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Coherent 7x° and # photoproduction on the deuteron
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Coherent pion photoproductioml(y,7°)d, is calculated in a coupled channels approach in momentum
space using an elementary production operator that includes Born terms, vector meson exchange, and
M1/E2 A-resonance excitation. The final state interaction is treated in the Kerman-McManus-Thaler multiple
scattering approach that describes elastic scattering well. Differential cross sections are found to agree well
with existing (y,7°) data. The polarization observablEsi T, and the tensor analyzing powers are predicted
for forthcoming experiments. A number of transparent relationships between polarization observables and the
elementary production operator is derived. Finally, calculations are performed for cohgrkatoproduction,
d(y,7)d, in the threshold region which agree well with a very recent Mainz experiment.
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. INTRODUCTION y+d—x+d. (1)

For a long time, coherent pion photoproduction on the In another approach, recently developed for reactibn
deuteron has been studied as a source of information’n by Garcilazo and de Guer@], relativistic Feynman dia-
photoproduction off the neutron. In the beginning, the im-grams have been evaluated. Using the spectator-on-mass-
pulse approximation was the main instrument for this undershell prescription, differential cross sections and polarization
taking. However, in contrast to charged pion photoproducobservables have been calculated in the energy region from
tion where the largest contribution comes from the well-threshold up to 1 GeV. BlaazgT], on the other hand, used a
known Kroll-Ruderman amplitude, the isoscalar® Faddeev approach to theNN system to describe pion res-
amplitude on the deuteron target is drastically reduced due teattering in the final state. _ .
an accidental cancelation between leading terms. Therefore, This paper is the continuation of our previous work which
the contributions from pion rescattering or final state inter-WaS devoted to pion scatteriri§,9] and pion photoproduc-
action (FS)) become extremely important. This dramatic ef- 1" (10,1 on very light nuclei. Using a microscopic ap-

fect from pion rescattering with charge exchange contribuaproaCh based on the KMT multiple scattering approgi]

tions was first found by Koch and Woloshy@] and then n mome”t“.m space we haver??chieved a good description of

verified by Bosted and Lagé®] in studies of coherent pion E'Oonnosrfggirmg on deuteron arite and pion photoproduc-

photoproduction on the deuteron in the threshold region. In paperil[8] we demonstrated that a microscopic de-
With increasing photon energy the contribution from the !

di ith b | q scription of elasticrd scattering in the framework of the
irect term(without rescatteringbecomes very large due t0 1, iinje scattering theory is able to describe the differential

the dominance of thé-resonance contribution and finally ¢;oss section and polarization observables equally well as in
dominates the cross section. In theresonance region the the Faddeev approach. Furthermore, our multiple scattering
main mechanism of FSI is elastic pion Scattering; the Contriapproach proved to be very transparent, S|mp||fy|ng a com-
butions from the charge exchange reactions become small. lsarison of the pion interaction with heavier nuclei. We be-
recent years, the three-body approach has been employed f@#ve the same rational holds in the case of coheréhpho-
the description of FSI. By solving the Faddeev equations it isoproduction.
possible to take into account the coupling with the breakup Very recently, interest in the physics with eta mesons has
and pion absorption channels. In this framework considergrown significantly. This relatively new field of theoretical
able progress has been achieved in the description of piorand experimental studies is promising to be very useful to
deuteron elastic scatteringee, for example, the review of obtain a more global picture of the meson-nuclear interac-
Ref. [3]). Very recently, Wilhelm and Arenhwel [4,5] used  tion. On the other hand, these studies could give important
an approach oNN—NA coupled channels for describing information on the excitation of nucleon resonances in nuclei
deuteron photodisintegrationyd—pn and coherent pion [like the S;4(1539 and theD5(1525]. Eta photoproduction
photoproduction, on the deuteron is of special interest since, due to isospin
selection rules a measurement of this process should allow us
to completely determine the proton and neutron electromag-
*Permanent address: Laboratory of Theoretical Physics, JINRetic amplitudes and to separate the isospin components of
Dubna, Head Post Office Box 79, SU-101000 Moscow, Russia. the nucleon resonances.
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Unfortunately, despite its long history, the experimentalcalledmodified impulse approximatiomhere the connection
data available for the meson photoproduction processes dretween pion-nucleona() and pion-nuclearE) energies is
the deuteron are not of as high a quality as the ones for, i.ethe same as in elastic pion scatteritigree-body choice
elastic pion scattering. However, with the new accelerators at

