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Nuclear photoabsorption at photon energies between 300 and 850 MeV
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We construct the formula for the photonuclear total absorption cross section using the projection method and
the unitarity relation. Our treatment is very effective when interference effects in the absorption processes on
a nucleon are strong. The disappearance of the peak around the position of theD13 resonance in the nuclear
photoabsorption can be explained with the cooperative effect of the interference in two-pion production
processes, the Fermi motion, the collision broadenings ofD and N* , and the pion distortion in the nuclear
medium. The change of the interference effect by the medium plays an important role.
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I. INTRODUCTION

The total photonuclear absorption cross section has b
measured over broad mass number and in the energy r
300–1200 MeV at Franscati@1–3#. Especially, it was noted
that the excitation peaks around the position of theD13 ~1520
MeV! andF15 ~1680 MeV! resonances disappear and abo
600 MeV there is a strong reduction of the absolute value
the cross section per nucleon compared with the data
hydrogen@4,5# and deutron@6#. These experimental finding
have been confirmed by the contemporary data on the ph
fission cross section of238U @7# and 235U @8# obtained at
Mainz up to 800 MeV. There were a couple of theoretic
attempts to explain the strong reduction of the cross sec
@9–11#. It was necessary for them to assume large values
the collision widths of theD13 andF15 resonances to explai
the above strong reduction@9,10#. However, it was pointed
out in Ref. @11# that such significantly increasing resonan
widths were hardly justified. These theoretical analyses m
miss some important effects other than the collision bro
ening. In the previous paper we pointed out that the dis
pearance of the peaks around the position of the resona
higher than theD resonance in the nuclear photoabsorpt
can be explained with the cooperative effect of the interf
ence in two-pion photoproduction processes, the collis
broadenings ofD andN* (1520), and the pion distortion in
the nuclear medium@12#. Our finding means that the chang
of the interference effect by the medium plays an import
role.

In this paper we present a formula for photonuclear to
absorption cross sections based on the projection ope
technique and apply our method to evaluate them in the
tended energy region between 300 and 850 MeV. The exp
mental total absorption cross sections on a nucleon show
there is a fairly deep valley between the energy region of
D resonance and that of theN* resonance. On the othe
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hand, the experimental total cross sections on nuclei sh
that the above valley is almost filled up. Furthermore, it
very interesting to note that the mass number dependenc
total cross sections quite vary with the photon energy
follows: A0.8 around 300 MeV,A1.7 around 500 MeV, and
A0.65 around 750 MeV. We will discuss whether the ma
number dependence of total cross sections can be expla
by our theoretical treatment and speculate what one can l
from the comparison of our results with the data.

In Sec. II we derive the formula for total nuclear phot
absorption cross sections and in Sec. III, numerical res
and discussions are given. Section IV contains our con
sions.

II. FORMALISM OF TOTAL NUCLEAR
PHOTOABSORPTION CROSS SECTION

The total photoabsorption cross section is propotiona
the imaginary part of the elastic Compton scatteringT matrix
Tgg :

sT52
2V

y
ImTgg ~1!

5 i
V

y
~Tgg2Tgg

1 !, ~2!

which is obtained from the unitarity relation. HereV is the
normalization volume andy is the relative velocity between
the photon and nucleus. We will use this relation to der
the formula of the total cross section. The expession for thT
matrix Tgg is constructed using the projection operator tec
nique and focusing on the second resonance energy re
where theN* (1520) resonance plays an important role a
the two-pion photoproduction prevails in addition to the on
pion photoproduction. TheN* (1520) resonance can deca
into both thepN andppN channels, whose branching frac
tions are comparable, and itsppN decay occurs through two
dominant modes, i.e.,pD andrN. The two-pion photopro-
©2002 The American Physical Society12-1
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duction takes place mainly through thepD andrN channels.
So we include theN* , pD andrN intermediate states in ou
formalism explicitly.

Along the above lines, we introduce the projection ope
tors to separate the nuclear Hilbert space into the follow
subspaces: the space of photon plus nuclear ground
(Pg), the space of both one-pion plus nuclear ground s
and one-pion plus nuclear one particle-hole states (P1), the
space of two-pion plus nuclear particle-hole states (P2), the
space of oneN* plus nuclear one-hole states (D1), and the
space of bothpD plus nuclear one-hole states andr plus
nuclear particle-hole states (D2), respectively. The remain
ing space is eliminated and taken into account in an effec
interaction. Using Eq.~2! and the projection operator tech
nique, the total nuclear photoabsorption cross section ca
obtained as

sT5
V

y F( 2pd~E2HP1P1
!uTP1gu2

1( 2pd~E2HP2P2
!uTP2gu21VD1g

1 ~22ImWsp
(1)!

