. The
same spectroscopic factors obtained in Ref.@24# by fitting
our RDWIA (e,e8p) results to data have been applied to t
calculated (g,N) cross sections.

Results for12C and 16O target nuclei at different photo
energies have been considered for the comparison. The
tivistic current is written following the most commonly use
current conserving (cc) prescriptions for the (e,e8p) reac-
tion introduced in Ref.@25#. The ambiguities connected wit
different choices of the electromagnetic current cannot
dismissed. In the (e,e8p) reaction the predictions of differ
ent prescriptions are generally in close agreement@26#. Large
differences can, however, be found at high missing mome
@27,28#. These differences are expected to increase in (g,N)
reactions, where the kinematics is deeply off-shell and hig
values of the missing momentum are probed.

The formalism is outlined in Sec. II. Relativistic and no
relativistic calculations of the12C(g,p) and 16O(g,p) cross
sections are compared in Sec. III, where various relativi
effects and current ambiguities are investigated. In Sec
we discuss the role of the DKO mechanism in the descrip
of the (g,n) reaction. Some conclusions are drawn in Sec

II. FORMALISM

The (g,N) differential cross section can be written as

sg5
2p2a

Eg
up8uE8 f recf 11, ~2.1!
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whereEg is the incident photon energy,E8 and p8 are the
energy and the momentum of the emitted nucleon, andf rec is
the recoil factor, which is given by

f rec
21512

E8

Erec

p8•prec

up8u2
, ~2.2!

whereErec andprec are the energy and the momentum of t
residual recoiling nucleus. In the cross section of Eq.~2.1!
only the transverse response,f 11, appears.

If the photon beam is linearly polarized the cross sect
becomes

sg,A5sg@11A cos~2f!#, ~2.3!

wheref is the angle between the photon polarization and
reaction plane, andA is the photon asymmetry, which can b
expressed as the ratio between the interference transv
transverse and the pure transverse responses:

A52
f 121

f 11
. ~2.4!

The structure functionsf ll8 are defined as bilinear combina
tions of the nuclear current components, i.e.,

f 115^Jx~Jx!†&1^Jy~Jy!†&,

f 1215^Jy~Jy!†&2^Jx~Jx!†&, ~2.5!

where^•••& means that an average over the initial and a s
over the final states are performed fulfilling energy cons
vation. In our frame of reference thez axis is alongq, and the
y axis is parallel toq3p8.

In RDWIA the matrix elements of the nuclear current o
erator, i.e.,

Jm5E dr C̄ f~r! ĵ mexp$ iq•r%C i~r!, ~2.6!

are calculated using relativistic wave functions for initial a
final states. The choice of the electromagnetic operator is
some extent, arbitrary. Here we discuss the threecc expres-
sions@25,29,30#

ĵ cc1
m 5GM~Q2!gm2

k

2M
F2~Q2!P̄m,

ĵ cc2
m 5F1~Q2!gm1 i

k

2M
F2~Q2!smnqn , ~2.7!

ĵ cc3
m 5F1~Q2!

P̄m

2M
1

i

2M
GM~Q2!smnqn ,

whereqm5(q,v) is the four-momentum transfer,Q25uqu2

2v2, P̄m5(E1E8,p1p8), k is the anomalous part of th
magnetic moment,F1 and F2 are the Dirac and Paul
nucleon form factors,GM5F11kF2 is the Sachs nucleon
magnetic form factor, andsmn5( i /2)@gm,gn#. Since the
5-2
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RELATIVISTIC CORRECTIONS IN (g,N) KNOCKOUT REACTIONS PHYSICAL REVIEW C 64 064615
photon is real,Q250. In this caseF1 reduces to the nucleo
total charge~1 for the proton, and 0 for the neutron!, andF2
to 1. Current conservation is restored by replacing the bo
nucleon energy by@25#

E5Aupu21M25Aup82qu21M2. ~2.8!