Mainz, Bonn, Saskatoon and, in the near future, CEBAF we ’ (5{—I—IZ)2 v
hope that such data will be available soon. w=E+m,+My—| (M;+My)"+—¢

The basic ingredients of our formalism based on the mul-
tiple scattering approach and coupled-channels method are ) (d+|2)2 v

M2+ , €

given in Sec. Il. In Sec. Il we present the main expressions
for the differential cross section and polarization observ-

ables. Our results for coherenf’ photoproduction are dis- wherem.. and M, are the pion and nucleon massksand
w

cussed in Sec. IV. In Sec. V, we will complete our analysis - . .
g are the photon and pion momenta, respectively. As we

with the investigation of coherent eta photoproduction on thehave shown in paper I, this choice improves the impulse

deuteron. A summary and conclusions are given in Sec. VI, ST .
approximation in pion scattering.

Finally, using these two approximations for the nuclear
Il. BASIC INGREDIENTS OF THE THEORY pion photoproduction amplitude we get an expression in the
To obtain the amplitude of pion photoproduction on nu-distorted wave impulse approximati¢gBWIA). In momen-

clei one may start, as in pion scattering, with the amplitudUm space it can be presented as
of the elementary process and the use of multiple scattering 1
theory[12,13. An extension of the KMT approadi 2] to F(&:M_(q,k)zva'(q'k)_ =7
the case of nuclear pion photoproduction leads to the follow- : : (27)
ing expression for th& matrix:

16

R 4 STEN N S
dq’ FMfo/(qu )VM;Mi(q ak)

A A A XE f _
TAE)=2 7+ > > 1Go(E)7! v M@) E(@)-E(@)tie
j=1 %] =1
A A A (6)
+k§i 2 ,21 nGo(E)TiGo(E) 77+ -, (2 where the amplitudes )y and F,:Afo, are connected with
the T,(E) andT’(E) matrixes in Eq(3) via relations
where 7; and 717 describe the pion scattering and pion pho-
toproduction on bound nucleons, respectively, 8ydE) is N VM(Q)M(K) - .
the Green'’s function for a free pion-nuclear system. Together FMfMi(q'k): - 2 (m(@), f[TLE)[i, »(kn)),
with the equations for the pion-nuclear scatterihgnatrix (7
(see paper)| Eg.(2) can be rewritten as a system of integral
equations: , ., VM(M(Q")
, FMfo’(qlq ):_ 20
TA(E)=U,(E)+T'(E)Go(E)U (E), (33