3VD1g1VD2g
1 ~22ImWsp

(2)!VD2g2D12D2G . ~3!

Here H is the total Hamitonian of the system andHP1P1

5P1HP1 and HP2P2
5P2HP2. The first and second term

correspond to the one-pion and two-pion photoproducti
respectively, and in this expression theT matricesTP1g and

TP2g do not include the final state interaction. The third a

fourth terms describe the genuine many-body absorption
cesses arising from theN* , pD andrN intermediate states
VD1g andVD2g are matrix elements of a wave operator a

Wsp
(1) andWsp

(2) are phenomenological one-body operators
scribing medium corrections in theD1 and D2 spaces. The
termsD1 andD2 appear due to the introduction of the on
body operatorWsp

(1) and are subtracted in order to avoid t
double counting of the processes included inWsp

(1) . A de-
tailed derivation of Eq.~3! and definitions of the above ma
trix elements are given in the Appendix.

Now we turn to discuss how to practically evaluate t
total cross section based on Eq.~3!. Below the second reso
nance energy region, the contribution fromD-hole states
must be added to Eq.~3! and is treated in the same way
the N* resonance. Actual calculations for it are described
the pages that follow. For the one-pion photoproduction,
T matrix is given in terms of theD andN* resonant ampli-
tudes described by the isobar model and the remaining b
ground multipole amplitudes. We employ the model by O
et al. @16# for the two-pion photoproduction. For simplicit
we use the Fermi gas model for a nucleus.

The cross section of one-pion photoproduction off a p
ton in the nuclear matter is given in the laboratory frame
01461
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sp
p5

1

v
3Z

8p~kf
p!3E0

kf
p

dpW 1

3E dqW

~2p!3

dpW

~2p!3
~2p!4d4~k1p12q2p!

3
1

2 (
l,n,n8

(
tp ,tN

u^qW tppW n8tNuTP1gukWlpW 1n&

3u2u~ upW u2kf
tN!

M2

2k2vqWEpW 1
EpW

, ~4!

TP1g5TN* 1TD1TB , ~5!

whereTN* andTD represent theN* andD resonance terms
respectively andTB is the background term.kW , pW 1 , qW , andpW
are the momenta of the incident photon, target proton, o
going pion, and outgoing nucleon, respectively.EpW 1

, vqW ,

andEpW are the energies of the target proton, outgoing pi
and outgoing nucleon, respectively.Z andv denote the pro-
ton number and the relative velocity between the photon
nucleus, respectively.kf

tN is the Fermi momentum dependin
on the isospin quantum numbertN . The notation for all other
spin-isospin quantum numbers are self-explanatory. TheN*
resonance term is expressed as

TN* 5FpNN* GN* ~s!F̃gPN*
1 , ~6!

GN* ~s!5$As2@MN* ~s!1dMN* #

1 i ~GN* ~s!1GN* sp!/2%21, ~7!

whereAs is the total center of mass energy.MN* andGN* in
the N* propagatorGN* are the mass and the free width
N* , respectively, which are given so as to describe the
ergy dependence of thepN D13-wave scattering amplitude
and the branching ratios at the resonance energy. As the
dium corrections, we introduce the mass shiftdMN* and
spreading widthGN* sp due to the collisions betweenN* and
other nucleons.F̃gPN*

1 andFpNN* are thegPN* andpNN*
vertex functions, respectively, of which detailed forms a
given in Ref.@15#, and the former operator corresponds
FD1g