The bound state wave function

C i5S ui

v i
D ~2.9!

is given by the Dirac-Hartree solution of a relativistic L
grangian containing scalar and vector potentials. The eje
wave functionC f is written in terms of its positive energ
componentC f 1 following the direct Pauli reduction method

C f5S C f 1

s•p8

M1E81S2V
C f 1

D , ~2.10!

whereS5S(r ) andV5V(r ) are the scalar and vector pote
tials for the nucleon with energyE8. The upper componen
C f 1 can be related to a Schro¨dinger equivalent wave func
tion F f by the Darwin factorD(r ), i.e.,

C f 15AD~r !F f , ~2.11!

D~r !5
M1E81S2V

M1E8
. ~2.12!

F f is a two-component wave function which is a solution
a Schro¨dinger equation containing equivalent central a
spin-orbit potentials obtained from the scalar and vector
tentials@22#. Hence, using the relativistic normalization, th
emitted nucleon wave function is written as

C̄ f5C f
†g05AM1E8

2E8 F S 1

s•p8

C
D ADF fG †

g0

5AM1E8

2E8
F f

†~AD !†S 1;s•p8
1

C†D g0, ~2.13!

where

C5C~r !5M1E81S~r !2V~r !. ~2.14!

If we substitute Eqs.~2.9! and ~2.13! into Eq. ~2.6! and
choose one of the current conserving prescriptions of
~2.7!, we obtain the relativistic expressions of the nucle
current,
06461
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Jcc15AE81M

2E8
E drF f

†~AD !†H GMFsv i

2 i ~s•“ !
1

C†
sui G1

k

2M
F2F ~2i“1q!ui

1 i ~s•“ !
1

C†
~2i“1q!v i G J exp$ iq•r%, ~2.15!

Jcc25AE81M

2E8
E drF f

†~AD !†H F1F2 i ~s•“ !
1

C†
sui

1sv i G1 i
k

2M
F2Fs3qui1v~s•“ !

1

C†
sui2 ivsv i

1 i ~s•“ !
1

C†
s3qv i G J exp$ iq•r%, ~2.16!

Jcc35AE81M

2E8
E drF f

†~AD !†H i

2M
F1F ~22i“2q!ui

2 i ~s•“ !
1

C†
~2i“1q!v i G1

i

2M
GMFs3qui

1v~s•“ !
1

C†
sui2 ivsv i1 i ~s•“ !

1

C†
s

3qv i G J exp$ iq•r%, ~2.17!

where theP̄ operator has been replaced by the gradie
22i“2q, which operates not only on the components of t
Dirac spinor but also on exp$iq•r%. It is interesting to notice
that in Eqs.~2.15! and ~2.17! terms appear that are propo
tional to the second derivative of the lower component of
Dirac spinor.

III. THE „g,p… REACTION

The (g,p) reaction is an interesting process for testi
our RDWIA program and investigating the differences w
respect to the DWIA approach. At intermediate photon en
gies there is a large difference between the incoming pho
and outgoing nucleon momenta and missing momentum
ues higher than those in usual (e,e8p) experiments are ex
plored. Thus, different relativistic effects can be expected
the two reactions. Moreover, it can be interesting to che
the relevance of the DKO mechanism in comparison w
data for corresponding RDWIA and DWIA calculations wi
consistent theoretical ingredients for bound and scatte
states. Previous RDWIA analyses@20# suggest that DKO is
the leading contribution to the (g,p) cross section for low
values ofEg and not too large values of the missing mome
tum. In contrast, in nonrelativistic calculations the DK
mechanism generally underestimates the experimental c
5-3
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A. MEUCCI, C. GIUSTI, AND F. D. PACATI PHYSICAL REVIEW C64 064615
sections and an important contribution is given by MEC ev
at low photon energies. In these investigations, howe
RDWIA and DWIA calculations generally make use of d
ferent bound state wave functions and optical potentials,
(g,p) results are very sensitive to the theoretical ingredie
adopted in the calculations.

A large amount of experiments were carried out in t
past on several target nuclei and over a wide range of ph
energies. Here, we have performed calculations for12C and
16O. The bound state wave functions and optical potent
are the same as those in the analysis of Ref.@24#, where the
RDWIA results are in satisfactory agreement with (e,e8p)
data. In order to allow a consistent comparison with data,
same spectroscopic factors obtained by fitting our RDW
(e,e8p) calculations@24# to data have been here applied
the (g,p) results, that is, 0.56 for12C and 0.70 for16O.