In Egs. (6)—(7b) A= =1 is the photon polarizationj),|f),
and|f’) are the deuteron ground state which differs only by
A—1 A_1A projection of the deuteron’s spiM; ,M; andM; . The rela-
T (E)=——T(E), U/ (E)=——2, 7(E), tivistic pion-nuclear and photon-nuclear reduced masses are
A A= given by M(q)=E.(q)Ea(q)/E(q) and M(k)=KE(k)/
E(k), whereE=E(q)=E(k) is the pion-nucleator photon-
nucleaj total energy in the pion-nuclearr@) c.m. system.
Note that the main difference compared to the standard
DWIA approach(which is not appropriate for the deutejon
For a consistent derivation of the pion photoproductionis the factor A—1)/A in the T" matrix. This factor avoids
amplitude from Eq(3) we will use the same approximations double counting of pion rescattering on one and the same
as in pion scattering. First in the spectral decomposition ofiucleon. Such effects are already included in the elementary
the Green’s function only the deuteron ground state is reamplitude. Another difference is that E¢6) includes not
tained, neglecting the contributions from the coupling with only coherentnon-spin-flip pion rescattering but also inco-
the break-up channelsAs we have seen in paper |, this ap- herent spin-flip transitions which change the projection of
proximation is a reasonable starting point to study pionthe spin of the deuteron.
nuclear scattering. However, as we will see below, near In the framework of theplane wave impulse approxima-
threshold for isoscalar nuclei like the deuteron the groundion (PWIA) the pion photoproduction amplitude is equal to
state contribution is very small and the coupling to thethe first term of Eq(6) which is expressed in terms of the
breakup channels becomes important. Second we use the frementary pion-nucleon photoproductiof{w) matrix or
elementaryt matrix, 77(E)~t”(w). The last assumption is amplitudef®:

7(E). (4)

A
<~ 7]

and U (E)=

i=1
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N VM(q)M(k) (p/My)? of the relativistic and gauge invariant amplitude.
VMfMi(q-k) - om Due to the reduction procedure gauge invariance is no longer

exactly fulfilled but to order ;E/M n)2, consistent with the

A

- e nonrelativistic reduction. It was shown in Ref45,14 that
X < m(q).f 12‘1 (@) "y(k)\)> . (83 up to photon laboratory energies of about 500 MeV this ap-
proximation is well suitable and agrees well with the experi-

. . 20 mental data for the elementary reaction.

(g,p' [t"(w)|p,kN)y=— fM(w,6%) Embedding a gauge invariant one-body operator in a
vu(a,p") u(k,p) nucleus in the framework of the impulse approximation,
. however, will always violate gauge invariance due to binding
X8(p'+q=p—Kk), (8D or off-shell effects. This is well known in electron scattering

where relativistic pion-nuclear and photon-nuclear re_vAvhgremesohn exchange currgr(iMEC) h?ve to be included.
duced masses arg(q,p’)=E_(q)En(p')/® and u(k,p) s it was shown in our previous vym[ll | one way to con-
N >, g i _ . struct a gauge invariant nuclear pion photoproduction ampli-
=KE\(p)/w, p andp’ are the nucleon momenta in the ini- y,4e s using minimal substitution of the electromagnetic
tial and final state¢in A c.m. systeny respectively. field in the nuclear pion emission amplitude and in the
The relativistically invariant amplitudé®™), in the pion- nuclear wave function, satisfying the Sctilger equation
nucleon ¢rN) c.m. system has the standard CGLN fdrt]  \yith the nuclear Hamiltoniami ,= T+ V.

Minimal substitution in the kinetic terrii gives the stan-

f 0N (w,0%)=iF 10 €y +Fp0-Go-[kX &, ]+iF30-Kq- €y dard nucleon pole terms of the elementéoye-body pion
R photoproduction amplitude. In addition, a two-body operator
+iF40-09- €, (9)  appears, describing the process where the photon is absorbed

on one nucleon and the pion is emitted from another nucleon.
Such a two-body mechanism is not included in B). As it
was shown in Ref[17] in the case®He(y,7*)3H this two-
g}gdy mechanism can be important at high energies and back-
ward angles. On the other hand, in the case of the deuteron
the corresponding contribution from minimal substitution in
the nuclear wave functions in the initial and final states can-
cel each other almost exactly. A similar cancelation has been
found in Ref.[18] in pion-deuteron elastic scattering.
Further two-body contributions could appear due to mini-
Mg > A a T mal substitution in the nuclear potentl), which has essen-
fiV=if 0.6+ f[qXk]- ey +ifzo-kq-ey+ifs0-0q-€,.  tally a one boson exchange nature. In this way we can gen-
erate the meson exchange currents of pion photoproduction.
These are connected to the standard CGLN amplitudes viaThiS.iSSue ha_ts not been studied in detail for pion photopro—
duction and is beyond the realm of our paper. A detailed
fi=F1—F,co0*, f,=F,, f3=F3+F,, f,=F,. discussion of this problem can be found in R[qu], where
(11)  such MEC contributions are found to be of higher order in
p/My. In the following our considerations will be based on
In terms of the lowess- and p-wave multipoles, the am- the conventional approach without MEC degrees of freedom.