1 in Eq. ~A21! which includes the vertex correction. Th

D resonance termTD is written in a similar form withTN*
but is important only at the low energy range less than 5
MeV. The effectivegPD coupling constant including the
vertex correction is obtained by the same way used in
fixing of the gPN* coupling constant. Here the Born term
with the cutoff form factor employed in Ref.@23# is assumed
as the background multipole amplitude. The Pauli block
effect for theD decay intopN becomes non-negligible a
low energies, since the probability of the nucleon being em
ted with a small momentum increases compared with
energy region of theN* resonance@24,25#. Thus we include
the Fock term in theD propagator to modify the freeD
self-energy in addition to the collision width. The bac
2-2
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NUCLEAR PHOTOABSORPTION AT PHOTON ENERGIES . . . PHYSICAL REVIEW C 66, 014612 ~2002!
ground amplitudeTB is evaluated by using the experiment
multipole amplitudes@14#. We neglect medium correction
for the background amplitude, because its energy dep
dence is weak compared with the resonant amplitude
therefore the influence from these corrections to the t
cross section is expected to be small. The integration o
final particle momenta in Eq.~4! is performed by using vari-
ables defined in thegN center of mass system. We are inte
ested in the absolute values of total nuclear photoabsorp
cross sections. To investigate its damping effect, we nee
model which gives a good description of two-pion photop
duction on nucleon. We use a simple model of Ochiet al.
@16# where the total cross sections of its elementary p
cesses are fairly reproduced as shown in Sec. III by tak
into account the processes of Figs. 1~a!–~e!. For simplicity,
other possible diagrams obtained from the requirement of
gauge invariance and nonresonant background processe
neglected since these contributions are shown to be s
@17#. Here we remark on the range parameter of therpp
vertex function in the diagram~e!. This range parameter wa
found to be rather small. Within our model, taking such
small value is only one way to fit the large cross section
gp→p1p0n. Its smallness may be related to the enhan
ment of the mass spectrum of the exchanged isovectorpp

system, which is derived from theNN̄→pp p-wave ampli-
tude, in the lower energy region below ther meson peak
@16,26#. Although our model must be improved to incorp

FIG. 1. Diagrams for the two-pion photoproduction on
nucleon and genuine many-body absorption processes on a nu
~a! The N* →pD contribution.~b! The N* →rN contribution.~c!
The D Kroll-Ruderman term.~d! The D pion-pole term.~e! The r
Kroll-Ruderman term. ~f! The many-body absorption proces
through theN* . ~g! The many-body absorption process through
D. ~h! The many-body absorption process through thepD. A is the
mass number of the target nucleus.
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rate such an effect from a more fundamental level, it co
be still applied to nuclear reactions as far as the present
pose is concerned.

The cross section of the two-pion photoproduction of
proton is given by

sp
2p5

1

v
3Z

8p~kf
p!3E0

kf
p

dpW 1E dqW 1

~2p!3

dqW 2

~2p!3

dpW

~2p!3

3~2p!4d4~k1p12q12q22p!
1

2

3 (
l,n,n8

(
tp1

tp2
tN

u^qW 1tp1
qW 2tp2

pW tNn8uTP2gukWlpW 1n&u2

3u~ upW u2kf
tN!

M2

2k2vqW 1
2vqW 2

EpW 1
EpW

, ~8!

whereqW 1 andqW 2 are the momenta of the outgoing pions. T
medium-modifiedTP2g matrix is expressed as

TP2g5TDKR1TDPP1TN* pD
s

1TN* pD
d

1TrKR1TN* rN . ~9!

The D Kroll-Ruderman term is written as

TDKR5FpNDGpD~s,pW D!FDKR
1 , ~10!

GpD~s,pW D!5$As2vp~pW D!2@MD~s,pW D!1dMD#

1 i @GD~s,pW D!1GDsp#/22Vp~qW p!%21.

~11!

HereFpND is thepND vertex function, andFDKR
1 is theD

Kroll-Ruderman vertex function. The detailed forms of ve
tex functions are given in Ref.@15#. Vp(qW p) is the pion self-
energy due to the distortion.pW D is the gN center of mass
momentum ofD and qW p is the outgoing pion momentum
MD andGD in the propagatorGpD are the mass and the fre
width of D, respectively, anddMD and GDsp are the mass
shift and collision width, respectively. Here we assume t
the one-body operatorWsp

(2) is given by the sum of the pion
optical potential and theD spreading potential. We neglec
the medium correction for ther meson since it is far off
shell. The other terms in the right-hand side of Eq.~9! and
the correction termD1 are expressed in a similar way. Th
detailed forms of freeT matrices are given in Ref.@15#.

In addition to the one- and two-pion photoproduction pr
cesses, there are three genuine many-body processes w
are shown in Figs. 1~f!–~h!. The cross section for Fig. 1~f!
corresponds to the third term of Eq.~3! and is given by

us.
2-3
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sN* (A21)
p

5
1

v
3Z

8p~kf
p!3E0

kf
p

dpW 1GN* sp

1

2

3 (
lnnN*

uGN* ~s!^pW N* nN* uF̃gPN*
1 ukWlpW 1n&u2

3
1

2k

M

EpW 1

. ~12!

