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Coherent h photoproduction from nuclei in a relativistic impulse approximation approach
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We study coherenth photoproduction from nuclei in a relativistic impulse approximation approach. For the
elementary production amplitude we use a standard relativistic parametrization based on a set of four Lorentz-
and gauge-invariant amplitudes. The photonuclear amplitude is evaluated without recourse to a nonrelativistic
reduction; the full relativistic structure of the amplitude is maintained. On general arguments we show that the
coherent process is sensitive to only one of the elementary amplitudes. Moreover, we show that the nuclear
structure information is fully contained in the ground-state tensor density. The tensor density is evaluated in a
mean-field approximation to the Walecka model and it is shown to be sensitive to relativistic effects. Distortion
effects are incorporated through anh-nucleus optical potential that is computed in a simple ‘‘tr ’’ approxima-
tion. @S0556-2813~97!02105-5#

PACS number~s!: 25.20.2x, 14.40.Aq, 24.10.Jv
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I. INTRODUCTION

The coherent photoproduction of pseudoscalar mes
~such asp0 andh) offers a unique opportunity for the in
vestigation of nucleon-resonance formation and propaga
through the nuclear medium. The advent of more powe
and sophisticated machines—such as TJNAF and MAM
will challenge, now more than ever, our theoretical und
standing of this fundamental process.

Although experimentally challenging, the coherent pho
production reaction offers numerous advantages. Becaus
nucleus remains in its ground state, all nucleons particip
coherently in the reaction leading to enhanced cross sec
relative to incoherent processes to discrete nuclear st
Theoretically, the coherent process acts as a spin-isospi
ter by selecting a particular~scalar-isoscalar! component of
the elementary photoproduction amplitude. In this way
reaction can be used to discriminate between various th
retical models that provide an equally good description of
elementary process. Moreover, all nuclear structure infor
tion is contained in, at most, a few ground-state densit
Indeed, nonrelativistic plane-wave-impulse-approximat
analyses suggest that the photonuclear amplitude is dire
proportional to the isoscalar~or matter! density@1–5#. Since
the ground-state charge density is very accurately determ
from electron-scattering experiments, the coherent reac
becomes—after making some plausible assumptions a
the neutron density—an ideal tool in the determination of
scalar-isoscalar component of the elementary amplitude,
its possible modification in the many-body environment.
nally, because the coherent process is sensitive to the w
nuclear volume, one can place stringent limits on the form
the meson-nucleus optical potential. This unique characte
the coherent reaction has already led to an experimenta
fort to measure coherent pion photoproduction from4He @6#
550556-2813/97/55~5!/2571~6!/$10.00
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and 12C @7#, and coherenth photoproduction from4He @8#
up to photon energies of about 800 MeV; possibilities
extensions to higher energies and other nuclei, exist bot
the Bonn ELSA facility and at TJNAF.

Most theoretical analyses of the elementary process s
with a model-independent parametrization of the photop
duction amplitude in terms of four Lorentz- and gaug
invariant amplitudes@9#. It is then customary to evaluate th
amplitude between on-shell nucleon spinors, thereby lead
to the well-known Chew-Goldberger-Low-Nambu form fo
the photoproduction operator in terms of Pauli—rather th
Dirac—spinors@9#. For the calculation of the photonuclea
reaction one usually adopts the impulse approximat
@1–5#; one assumes that the elementary~on-shell! amplitude
is not modified in the many-body environment. For close
shell ~spin-saturated! nuclei the photonuclear process the
becomes, in the plane-wave limit, a simple product of
elementary scalar-isoscalar amplitude times the Fou
transform of the ground-state matter density. One then
proves on the plane-wave description by incorporating d
tortions into the propagation of the outgoing meson.

In this paper we propose to carry out the above theoret
program—without recourse to a nonrelativistic reduction
the elementary amplitude. The main difference relative to
standard nonrelativistic approach stems from the fact tha
the present relativistic framework the lower components
the nucleon spinors will be determined dynamically, rath
than from the free-space relation. The nuclear structure
formation will be contained in a few ground-state densit
that will be computed using a mean-field approximation
the Walecka model@10#. It is worth mentioning that the Wa
lecka model has enjoyed considerable success in descr
ground-state properties of many nuclei and, indeed, riv
some of the best available nonrelativistic calculations.
2571 © 1997 The American Physical Society
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II. FORMALISM

The differential cross section in the center-of-moment
frame~c.m.! for the coherent photoproduction ofh mesons is
given by @3#

S ds

dV D
c.m.