whereq andk are the unit vectors for the pion and photon
momenta in therN c.m. systemg?* is the pion angle in the
same system. All these variables can be expressed in an
bitrary frame via the standard Lorentz transformatisee
Ref.[11]).

In nuclear applications, it is convenient to divide the am-
plitude in Eq. (9) into non-spin-flip ¢,) and spin-flip
(fq,f3,f,) amplitudes

plitudesf; can be expressed as Finally, we mention the so-callefhctorization approxi-
) mationin the treatment of nucleon Fermi motion. We have
f1=Eo+ +CO07(3E1+ +M1—My), (128  developed the formalism for the exact treatment of the

nucleon momentum dependence in the elementary amplitude
fo=2M, +M,_, (12b  using a multidimensional integration in Eq@a) and (7b).
However, similar to our previous studig®0,21] the substi-
f3=3E14+ —My + My, (129 tution
In our calculation, we use the unitary version of the p—p ﬁ:_E_E(E_a):_E_E@ (13)
© A 2A 2 4

Blomqvist-Laget amplitud¢15,16| for the elementary am-

plitude which contains contributions from Born and

w-exchange terms. The dominafitresonance contribution

is described by the real and imaginary parts of the resonantorks very well quantitatively and provides an excellent ap-
Mﬁ(w) and Ef+(w) multipoles that are added to the back- Proximation. This r_esult is _based on the fact that in case of_a
ground terms in a unitarized way. Here we want to remind®auss wave function, which roughly reproduces the domi-
that in accordance with the Blomquist-Laget approach thé'antS-wave part of the deuteron ground state, the replace-
pion photoproduction operator used for nuclear applicationsnent(13) gives an exact treatment for the lingadM terms

is obtained after a nonrelativistic reduction to orderin the elementary amplitude.
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Ill. POLARIZATION OBSERVABLES Robsommatrix [23] which was discussed in the case of elas-
tic pion scatterind17]. The main difference appears in the

N X ; . Blectric part, whose contribution is much smaller. Therefore,
new field in the electromagnetic production of pions from

i the behavior of the differential cross section and the single
protons and nuclear targets. Since many of these observabl

2 ) . Blarization observables is mainly determined by the five
contain interference terms, small but important amplitude . ; ; .
. ; . . magnetic amplitudes. We point out that tg amplitude
can be investigated in a unique way.

To define our polarization observables we choose the sysv-‘r’lnISheS in PWIA; it has contributions due only to pion res-

tem of coordinates corresponding to tiadison Convention cattering.

[22]: a right-handed coordinate system where the posiive _Ca_lculatmg Fhe exp_ectat|on valugs of the operaigrfor
L s . k=«=0, the differential cross section and photon asymme-
axis is along the photon beam direction and thexis is

L try can be written as
along the vectofkxq].
In this paper, we focus only on single polarization observ- do doy dog

ables that appear inr® photoproduction with a polarized d0-do da’ (1939
beam and an unpolarized target, or an unpolarized beam and