The cross section for Fig. 1~g! has a similar form to Eq.~12!.
The cross section for Fig. 1~h! corresponds to the fourth term
of Eq. ~3! and is given by

spD(A21)
p 5

1

v
3Z

8p~kf
p!3E0

kf
p

dpW 1E dqW

~2p!3

dpW

~2p!3

3@GDsp12ImVp~qW !#~2p!3d~kW1pW 12qW 2pW !

3
1

2 (
lnnD

uGpD~s,pD!^qW tppW nDtDuFgPpD
1

3ukWlpW 1n&u2
1

2k2vqW

M

EpW 1

, ~13!

whereFgPpD
1 describes thegP→pD transition correspond

ing to Figs. 1~a!–~d!. To evaluate the cross section of E
~13!, one needs to know the momentum dependence ofGDsp

and ImVp(qW ). The widthGDsp is assumed to be constant
the kinematical region where the processDN→NN occurs
and zero outside this physical region. The second term
lated to ImVp(qW ) describes the process that theD resonance
decays intopN while the pion is absorbed by nucleus.
order to include this instability of theD, we replace
ImVp(q) with ImṼp(qW ,ED) which is written as

ImṼp~qW ,ED!5S 2
1

p
Im

1

D~AsD!
D ImVp~qW ,q0!, ~14!

wheresD5ED
2 2pW 2 andq05k1Ep1

2ED , respectively, and

D(AsD) is the freeD function of theD. Then the expression
obtained is integrated over theD energyED in addition to
momenta ofpW 1 , qW , andpW . Generally, the pion absorbed b
comes off shell, but in our calculation we use the one-sh
value atspN5q0

22qW 2 for Im Vp(qW ,q0) as an approximation
The correction termD2 in Eq. ~3! is evaluated in the sam
way as Eq.~13!. The cross sections of photoabsorption on
neutron in the nuclear matter are also given in a similar fo
with those of a proton.

III. NUMERICAL RESULTS AND DISCUSSIONS

Let us start from the comments for photoabsorption re
tion off a nucleon because the information of the element
pion productions is very important to understand the stro
damping mechanism of theN* resonance. The dominant re
01461
e-
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actions on a nucleon over the photon energies from 300
850 MeV are the one-pion and two-pion photoproducti
@13#. At first it is noted that the peak of theN* resonance
energy region shows up clearly by the combined effect
one-pion and two-pion productions as shown in Figs. 2~a!
and~b!, where the cross section of one-pion production ha
small peak around 720 MeV and the cross section of tw
pion production starts to grow from 400 MeV and increas
up to around 800 MeV. The cross section of one-pion p
duction is calculated by using the amplitudes of Arndtet al.
@14# and that of two-pion production is calculated by o
model @15,16#.

We briefly review our model for the two-pion production
For thegN→p1p2N reaction, four processes expressed
the diagrams Figs. 1~a!–~d! are assumed to contribute to th
channel. In these processes, theD Kroll-Ruderman (DKR)
term @Fig. 1~c!# and theD pion-pole (DPP) term@Fig. 1~d!#
dominate on the cross section. TheN* contributions alone
are small, but the interference among theN* terms, theDKR

FIG. 2. The total photoabsorption cross sections on a proton
a neutron. The dash-dotted line is the contribution of the one-p
production obtained by using SM95 amplitudes of Arndtet al. @14#.
The dashed line is the contribution of the two-pion production c
culated by our model@15,16#. The solid line is the sum of those
contributions.~a! Open circles and triangles~up! represent the data
of total photoabsorption cross section on a proton@5,6#. ~b! Tri-
angles~down! represent the data of total photoabsorption cross s
tion on a neutron@6#.
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NUCLEAR PHOTOABSORPTION AT PHOTON ENERGIES . . . PHYSICAL REVIEW C 66, 014612 ~2002!
andDPP terms is important as shown in Figs. 3~a! and ~b!.
Because of this, theN* excitation is regarded as an impo
tant ingredient in the two-pion photoproduction. For thegp
→p1p0n and gn→p2p0p reactions, ther meson Kroll-
Ruderman (rKR) term can contribute to these isospin cha
nels in addition to four diagrams appearing in thegN
→p1p2N. The rKR term @Fig. 1~e!# and theN* terms
dominate in this case, and the interference among therKR
term,N* rN term, and theDKR term is important and gives
rise to the bump in the excitation curve as shown in Fi
4~a! and ~b!. With regard to thegN→p0p0N reaction, the
magnitude of the cross section is underestimated abo
factor of 3

4 in our model. However, the underestimate of th
channel does not affect our conclusion as far as the t
cross section is concerned, since the cross section ofgN
→p0p0N reaction is smaller than 10% of total two-pio
production reaction.