5S MT

4pWD 2S qc.m.kc.m.
D12(l

uTlu2, ~1!

whereMT is the mass of the target nucleus,W is the total
energy in the c.m. frame, whilekc.m. andqc.m. are the three-
momentum of the photon andh meson in the c.m. frame
respectively. Note that the formalism is independent of
mass of the produced meson so it can be applied with
modification to the coherent photoproduction of any pseu
scalar meson. The relativistic-invariant amplitude for the
herent photoproduction from (Jp501; T50) nuclei can be
written in the following way:

Tl5em~ k̂,l!^A~p8!;h~q!uJmuA~p!&, ~2!

whereem( k̂,l) is the polarization vector of the photon whic
couples to a conserved electromagnetic current given by

^A~p8!;h~q!uJmuA~p!&[«mnabknqapb

1

W
F0~s,t !. ~3!

Herep(p85p1k2q) is the four momentum of the initial
~final! nucleus and«mnab is the relativistic Levi-Civita sym-
bol («0123[21). Note that all the dynamical informatio
about the coherent process is contained in a single Lore
invariant form factorF0(s,t), which depends on the Mande
stam variabless5(k1p)2 and t5(k2q)2. One can now
carry out the appropriate algebraic manipulations to ob
the following—model-independent—form for the cohere
photoproduction cross section:

S ds

dV D
c.m.

5S MT

4pWD 2S qc.m.kc.m.
D S 12 kc.m.2 qc.m.

2 sin2uc.m.D uF0~s,t !u2,

~4!

whereuc.m. is the scattering angle in the c.m. frame.
We now proceed to compute the Lorentz invariant fo

factor in a relativistic impulse approximation. For the e
ementarygN→hN amplitude we use a model-independe
parametrization given in terms of four Lorentz- and gau
invariant amplitudes:

T~gN→hN!5(
i51

4

Ai~s,t !Mi . ~5!

For the invariant matrices we use the following standard
@3#:

M152g5e/ k/, ~6a!

M252g5@~e•p!~k•p8!2~e•p8!~k•p!#, ~6b!

M35g5@e/ ~k•p!2k/~e•p!#, ~6c!

M45g5@e/ ~k•p8!2k/ ~e•p8!#. ~6d!
e
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Note that, although standard, this is only one particular fo
for the elementary amplitude. Many other choices—all
them equivalent on shell—are possible@4,9#. However, in
the absence of a detailed microscopic model of the elem
tary process it becomes ambiguous on how to take the
ementary amplitude off shell. The above form of the elem
tary amplitude, or one very close to it, is ubiquitous
theoretical studies, so we adopt it here as well.

To proceed, we perform some simple algebraic manipu
tions on the elementary amplitude so that the parity and L
entz transformation properties of the various bilinear cova
ants become manifest. That is,

T~gN→hN!5~FT
absab1FPg51FA

agag5!, ~7!

where tensor, pseudoscalar, and axial-vector amplitudes
been introduced:

FT
ab5

1

2
«mnabemknA1~s,t !, ~8a!

FP52@~e•p!~k•p8!2~e•p8!~k•p!#A2~s,t !, ~8b!

FA
a5@~e•p!ka2~k•p!ea#A3~s,t !

1@~e•p8!ka2~k•p8!ea#A4~s,t !. ~8c!

Note that for this particular form of the elementary amplitu
no scalar nor vector invariants appear. For closed-shell
clei an enormous simplification ensues, as a result of
pseudoscalar and axial-vector ground-state densities b
identically zero. This implies that the coherent reaction
sensitive to only theA1 component of the elementary ampl
tude. Moreover, all the nuclear-structure information is co
tained in the ground-state tensor density@10#. This is in con-
trast to nonrelativistic approaches in which the coher
amplitude is proportional to the conserved vector dens
@1–5#. Thus, in a relativistic plane-wave impulse approxim
tion, the Lorentz-invariant form factor acquires a remarka
simple form:

F0
PW~s,t !5 iA1~ s̃,t !rT~Q!/Q. ~9!

Note thats̃ represents the effective~or optimal! value of the
Mandelstam variables at which the elementary amplitud
should be evaluated@2# andQ[ukc.m.2qc.m.u.A2t.