Polarization observables have the promise of opening

a polarized target. In both cases five polarization observables dg,, 2q
can be measured. a0 - @(|Am|2+|B|v||2+|Cm|2+|DM|2+%|5M|2),
The photon asymmetry (19b)
do/dQ* —do/dQ doe 2
_ E_<44
" doldQ" + do/d0 ]’ 9 30 = 3 (Ael?+[Bel+[Cel*+Del), (199
where L (||) refers to a photon linearly polarized perpen- doy /dQ—dog/dQ
dicular (paralle) to the reaction plane and fowmalyzing = . (199
. doy /dQ+dog/dQ
powers (the vector, iT;;, and three tensor ones,
T20.T21.T22) Similarly, the vector and tensor analyzing powers can be
s divided into magnetic and electric parts
_ Tr(Fr,Fh) 1
k= THFFT) (19 Tie=Th + Tiee - (20
In Eq. (15), the spherical tensor operatey, is defined as  The expression fof ) in terms of thedy, . .. £y ampli-

tudes are the same as in pion scattering:

an J k
<JM'|rkK|JM>=Jk<—1>”M’( K) (16 T =V2BIM D}y (Au—Cu)—Bycwl/a(d,), (213

M —-M’
. . ~ 2
with a Wigner 3 symbol and]=2J+1. T(Z’g'>:\/?_(|AM|2+|BM|2+|CM|2—2|DM|2—|EM|2)/a( 0.,

From the partial wave decomposition of the electromag-
netic vector potentigl13] it follows that the pion photopro- (21b

i i () ivided i ;
duction matrix elementsFy’y, , can be divided into mag T = — \2/3REDE (Ay—Cu) + B EW]A(0,), (210
netic and electric components which are both independent of

the photon polarizatioh = *+1: 1
IV TR =5 [2REAC) ~ [ Bul*a(6), (21d)
Faviom, =Fmgm, TAFM M, - 17
Similar to the formalism in pion scattering, one can preseng g )= Ed_‘f (218
the photoproduction matrix in the following form: ™ qdQ
Fm F&) F(_"l Ay By Cu For the electric part of the analyzing powers we obtain
- FN FR FN [ Dv & —Du iTE = 2/3ImM DE (Ag+Ce)Va(6,,), (229
S W - R SO ) Cv —Bu Ay 2
T =3 (| Ael*+|Bel*+ [Ce|*~ 2| Del/a(0,),  (22b)
Ae  Be (e
| Pe 0 De | 19 T = — J2/3RE DE (A +Ce)l/a(b,), (220
_CE BE _AE 1
Ty =— —=[2Re(ALCe) — | Bel*V/a(6,). (220

22 — \/—
3
where the signs-,0,— correspond to the deuteron spin pro-
jectionsM;y=+1,0,— 1, respectively. Note that the struc-  Finally, we present expressions for thg5, etc. ampli-
ture of the magnetic part of matrigl8) is similar to the tudes obtained:l) in the plane wave impulse approximation
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and (2) by taking into account only contributions from the pressions(including complete contributions from the deu-

S component and its interference with tBecomponent of

teronD-state componejpare given in the Appendix.

the deuteron wave function. Then the Robson amplitudes can

be expressed solely through the elementary amplitudes

fi,...,f, from Eq.(10) and the radial integralR,,, (intro-
duced in paper)l

r

th><Q>=f rU.f(r)jL(%

U(r), (23

whereU, is the deuteron radial wave functign(z) is the
spherical Bessel function, aftl,|'}=0,2. This yields

1
Ay= 2 ,sing* Rg%)—ﬁ(l+3cos%))Rgzz)lWA,
(248
3 f ok o (2)
By=| f1{Rg+ Efzyneﬁst@Ro2 W,, (24b
3 (2)
Cu=-— Efzsmeﬂ(l— cos20)Ry5 Wa , (240
3 . * (2)
Dy=-— flRS—Efzsmewsm%)Roz Wy, (240
ik | p(0) 1 (2)
Ew=2f,sing* ROO+E(1+3COS@)R02 W,y
(249
ot * 3 (2)
Ag=—\2sing%| (f3+ f,co0* )Rg+ ﬁfQCOROZ Wy,
(24f)
BE:DEE_ (f1+f4SIrT29fT)RS
3 Lok i (2)
—Equmﬁwsm@Ro2 Wa, (249
where we have used the following notations:
(0) 1 2
RS(Q):ROO(Q)"’ERoz(Q), (253