The relativistic bound state wave function has been g
erated using the programADFX of Ref. @31#, where relativis-
tic Hartree-Bogoliubov equations are solved. The mo
starts from a Lagrangian density containings, v, r-meson,
and photon fields, whose potentials are obtained by solv
Klein-Gordon equations self-consistently.

The corresponding wave function for the nonrelativis
calculation has been taken as the upper component of
relativistic four-component spinor, which is normalized to
in coordinate and spin space. Presumably, this is not the
choice for the nonrelativistic DWIA calculations, but th
same ingredients are to be used in order to perform a c
comparison between the two approaches.

The outgoing nucleon wave function is calculated
means of the complex phenomenological optical potentia
Ref. @32#, obtained from fits to proton elastic scattering da
in an energy range up to 1040 MeV. The Schro¨dinger equiva-
lent potentials calculated in the same way were used in
nonrelativistic program.

Since no rigorous prescription exists for handling off-sh
nucleons, it is worthwhile to study the sensitivity of on
nucleon photoemission to different choices of the nucl
current. The nonrelativistic current is written as an expans
up to order 1/M2 from a Foldy-Wouthuysen transformatio
@33,34# applied to the interaction Hamiltonian where th
nuclear current is in thecc2 form of Eq.~2.7!. Thus, thecc2
prescription for the relativistic nuclear current is more app
priate in the comparison between the relativistic and non
ativistic models.

A. Relativistic and nonrelativistic calculations

In this section the results of the comparison between
RDWIA and DWIA calculations are discussed. One has
remember that our nonrelativistic code contains some r
tivistic corrections in the kinematics and in the nuclear c
rent through the expansion in 1/M . This means that the non
relativistic results cannot be obtained from the relativis
program simply by neglecting the lower components of
Dirac spinor and applying the proper normalization.

The comparison between the RDWIA and DWIA resu
is shown in Fig. 1 for the cross section of the16O(g,p)15Ng.s.
reaction. The photon energy range is taken between 60 M
06461
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and 257 MeV, but the nonrelativistic calculations are n
extended above 200 MeV@24#. In the considered energ
range missing momentum values between about 200
1000 MeV/c are explored.

We see that the differences between the nonrelativi
calculations and the relativistic ones with thecc2 prescrip-
tion are sensible at all energies. The nonrelativistic res
are always smaller than the data@9,35–37#. This effect was
already known from previous nonrelativistic analyses a
suggested that MEC must give an important contribution
the cross section. On the contrary, the relativistic results
generally closer to the data and reproduce the magnitude
shape well, at least at low energies. This result is in agr
ment with similar RDWIA approaches with thecc2 current
@18–20#. For higher energies, the relativistic results fall b
low the data and the discrepancies increase with the pro
angle. This seems to indicate that the DKO mechanism g
the most important contribution to the cross section at low
missing momenta, while more complicated processes suc
MEC andD excitations become more and more important
larger missing momenta.

In Fig. 2 the photon asymmetries are shown in the sa
kinematics as in Fig. 1. The differences between DWIA a
RDWIA results withcc2 are small at 60 MeV, but rapidly
increase with the photon energy.

In Fig. 3 the cross section for the12C(g,p)11Bg.s. reaction
is presented. The nonrelativistic results are also in this c
smaller than the relativistic ones, but the most apparent

FIG. 1. The cross section for the16O(g,p)15Ng.s. reaction as a
function of the proton scattering angle for photon energies rang
from 60 to 257 MeV. The data at 60 MeV are from Ref.@9# ~black
squares! and from Ref.@35# ~open circles!. The data at 80 and 100
MeV are from Ref.@35#. The data at 150 MeV are from Ref.@36#,
and those at 196 and 257 MeV are from Ref.@37#. Results shown
correspond to RDWIA calculations with thecc2 ~solid line!, cc1
~dashed line!, andcc3 ~dotted line! current. The dot-dashed line i
the nonrelativistic result.
5-4
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RELATIVISTIC CORRECTIONS IN (g,N) KNOCKOUT REACTIONS PHYSICAL REVIEW C 64 064615
ture is that both results lie above the data@8,38#. The fact that
RDWIA calculations with thecc2 current overestimate th
data by a factor of 2 was already pointed out in Ref.@20#. A
better description of data might be obtained with a m
careful determination of the12C ground state, which shoul
include its intrinsic deformation.