The elementaryh-production amplitude used is con
structed in an effective Lagrangian approach as detaile
Refs. @11,12#. The dynamical content of the amplitude co
sists of ~i! s- and u-channel nucleon Born terms,~ii !
t-channel vector-meson exchange, and~iii ! intermediate ex-
citation of spin-1/2 and spin-3/2 resonances in thes andu
channels~resonating only in thes channel!. The free param-
eters in the elementary model were fixed by achieving go
fits to the latestp(g,h)p @13# andd(g,h)pn @14# data. The
inclusion of two intermediate resonances, theS11~1535! and
D13~1520!, generates good fits. As is well known, th
S11~1535! clearly dominates the elementary reaction, but
D13~1520! contribution is needed to reproduce the measu
angular distributions. The model parameters we use here
identical to those determined in Ref.@12#. Figure 1 shows a
sample comparison of this elementary model to some of
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data from Refs.@13# and @14#; the data for the elementar
neutron amplitudes are from Ref.@14#, as extracted from the
measuredd(g,h)np data. Good agreement is found betwe
the elementary model and the data for all energies and an
measured, and for both the proton and extracted neutron
plitudes. Also shown in Fig. 1 is the contribution from th
S11~1535! excitation term only. Clearly, intermediat
S11~1535! resonance excitation dominates the product
amplitude, but is not sufficient on its own to adequately d
scribe the data. Note that, when embedded into the impu
approximation calculation for coherent production fro
closed-shell nuclei, intermediateS11~1535! excitation is sup-
pressed due to spin-isospin considerations, and the rol
theD13~1520! is enhanced. Indeed, it is just this suppress
of the dominants-wave term—allowing enhancement of th
nondominant contributions—which initially provoked inte
est in this coherent reaction@3#.

The ground-state tensor density is evaluated in a me
field approximation to the Walecka model. For closed-sh
nuclei the relativistic spinors can be classified according
generalized angular momentumk and can be written in a
two-component representation; i.e.,

Ua~x!5
1

r F ga~r !Y1km~ r̂ !

i f a~r !Y2km~ r̂ !
G ; @a[~a;m!5~n,k;m!#,

~10!

where the upper and lower components are expresse
terms of spin-spherical harmonics defined by

Ykm~ r̂ ![^ r̂ u l 1/2 jm&; j5uku2
1

2
;

l5H k, if k.0;

212k, if k,0.
~11!

For spin-saturated nuclei only three ground-state densitie
not vanish @10#; these are the scalar and timelike-vec
densities—used to compute the mean-field ground sta
and the tensor density defined by

FIG. 1. A comparison of thep(g,h)p andn(g,h)n elementary
amplitudes to a sample of the data from Refs.@13# ~proton! and@14#
~extracted neutron!. Calculations are shown for the full amplitud
@Born terms, vector-meson exchange, and intermediateS11~1535!
andD13~1520! resonance excitation#, as well as for the intermediat
S11~1535! alone.
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@rT~r ! r̂ # i5(
a

occ

Ua~x!s0iUa~x!, ~12a!

rT~r !5(
a

occ S 2 j a11

4pr 2 D2ga~r ! f a~r !. ~12b!

For the coherent reaction it is only the Fourier transform
the latter that is needed:

rT~Q!54pE
0

`

drr 2 j 1~Qr !rT~r !. ~13!

Note that the tensor density is linear in the lower~or small!
component of the single-particle wave function; this is
contrast to the scalar and vector densities where the lo
component enters as an (f /g)2 correction. Thus, the tenso
density is small and not well constrained by experiment. Y
it is as fundamental as the vector density measured in e
tron scattering. Moreover, the tensor density is interest
because it is sensitive to the relativistic components of
wave function. Indeed, the mean-field approximation to
Walecka model is characterized by the existence of la
Lorentz scalar and vector potentials that are responsible f
substantial enhancement of the lower components of
single-particle wave functions. This enhancement is at
heart of the phenomenological success enjoyed by the
lecka model. Thus, the enhancement of the tensor densit~to
be shown later! represents an inescapable prediction of
model.

Although simple and illuminating, the plane-wave forma
ism must be modified so that final-state interactions betw
the outgoing meson and the nucleus can be incorpora
This is done via anh-nucleus optical potential of thetr form

2vhV~r !52brV~r !. ~14!