What we learned from the elementary processes are
following.

~i! The cross section of one-pion photoproduction h
only a small bump for a proton and a shoulder for a neut
in the N* resonance energy region. Therefore we can ea
make theN* resonance peak from the one-pion product
vanish by introducing a much smaller width due to the c
lision broadening than those given by Albericoet al. @9# and
Kondratyuket al. @10#.

~ii ! For the two-pion photoproduction theN* contribution
alone is not large. In order to give rise to the bump in t
cross section, the interference between theN* term and other

FIG. 3. The total cross section for thegp→p1p2p. ~a! The
solid line is the contributions of theD Kroll-Ruderman andD pion-
pole terms (pD channel!, the dashed line is the contributions of th
N* →pD (s- and d-wave! terms, the long dashed line is the co
tribution of theN* →rN term, and the dash-dotted line is the su
of contributions frompD channel andN* →pD term.~b! The solid
line corresponds to the full calculation. Theoretical lines are
tained by using the parameter set~III ! in our model@16#. Experi-
mental data are taken from Refs.@13,18–21#.
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terms is very important. So, we expect that the delicate b
ance of the interference is broken in the nuclear medium
the collision broadenings ofD andN* , the pion distortion in
the pD channel and the Fermi motion, and therefore,
bump is strongly suppressed due to cooperative effects o
broadenings and interference.

Now we discuss the total cross section of nuclear pho
absorption. For simplicity we adopt the Fermi gas model
a nucleus, andkav

f5*drWr(rW)kf(r) as the Fermi momentum
in order to take into account the finiteness of nucleus. In
calculation, the total cross section per nucleon is obtained
taking the average of contributions from a proton and n
tron in the nuclear matter.

As shown in Fig. 5, the Fermi motion produces stro
damping of the cross section around theN* resonance en-
ergy region. However, the small bump still remains and
effect cannot fill up the valley between 380 and 500 Me
For comparison, we also show the experimental cross sec
on a free proton with the theoretical curve in Fig. 5. Furth
more, to see the details of the Fermi motion effects, in
vidual contributions for the one-pion and two-pion produ
tions are presented in Fig. 5. The size of the Pauli block
effect for the intermediate and final states is found to
small but non-negligible as is seen from the difference
tween the dotted and thick solid lines.

To explain the data thus one inevitably needs the ot
damping mechanisms. As additional medium corrections,
take into account the spreading potentials@12# for the N*
and D resonances, and the pion distortion appearing in

-

FIG. 4. The total cross section for thegp→p1p0n. ~a! The
solid line is the contribution of theD Kroll-Ruderman andD pion-
pole terms (pD channel!, the dashed line is the contribution of th
N* →pD (s- and d-wave! terms, the long dashed line is theN*
→rN term, and the dash-dotted line is the contribution ofr Kroll-
Ruderman term.~b! The solid line corresponds to the full calcula
tion. Theoretical lines are obtained by using the parameter set~III !
in our model@16#. Experimental data are taken from Refs.@13,22#.
2-5
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HIRATA, KATAGIRI, OCHI, AND TAKAKI PHYSICAL REVIEW C 66, 014612 ~2002!
formula derived in the previous section. The mass shift a
collision width ofD have been already known in the studi
of pion-nucleus scattering using theD-hole model@25,27–
29# where they can be identified as the spreading poten
The spreading potential found in these studies is almost
ergy independent. We takedMD56 MeV and GDsp
536 MeV. As the pion self-energy, we adopt the pion op
cal potential used by Arimaet al. @30#. As for the mass shift
and collision width ofN* , there are no established values
present. For simplicity, we assume thatdMN* andGN* sp are
energy independent likedMD and GDsp . Then we vary the
values so that the total nuclear photoabsorption cross
tions from 600 to 800 MeV are reproduced. We fou
dMN* 512 MeV andGN* sp548 MeV.