k
fQ:%(fl+f30036fT+f4)—6(f3+f4cosﬁf,), (25

1
Q
In Egs.(248—(250 6% is the pion angle inTN c.m. system,

coP=—(k—qcod,,). (250

IV. RESULTS AND DISCUSSION
A. Differential cross section

We begin our discussion with the results for the differen-
tial cross section. Using our formalism described above we
will show that it reproduces the well-known results for the
coherent 7% photoproduction at threshold and in the
A-resonance region.

In general, pion photoproduction near threshold is domi-
nated by the spin-flip amplitude with the leading multipole
Ey. . However, neutral pion photoproduction is comparable
to the situation with the scattering length in elastic pion-
deuteron scatteringsee paper)l the isoscalar part of the
s-wave multipole is one order of magnitude smaller than the
isovector one. Therefore, the PWIA approach is not valid at
threshold and contributions from pion rescattering with
charge exchange become very importdng]. For this two-
step process the corresponding contribution to the total am-
plitude can be estimated by using the first iteration of @By.

M, Lo el
—de<d‘e”'<k+q>’zT§j f,TN<i>f<*><j>d>,

N
(26)

=)

Resc.

where M 4 and u ,\ are the reduced masses for thd and
7N systems, respectivelyd) is the deuteron ground state,
andqg is the on shell momentum of the pion in the interme-
diate state.

In the limit of q—0, the elementary amplitudes farN
scattering, f .y, and pion photoproductionf®™, become
constant and the total amplitudeith direct and rescattering
contributiong can be reduced to the express|@d]

0 0
(E5P+EGN

FM~W,RG(Q)

Mﬂ'd 1 O at T
+ <_>a77N (E0+n_E0+p) 27
MaN r
with the pion-nucleon scattering length

amy =—am" =\2(a;—as)/3=0.122m, and (1fr)=

0
0.65/m,,. In Eq.(27), the EZ.N multipoles fora° photopro-
duction are much smaller than the Kroll-Ruderman multipole

Eg;'\‘ thus the rescattering terms are comparatively en-
hanced.

In Fig. 1 we show our calculations for the total and dif-
ferential cross section in the threshold region. In this region
the contribution of elastic rescatteriivithout charge ex-
change is very small. This is due to the small size of the
isoscalar part of therN scattering amplitude. On the other
hand, due to its large isovector part and also due to the large

ng'\' multipole, the role of the charge exchange process

Q=Kk—q is the nuclear momentum transfer. The kinematicalbecomes very important. In the upper figure the reduced

factor W, can easily be obtained from E).
As we will see below, the expressiorid4g—(24g are

cross section is compared with a recent reanal\z$ of an
earlier Saclay measurement. The full calculations are about

very useful for a qualitative as well as a quantitative under-15% larger than the experimental data. The same results have
standing of the polarization observables. The complete exrecently been obtained by Garcilazo and Gué¢6fausing a
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FIG. 1. (8 Reduced total cross section as a function of the FIG. 2. (a) Sensitivity of the reduced total cross section on the
photon lab energy near threshold. The dotted curves are the PWI&ospin (+) amplitude in the direct term. From top to bottom the
results, the dashed and solid curves are the calculations includinggt) s-wave amplitude has been taken-a4,—0.5,0;+0.5,+1 in
pion charge exchange without and with elastic pion rescatteringunits of 10°3/m_.. All curves have been calculated with full rescat-
respectively. The data are from RE25]. (b) Reduced differential  tering including the SCE contribution. The data are from R25].
cross section for the photon excess energy in the lab frame abov@) Reduced differential cross section for the photon excess energy
threshold AE=E ,— E‘yhr:8 MeV. The notation of the curves is the in the lab frame above thresholdE= E,— Elyhrzg MeV. The no-
same as ina). tation of the curves is the same as(ay.