B. Current ambiguities

In this section the sensitivity of (g,p) calculations to dif-
ferent choices of the nuclear current is discussed. In the

FIG. 2. The same as in Fig. 1, but for the photon asymmet

FIG. 3. The cross section for the12C(g,p)11Bg.s. reaction as a
function of the proton scattering angle atEg558.4 and 78.5 MeV.
The data are from Ref.@38# ~black squares! and from Ref.@8# ~open
circles!. Line convention as in Fig. 1.
06461
e

se

of one proton knockout the expressions for the electrom
netic nuclear current of Eq.~2.7! reduce to

ĵ cc1
m 5gm1kpS gm2

P̄m

2M
D ,

ĵ cc2
m 5gm1 i

kp

2M
smnqn , ~3.1!

ĵ cc3
m 5

P̄m

2M
1

i

2M
~11kp!smnqn ,

wherekp51.793 is the anomalous part of the proton ma
netic moment. These expressions are obviously equiva
for a free nucleon, but give different results for an off-sh
nucleon.

It is interesting to note that the nonrelativistic reductio
of the threecc forms give identical results up to order 1/M
following the direct Pauli reduction scheme in the limit of n
Dirac S andV potentials andM1E52M . The equivalence
of Pauli reduction and Foldy-Wouthuysen transformation
to order 1/M was already pointed out in Refs.@22,39#.

The results obtained with different current operators
displayed and compared for16O in Fig. 1. The differences
are large. We have already noticed that thecc2 results are in
satisfactory agreement with the experimental data at lo
energies, but they tend to decrease with increasing pro
angle and photon energy. RDWIA results are strongly
hanced if we usecc1 current. This is probably due to to
small an interference term that does not correctly estim
the convective current contained in bothgm and P̄m/(2M )
terms when the nucleon is off-shell. Also in Ref.@27#, in an
(e,e8p) analysis within the framework of the relativisti
plane wave impulse approximation, large differences
found between results obtained with thecc2 andcc1 pre-
scriptions for high values of the missing momentum and s
nificantly higher cross sections are obtained withcc1. The
results with thecc3 current in Fig. 1 are more similar to th
cc2 ones. At low energycc3 lies belowcc2, but the differ-
ences rapidly decrease with the energy.

In Fig. 2 a comparison of photon asymmetry calculatio
in the same kinematics as in Fig. 1 is shown. The differen
are sensible already at 60 MeV and tend to increase with
energy.

Large ambiguities are found also in the case of12C(g,p)
reaction~Fig. 3!. Results obtained with thecc1 current are
enhanced above the data by an order of magnitude. In c
trast,cc3 results are smaller than the data.

C. Spinor distortion and Darwin factor

The optical potential enters into the Darwin factorD,
which multiplies the Schro¨dinger equivalent eigenfunction
and into the spinor distortionC, which is applied only to the
lower component of Dirac spinor. The distortion of the sc
tering wave function is calculated through a partial wa
expansion and it is always included in the calculations. T

.

5-5



on

ye
th

V

ll

here
s.

r in
ted

ns.

the
we
We
ion

mes

he

ith
be-
his
de-
are

he
re
the

ody
the

red

e
e
o-
-

on

the

e
ta

n
e

A. MEUCCI, C. GIUSTI, AND F. D. PACATI PHYSICAL REVIEW C64 064615
Darwin factor gives a reduction of the cross section. In c
trast, the spinor distortion produces an enhancement.

The combined effects of the two corrections are displa
and compared in Figs. 4 and 5 for the cross section of
reaction 16O(g,p)15Ng.s. at Eg560 and 196 MeV. Results
without the Darwin factor and spinor distortion at 60 Me

FIG. 4. The cross section for the16O(g,p)15Ng.s. reaction as a
function of the proton scattering angle atEg560 MeV. The data are
from Ref.@9# ~black squares! and from Ref.@35# ~open circles!. The
solid lines give the RDWIA results, the dotted lines the calculatio
without the Darwin factor and spinor distortion, and the dash
lines the EMA.