The total photoabsorption cross sections per nucl
~solid line! calculated with the above parameters are sho
in Fig. 6. It is found that the simultaneus inclusion of t
spreading potentials for theN* and D resonances, and th
pion distortion gives rise to the complete suppression of
bump around theN* resonance energy region. To see t
detailed contents of our calculations, furthermore, we sh
each contribution of the absorption processes: the one-

FIG. 5. The Fermi motion effects for total nuclear photoabso
tion cross section on nuclei. The dotted line is the nuclear cr
section averaged over the initial nucleon momentum. The th
solid line is the nuclear cross section including the Pauli block
effect for the final emitted nucleon and intermediateD state in
addition to the average over the initial nucleon momentum. T
dash-dotted and dashed lines are two components of the thick
line, i.e., the one-pion and two-pion production, respectively. T
thin solid line corresponds to the cross section on a free pro
calculated by using multipole amplitudes. Experimental data
nuclei are taken from Ref.@3#. The open circles represent data
the total photoabsorption cross section on a proton from Ref.@5#.
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production ~dash-dotted line!, the two-pion production
~dashed line!, the many-body absorption through th
D-nucleus state andN* -nucleus state~dotted line! corre-
sponding to Figs. 1~f! and~g!, and the many-body absorptio
through thepD-nucleus state~long dashed line! correspond-
ing to Fig. 1~h!. The correction termsD1 andD2 in Eq. ~3!
are already included in the calculations of the dashed
long dashed lines, respectively. The size of the correc
terms is small but non-negligible. For instance, there is ab
a 20% effect at 750 MeV for the two-pion production. In th
one-pion photoproduction, the bump near the mass of theN*
disappears by the spreading potential forN* . The cross sec-
tion of the two-pion photoproduction is about three tim
smaller than that of the elementary process by the coop
tive effects between the following medium corrections: t
spreading potentials forD and N* , the pion distortion, and
the change of the interference among the related reac
processes. The cross sections of the other many-body
cesses are almost flat in the energy range above 600 M
and small. As a consequence of these effects, the excita
peak around the position of theN* resonance in the tota
nuclear photoabsorption cross section disappears differe
from the hydrogen.

Our model, however, underestimates cross sections in
valley region between 380 and 500 MeV by about 15
(;45mb). There must be some important processes wh

-
s
k
g

e
lid
e
n
r

FIG. 6. The total nuclear photoabsorption cross section on
clei. The solid line is the full calculation. The dash-dotted a
dashed lines are the contributions of the one-pion and two-p
production, respectively. The dotted line is the contribution for
processes of Figs. 1~f! and ~g!. The long dashed line is the contr
bution for the process of Fig. 1~h!. Experimental data for nuclei are
taken from Ref.@3#. The open circles represent data of the to
photoabsorption cross section on a proton from Ref.@5#.
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give enhancement for the nuclear photoabsorption in the
ley region but do not appear in the photoabsorption of
nucleon. The candidates for such processes are show
Figs. 7~a! and ~b! where the intermediate pion andr meson
are far off shell. Two nucleons explicitly contribute to the
processes and their short range correlation may be impor
These contributions are suitable to explain the mass num
dependenceA1.7 of total cross section in the valley region. I
Refs. @11,31# the contribution from Fig. 7~a! is taken into
account to increase the cross section of one-pion produc

The cross sections are also underestimated slightly a
D resonance energy around 320 MeV. This missing stren
may be due to the coherentp0 production mechanism in
addition to the above two-nucleon mechanism. The cohe
p0 production is not included in our calculation using t
Fermi gas model. In this energy region, our model has to
extended so as to treat the finiteness of the nucleus m
reliably, as was done by Kochet al. @24#.

IV. CONCLUSIONS

The formula derived by using the projection method
the photonuclear total absorption cross section has been
sented. Our method is very effective for the case that
interference effect in the photoabsorption off a nucleon s
as two-pion productions is strong.

The disappearance of the peak around the position of
D13 resonance in the nuclear photoabsorption can be
plained by taking into account the cooperative effect of
interference in the two-pion photoproduction processes,
collision broadening ofD andN* , and the pion distortion in
the nuclear medium. The change of the interference by
medium plays an important role. The mass shift and collis
width of N* are found to bedMN* 512 MeV andGN* sp
548 MeV, respectively. The collision width obtained
about six times smaller than those in Refs.@9,10#. The total
absorption cross sections in our theoretical calculat
around 320 MeV are about 5% smaller than average exp
mental cross sections for several nuclei. Furthermore, th
retical total absorption cross sections in the valley reg
between 380 and 500 MeV are about 15% smaller than
average experimental cross sections. In this energy regio
may be necessary to take into account such reaction
cesses as Figs. 7~a! and ~b! involving two nucleons explic-
itly.

FIG. 7. The diagrams of two body contribution in the one-pi
production.
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APPENDIX: DERIVATION OF TOTAL NUCLEAR
PHOTOABSORPTION CROSS SECTION

We give a derivation of total nuclear photoabsorpti
cross section by using the unitarity relation and the proj
tion operator technique.