HererV(r ) is the conserved vector density—also compu
in the mean-field approximation to the Walecka model—a
b is a two-body (hN) parameter taken from Ref.@3# and
parametrized in the following way:

b~plab![~a1bplab1gplab
2 !21, ~15a!

a5~10.136,20.052! fm21, ~15b!

b5~10.035,20.072!, ~15c!

g5~20.061,10.009! fm. ~15d!

The Klein-Gordon equation for the outgoingh meson can
now be solved in each angular-momentum channel resul
in a coherent form factor expressed in a partial-wave ser
That is,

F0
DW~s,t !5 iA1~ s̃,t !rT

DW~qc.m.,kc.m.!/qc.m., ~16!

where the distorted-wave tensor density has been introdu

rT
DW~q,k!5(

l51

`

% l~q,k!Pl8~ q̂• k̂!, ~17a!
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% l~q,k!54pE
0

`

drr 2f lq
~1 !~r !rT~r !@ j l21~kr !1 j l11~kr !#.

~17b!

Note thatf lq
(1)(r ) is theh-meson distorted wave with angu

lar momentuml and Pl8 is the derivative of the Legendr
polynomial of orderl .

III. RESULTS

In Fig. 2 we display the coherenth-photoproduction cross
section from 40Ca at a photon laboratory energy
Eg5625 MeV. In order to identify those effects arising e
clusively from relativity and final-state interactions we ha
factored out the elementary amplitude from the cross sect
Thus, the only dynamical information that this calculation
sensitive to is nuclear structure and distortions. The do
line represents a plane-wave-impulse-approximation~PWIA!
calculation in which the lower components of the sing
particle wave functions were determined from the free-sp
relation; the upper component remained unchanged, a
from a small normalization correction. This represents
best attempt at reproducing standard nonrelativistic calc
tions which employ free, on-shell spinors to effect the no
relativistic reduction of the elementary amplitude. Indeed
this ‘‘nonrelativistic’’ limit there is a simple relation betwee
the tensor and vector densities of closed-shell nuclei:

rT~Q!'2
Q

2MN
rV~Q!, ~18!

FIG. 2. The coherenth-photoproduction cross section from
40Ca at a photon laboratory energy ofEg5625 MeV; note that the
elementary amplitudeA1 has been factored out. The dotted~dashed!
line represents a plane-wave~distorted-wave! calculation in which
the lower components of the wave functions were determined f
the free-space relation. The dash-dotted~solid! line represents a
plane-wave~distorted-wave! calculation in which the lower compo
nents were generated dynamically from the Dirac equation.
n.
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whereMN is the free nucleon mass andrV(Q) is the Fourier
transform of the ground-state matter density. In this way, th
PWIA calculation establishes a baseline, against which po
sible relativistic effects may be inferred. The effect of distor
tions on this nonrelativisticlike calculation is depicted with
the dashed line. At these low energies (qc.m.&300 MeV! the
real part of the optical potential is attractive. This creates
competition with the imaginary part that results in a
distorted-wave-impulse-approximation~DWIA ! cross sec-
tion relatively close to its plane-wave value. This picture
however, changes dramatically once the lower compone
of the wave functions are determined dynamically, rath
than from the free-space relation. In the particular case of t
Walecka model the lower components are enhanced subs
tially in the medium as a consequence of the large scalar a
vector mean-field potentials. Since the coherent cross sect
becomes dominated by the tensor density—which is ve
sensitive to this enhancement—we obtain a relativisti
plane-wave-impulse-approximation~RPWIA! cross section
that is, at least, twice as large as its nonrelativistic counte
part~dot-dashed line!. Note that as in the nonrelativistic case
distortion effects do not seem to play an important role
this low energy~solid line!.

In Fig. 3~a! we show the corresponding behavior of th
coherent cross section at a photon energy ofEg5700 MeV.
At these energies (qc.m.*400 MeV! the real part of the op-
tical potential has become repulsive. This, in combinatio
with a relatively large imaginary component, results in
large quenching of the distorted-wave cross sections relat
to their plane-wave values. Note that in spite of distortions—
which make the interior of the nucleus, and thus the regio
of small effective nucleon mass, largely inaccessible—th