FIG. 5. The same as in Fig. 4, but atEg5196 MeV. The data
are from Ref.@37#.
06461
-

d
e

using eithercc1 or cc2 are reduced with respect to the fu
calculations, while results withcc3 are enhanced for low
scattering angles. These effects decrease at 196 MeV, w
calculations without potentials are closer to full calculation

D. Effective momentum approximation

The effective momentum approximation~EMA! prescrip-
tion, which consists in evaluating the momentum operato
the nuclear current using the asymptotic value of the ejec
nucleon momentum, strongly simplifies the calculatio
This approximation was successfully used in some (e,e8p)
calculations, and, in particular, in the model of Refs.@29,30#
for bound and scattering states. Since in our approach
bound state wave function is solution of a Dirac equation,
investigate the EMA effects only for the scattering states.
have to note that in the nuclear current the EMA prescript
affects only theP̄m term incc1 andcc3 formulas, whilecc2
is unchanged. However, a momentum dependence co
from the Pauli reduction of the scattering wave function.

The effects of EMA are displayed and compared with t
full RDWIA results in Figs. 4 and 5 atEg560 and 196 MeV.
At 60 MeV the differences are large, but they decrease w
the energy and become much smaller at 196 MeV. This
havior is practically independent of the nuclear current. T
can be understood if we consider that distortion effects
crease with energy, so that at high energy DWIA results
more similar to PWIA ones, where EMA is exact.

IV. THE „g,n… REACTION

In this section relativistic effects are discussed for t
(g,n) reaction. The experimental angular distributions a
similar in magnitude and shape to those obtained for
(g,p) reaction. The ratio between the (g,p) and (g,n) cross
sections is comparable to unity and suggests a two-b
mechanism. In fact, nonrelativistic calculations based on
DKO mechanism give but a small fraction of the measu
cross sections.

In order to test the relevance of the DKO contribution, w
have performed RDWIA and DWIA calculations for th
16O(g,n)15Og.s. reaction. For neutron knockout the electr
magnetic nuclear current of Eq.~2.7! reduces to the anoma
lous spin current only, i.e.,

ĵ cc1
m 5knS gm2

P̄m

2M
D ,

ĵ cc2
m 5 ĵ cc3

m 5 i
kn

2M
smnqn , ~4.1!

where kn521.913 is the anomalous part of the neutr
magnetic moment. Note thatĵ cc2

m 5 ĵ cc3
m , while for cc1 the

spin current is written by means of a difference between
Dirac currentgm and the convective currentP̄m/(2M ).

In Fig. 6 relativistic and nonrelativistic results for th
16O(g,n)15Og.s. reaction are shown in comparison with da

s
d

5-6



re
te

nt
al
es
pr
f w
at
.

th
id

lts
an
ith

is
on
r

ic

ela

, in
in

f-

p-
ve
an
ca-
In
tex
ve
ex-
re

ith
ri-
r-
tro-

e
low

ate
for
ree-

se
lly
-

hey
ton

nce
ini-

en-

uli
hese
sent
he
the
er

c
re-

, but

ined
ve
at
the

nt
t

gin

,

RELATIVISTIC CORRECTIONS IN (g,N) KNOCKOUT REACTIONS PHYSICAL REVIEW C 64 064615
@11,40,41#. The same spectroscopic factor as in the cor
sponding (g,p) reaction has been applied to the calcula
results.

We see that neither nonrelativistic nor relativisticcc2
(cc3) calculations reproduce the magnitude of experime
data. This result is not surprising. It confirms what was
ready found in previous DWIA calculations and indicat
that more complicated two-body effects are needed to re
duce the data. Relativistic results are strongly enhanced i
use thecc1 current. This effect is particularly surprising
Eg5150 and 200 MeV, where thecc1 curve fits the data
This result can be attributed to thegm2 P̄m/(2M ) operator,
which does not correctly describe the spin current when
kinematics is deeply off-shell, and, therefore, is to be cons
ered unreliable.

The differences between the DWIA and RDWIA resu
with cc2 are large. They are reduced at low energies
angles when we perform a nonrelativistic calculation w
the nuclear current expanded up to order 1/M3 @34#. How-
ever, for this reaction the contribution of the third order
very large and even comparable with the second order
This indicates that the expansion does not easily conve
for the (g,n) cross section. In contrast, for the (g,p) reac-
tion the contribution of the third order in 1/M gives, at small
energies and angles, only a reduction of about 20%, wh
slightly increases at higher energies.