In order to simplify the formulation, we turn off the back
ground interactions except theD13 channel in the one-pion
production process, which will be later added in the form
ism. We use the following projection operators to separ
the nuclear Hilbert space into subspaces:

Pg1p1q51. ~A1!

Pg projects onto the space of photon plus nuclear grou
state,p onto the spaces of both nuclear ground state
nuclear one particle-hole states except thePg space, andq
onto the space of nuclear many particle-hole states. We
sume that Pg and q do not couple directly, i.e.,Hgq
5PgHq50, and neglect higher order terms of photoco
pling. HereH is the total Hamiltonian of the system. Unde
such assumptions, the elastic compton scatteringT matix be-
comes

Tgg5Hgp

1

E2Hpp
Hpg , ~A2!

with

H5H1H
q

E2Hqq
H, ~A3!

whereHpp5pHp andHqq5qHq, andE is the total energy
of the system. The effective HamiltonianH is introduced so
as to eliminate theq space. Thep space is further divided
into the following spaces:

p5P1D, ~A4!

with

P5P11P2 , ~A5!

D5D11D2 , ~A6!

where P1 projects onto the space of both one-pion pl
nuclear ground state and one-pion plus nuclear one part
hole states,P2 onto the space of two-pion plus nucle
particle-hole states,D1 onto the space of oneN* plus
nuclear one-hole states andD2 onto the spaces of bothpD
plus nuclear one-hole states, andr plus nuclear particle-hole
states. SinceHgq50, thenHgP1

5HgP1
, HgD1

5HgD1
, and

HgD2
5HgD2

. Unlike theD-hole model in the pion-nucleu

scattering, theD1 space is not a doorway between the su
spacesPg andP11D2, since the direct couplings describe
by HgP1

andHgD2
are non-negligible.HgP1

corresponds to

the background term in theD13 channel andHgD2
corre-

sponds to theD andr Kroll-Ruderman terms. This fact re
flects the structure of the elastic compton scatteringT matrix
which will be shown later. To simplify the evaluation of th
2-7
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T matrix of Eq. ~A2!, we must make some approximation
for the reaction mechanism of the two-pion production:~1!
Pg and P2 does not couple directly, i.e.,HgP2

50, so that

HgP2
50. ~ii ! The transition between the space ofP11D1

and the space ofP21D2 proceeds only from the direct cou
pling of D1 andD2, so thatHP1P2

5HP1D2
5HP2D1

50, and

HD1D2
5HD1D2

. In this way, we assume that theD2 space
plays the role of the doorway to two-pion states.

Inserting the projection operators of Eqs.~A4!–~A6! into
Eq. ~A2! and using the above-mentioned approximations,
obtain the elastic compton scatteringT matrix given by

Tgg5TP1

gg1TD1

gg1TD2

gg , ~A7!

with

TP1

gg5HgP1
GP1

HP1g , ~A8!

TD1

gg5F̃gD1
GD1

FD1g
1 , ~A9!

TD2

gg5HgD2
GD2

HD2g . ~A10!

The Green’s functions in Eqs.~A8!–~A10! are defined as

GP1
5~E2HP1P1

!21, ~A11!

GD2
5~E2HD2D2

2HD2P2
GP2

0 HP2D2
2SD2

!21,

~A12!

GD1
5~E2HD1D1

2HD1P1
GP1

0 HP1D1

2SD1
2HD1D2

GD2
HD2D1

!21, ~A13!

where

SD1
5HD1q

1

E2Hqq
HqD1

1HD1P1
GP1

HP1D1
2HD1P1

GP1

0 HP1D1
, ~A14!

SD2
5HD2q

1

E2Hqq
HqD2

1HD2P2
GP2

HP2D2
2HD2P2

GP2

0 HP2D2
, ~A15!

and

GP1

0 5~E2HP1P1
!21, ~A16!

GP2

0 5~E2HP2P2
!21. ~A17!

The vertex functions in Eq.~A9! are defined as

FD1g5HD1g1HD1P1
GP1

HP1g1HD1D2
GD2

HD2g ,
~A18!

F̃gD1
5HgD1

1HgP1
GP1

HP1D1
1HgD2

GD2
HD2D1

.
~A19!
01461
e

In our formalism, the background coupling ofPg and P1
described byHgP1

is included because the vertex correcti
of the second term in Eqs.~A18! and ~A19! is known to be
non-negligible in the elementary process. Since the stren
of HgP1

itself, however, is small, we neglect the process

Pg→P1→q. Thus Eq.~A8! is approximately written as

TP1

gg>HgP1
GP1

0 HP1g , ~A20!

and Eqs.~A18! and ~A19! become

FD1g
1 >HD1g1HD1P1

GP1

0 HP1g1HD1D2
GD2

HD2g ,

~A21!