m

FIG. 3. The coherenth-photoproduction cross section from
40Ca at a photon laboratory energy ofEg5700 MeV; with ~a! and
without ~b! the elementary amplitudeA1 factored out. The dotted
~dashed! line represents a plane-wave~distorted-wave! calculation
in which the lower components of the wave functions were dete
mined from the free-space relation. The dash-dotted~solid! line
represents a plane-wave~distorted-wave! calculation in which the
lower components were generated dynamically from the Dira
equation.
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relativistic calculation~RDWIA! still shows a substantial en
hancement relative to the nonrelativistic result~DWIA !. We
also display the coherent cross section—including the ef
from the elementary amplitude—in Fig. 3~b!. We conclude,
because the elementary amplitude varies relatively slow
this region, that most of the qualitative features identified
Fig. 3~a! remain. Finally, in Fig. 4 we show a breakdown
the elementary contributions to the RPWIA calculation
Fig. 3~b!. This figure shows that a significant portion of th
strength arises from the individual contributions from t
D13~1520! excitation and thet-channel exchange of vecto
mesons, while as expected very little strength is contribu
by S11~1535! excitation or the Born terms. Also note that th
constructive interference betweenD13~1520! excitation and
vector-meson exchange results in a cross section sub
tially stronger than their incoherent sum.

IV. CONCLUSIONS

We have computed the coherenth-photoproduction cross
section in a relativistic-impulse-approximation approa
Our formalism differs from conventional approaches in th
we do not perform a nonrelativistic reduction of the eleme
tary amplitude. In this manner, we could explore possi
relativistic corrections to the coherent amplitude arising fr
medium modifications to the nucleon spinors. We ha
adopted a relativistic parametrization of the elementary a
plitude in terms of four Lorentz- and gauge-invariant amp
tudes. Using general arguments we have shown that the
herent reaction is sensitive to only one of the component
the elementary amplitude. Moreover, we identified t
ground-state tensor density—and not the vector density—
the essential component of the nuclear structure.

The very high accuracy proton data@13# and the inferred

FIG. 4. Breakdown of the elementary contributions to the
herenth-photoproduction cross section from40Ca at a photon labo-
ratory energy ofEg5700 MeV. All curves were generated in
relativistic plane-wave-impulse approximation.
ct
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neutron data from the deuteron target experiment@14# are
well reproduced within the effective Lagrangian mod
which in turn is used to construct the elementary transit
operator; this is the input to our nuclear calculations. T
near cancellation of the sum of the proton and neut
S11(1535) helicity amplitudes allow us to examine the bac
ground contributions in great detail. In particular, our calc
lations indicate that the vector mesons and theD13(1520)
account for most of the strength in the differential cross s
tion. This can provide further theoretical insights into t
background mechanism ofh photoproduction. For the
nuclear tensor density we used a mean-field approxima
to the Walecka model. The Walecka model is characteri
by large scalar and vector potentials that induce a large
hancement in the lower~‘‘small’’ ! components of the single
particle wave functions. The tensor density depends line
on these lower components and is, thus, sensitive to t
in-medium enhancement. Indeed, we reported relativi
cross sections that were substantially larger than to th
obtained from assuming the free lower-to-upper ratio, as
usually done in nonrelativistic calculations. Further, we de
onstrated that in the low-energy region, where the real par
the optical potential is attractive, these large enhancem
are preserved even in the presence of distortions.

To conclude, we address two possible complications
the simple picture presented here:~1! violations to the im-
pulse approximation and~2! off-shell ambiguities in the el-
ementary amplitude. In the impulse approximation one
sumes that the elementary amplitude—which only conta
on-shell information—can be used without modification
the nuclear medium. However, any microscopic model of
reaction is bound to predict some sort of modification to
elementary amplitude as the process is embedded in the
dium. For example, the coupling to intermediateN* reso-
nances represents an important component of most rea
models of the photoproduction amplitude. However, a va
ety of processes, such as the interaction of the resona
with the nuclear mean fields as well as Pauli blocking, c
affect the formation, propagation, and decay of these re
nances in the nuclear medium. Thus, it is important to hav
reliable microscopic model in which to test the validity
the impulse approximation. A microscopic model can a
provide guidance on how to take the elementary amplitu
off shell. The form of the elementary amplitude used he
although standard, is not unique. Many other choices—al
them equivalent on shell—are possible. While all the
choices are guaranteed to give identical results for on-s
observables, they can yield vastly different predictions
shell. Without theoretical guidance, there is no hope of
solving the off-shell ambiguity. Without experimental su
port, there is no way of testing the validity of our mode
Indeed, much work remains to be done—on both theoret
and experimental fronts—before a clear picture of the coh
ent process can emerge.
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