V. SUMMARY AND CONCLUSIONS

In this paper we have presented relativistic and nonr
tivistic DWIA calculations for (g,N) reactions on12C and

FIG. 6. The cross section for the16O(g,n)15Og.s. reaction as a
function of the neutron scattering angle for photon energies ran
from 60 to 250 MeV. The data at 60 MeV are from Ref.@11# ~black
squares! and from Ref.@40# ~open circles!, and the data at 150, 200
and 250 MeV are from Ref.@41#. Line convention as in Fig. 1.
06461
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16O, in a photon-energy range between 60 and 257 MeV
order to check the relevance of the DKO mechanism
RDWIA and DWIA models and investigate relativistic e
fects.

The transition matrix element of the nuclear current o
erator is calculated in RDWIA using the bound state wa
functions obtained in the framework of the relativistic me
field theory, and the direct Pauli reduction method with s
lar and vector potentials for the ejectile wave functions.
order to study the ambiguities in the electromagnetic ver
due to the off-shell character of the initial nucleon, we ha
performed calculations using three current conserving
pressions. The nonrelativistic DWIA matrix elements a
computed in a similar way to allow a direct comparison w
the relativistic results. In order to allow a consistent compa
son of (e,e8p) and (g,p) data, calculations have been pe
formed with the same bound state wave functions, spec
scopic factors, and optical potentials as in our recent (e,e8p)
analysis of Ref.@24#.

Nonrelativistic (g,p) results are always smaller than th
data and suggest the idea that MEC are relevant even at
energies. In contrast, RDWIA calculations seem to indic
that the DKO mechanism is the leading process, at least
low photon energies. These results are in substantial ag
ment with previous DWIA and RDWIA analyses.

We have discussed the sensitivity of the (g,p) reaction to
the different choices of the nuclear current. Unlike the ca
of the (e,e8p) reaction, large ambiguities are genera
found. Results with thecc2 current are in satisfactory agree
ment with the experimental data at lower energies, but t
tend to decrease with increasing proton angle and pho
energy. In contrast, the results withcc1 are strongly en-
hanced. This result seems due to too small an interfere
term that overestimates the convective current when the
tial nucleon is off-shell. The results withcc3 are more simi-
lar to thecc2 ones. The differences decrease when the
ergy increases.

The effect of the scalar and vector potentials in the Pa
reduction for the scattering state has been discussed. T
potentials appear in the relativistic treatment and are ab
in the nonrelativistic one. The combined contribution of t
Darwin factor, which reduces the cross section, and of
spinor distortion, which enhances the effects of the low
components of the Dirac spinor, is important at lowEg , and
decreases at higher energies.

The validity of EMA in the scattering state of relativisti
calculations has been investigated. The differences with
spect to the exact result are large at low photon energies
rapidly decrease and become small at higher energies.

Relativistic calculations of the (g,n) cross sections give
huge off-shell ambiguities. Thecc2 and cc3 prescriptions
coincide in the neutron case, but the enhancement obta
with cc1 is dramatic and brings the RDWIA results abo
the data atEg560 MeV and in good agreement with data
Eg5150 and 200 MeV. However, we cannot argue that
DKO mechanism with thecc1 prescription correctly de-
scribes (g,n) cross sections. This result is due to a domina
off-shell effect on thecc1 current operator, which does no

g
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correctly describe the modest contribution from the spin c
rent.

Neither nonrelativistic DWIA nor RDWIA calculations
with cc2 reproduce (g,n) data. There are sensible diffe
ences between the results of the two approaches, but in
cases the experimental cross sections are largely unde
s

ys

ke
H

,

hy

hy

06461
r-

th
sti-

mated. This is an indication of the dominance of two-bo
mechanisms in the (g,n) reaction. A careful and consisten
evaluation of these mechanisms within relativistic and n
relativistic frameworks for (g,n) and (g,p) reactions would
be highly desirable and helpful to draw conclusions about
reaction mechanism and to solve the present ambiguities
.A.
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