F̃gD1
>HgD1

1HgP1
GP1

0 HP1D1
1HgD2

GD2
HD2D1

.

~A22!

Hereafter, we use these approximate forms.
From Eq.~A7!, we find the imaginary part of theT ma-

trix:

Tgg2Tgg
1 5TP1g

1 DGP1

0 TP1g1TP2g
1 DGP2

0 TP2g

1VD1g
1 ~SD1

2SD1

1 !VD1g

1VD2g
1 ~SD2

2SD2

1 !VD2g , ~A23!

with

VD1g5GD1
FD1g

1 , ~A24!

VD2g5GD2
~HD2g1HD2D1

GD1
FD1g

1 !, ~A25!

and

TP1g5HP1g1HP1D1
VD1g , ~A26!

TP2g5HP2D2
VD2g , ~A27!

where DG[G2G1. T matrices of Eqs.~A26! and ~A27!
describe the one-pion photoproduction and two-pion pho
production, respectively. The final state interactions, ho
ever, are not included in these expressions. Thus the c
sections calculated by Eqs.~A26! and ~A27! do not exactly
correspond to experimental cross sections. In our formali
the effect of the final state interaction is contained in t
third and fourth terms of Eq.~A23! and therefore there is a
ambiguity in partitioning of the nuclear inelastic cross se
tion. However, as far as total cross section is concerned,
can use Eq.~A23! to estimate it.

In the Green’s function GD2
, the operator

HD2P2
GP2

0 HP2D2
is the free self-energies of theD and r

meson corrected by the Pauli-blocking effect. In order
2-8
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clarify the physical content of operators in the Green’s fu
tion GD1

, we rewrite it as

GD1
5~E2HD1D1

2HD1P1
GP1

0 HP1D1

2HD1D2
GD2

0 HD2D1
2SD1

2SD1
8 !21, ~A28!

where

SD1
8 5HD1D2

~GD2
2GD2

0 !HD2D1
, ~A29!

and

GD2

0 5~E2HD2D2
2HD2P2

GP2

0 HP2D2
!21. ~A30!

Here the operatorHD1P1
GP1

0 HP1D1
consists of both the free

N* self-energy due to the one-pion channel corrected by
Pauli-blocking effect and the pion rescattering term aris
from the coherent p0 production. The operato
HD1D2

GD2

0 HD2D1
corresponds to the freeN* self-energy due

to the two-pion channel corrected by the Pauli-blocking
fect. The self-energiesSD1

1SD1
8 andSD2

in Eqs.~A12! and

~A28! are complicated many-body operators arising from
q-space coupling as well as theP1- andP2-spaces coupling
The latter coupling is related to the final state interaction
the one-pion or two-pion production. In practical calcu
tions, these operators are assumed to be simple one-
operators,

SD1
1SD1

8 >Wsp
(1) , ~A31!

SD2
>Wsp

(2) , ~A32!

which are phenomenologically determined.
B

cl.

C

01461
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Using the expressions of Eq.~A23! with Eqs. ~A31! and
~A32!, the total cross section can be written as

sT5
V

y F( 2pd~E2HP1P1
!uTP1gu21( 2pd

3~E2HP2P2
!uTP2gu21VD1g

1 ~22ImWsp
(1)!VD1g

1VD2g
1 ~22ImWsp

(2)!VD2g2D12D2G , ~A33!

where

D15( 2pd~E2HP2P2
!uHP2D2

GD2
HD2D1

VD1gu2

2( 2pd~E2HP2P2
!uHP2D2

GD2

0 HD2D1
VD1gu2,

~A34!

D25VD1g
1 HD1D2

GD2

1 ~22ImWsp
(2)!GD2

HD2D1
VD1g .

~A35!

Here the termsD1 andD2 appear due to the introduction o
the one-body operatorWsp

(1) and are subtracted in order t
avoid the double counting of the processes included inWsp

(1) .
Eq. ~A33! is our starting point to calculate the total cro
section. This equation shows that the absorption proce
consist of three components, i.e., the quasifree proce
such as the one-pion photoproduction and two-pion pho
production, and genuine many-body absorption proces
arising from the interaction between the resonance~or pion!
and the nucleon in a nucleus@24#. In actual calculation, theD
excitation and the remaining background processes ex
the D13 channel in the one-pion photoproduction must
added in the above formula.
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