Feynman diagram method with a pure pseudoveethiN 103/m, . Predictions from chiral perturbation theory give
coupling. Calculations by Bosted and Lade] are about positive values for this amplitude that vary between the neu-
15% lower than ours and agree better with the experimenttral and charged thresholds in the range of

The authors of Ref6] argue that the main reason of their (0.5—1.2)x 10" 3/m_ [29]. In Fig. 2, we show the influence
disagreement with the experiment could be due to the comef this isospin(+) amplitude on the total and differential
tributions from third- and higher-order scattering terms.cross section of coherent pion photoproduction on the deu-
However, our calculation&ompare dashed and solid curvesteron. Even though the direct term is not dominant in this
in Fig. 1) show that such contributions usually increase thereaction, a significant sensitivity can be seen because of the
cross section because of the attractive nature of the pionnaterference with the pion rescattering channel. Comparing
nuclear interaction in the threshold region. our calculations with the total cross section data in Fig@) 2

In the lower part of Fig. 1 we show calculations for the leads to a preferred value 6f0.5<10 3/m_. As demon-
differential cross section aAE=E,—EJ'= 8 MeV. Here  strated in Fig. ), a determination oE{") should be much
we see that the interference between direct and rescatterirgisier using angular distributions, where one can easily dis-
terms is strongly angle dependent, leading to an increase iinguish different values in the forward-backward angular
the differential cross section by about a factor of two at backasymmetry.
ward angles. With increasing photon energy the contributions from

Recent developments in® photoproduction on the pro- p-wave multipoles become stronger, due mostly to the exci-
ton [26,27 that indicate large deviations from the old low tation of theA resonance. Figure 3 illustrates the role of the
energy theorem{LET) predictions suggest that such effects individual parts of the elementary photoproduction ampli-
could also be visible in coherent photoproduction on the deutude: the Borr w-exchange terms(dotted curvel the
teron. In the direct term only the isospir-) amplitude ap-  A-resonance contributiofdashed curvesand the total am-
pears which is proportional to the sum of the proton andplitude (solid curve$. The Born andw-exchange diagrams
neutron amplitudes, ES)=[Eq, (7°p)+Eo.(#°n)]1/2.  are essential at forward and backward angles. In this region

0+

While PV Born terms predict this amplitude to be constant inonly the f; amplitude remains which contains the nonreso-
the threshold region with a value close to the old LET,nantE,, andM;_ multipoles as well as the resonait},
E§Y=—1.0x10"%m,, the new experiments on the proton andE2, amplitudes. Around),=90°, theA-resonance con-
show an energy dependent function with a cusp effect at thgibution dominates due to the magnitude of the coherent
charged pion threshold. Using isospin symmetry, with thiscontribution from the non-spin-flip amplitude.
new experimental data and the older values far«™) [28] In comparison to the available data the overall agreement

we find values forEfﬁ) from —1.5 to +1.5 in units of s satisfactory. An exception may be the large disagreement
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curves are the calculations only with Barm-exchange and con-
tributions, respectively. Solid curves are the results of the full cal-
culations. Experimental data are from Réf30] (o), [31] (®), and
[32] (A).

FIG. 4. Angular distribution at fixed photon lab energy=
260, 300, 340, and 400 MeV. The dashed and solid curves are
PWIA and full calculations. The dash-dotted and dotted curves are
the calculations without non-spin-flip and without deuteron
in the forward direction with the data from RdB3] with  D-state, respectively. Experimental data are from RESS] (0),
rather large error bars. The best description of the experiRefs.[31] (@), and[33] (A).
mental measurements is achieveddgt=90°, where theA

contribution dominates. Together with our earlier results Ob'approach is the treatment of the pion rescattering contribu-
tained for3He andp-shell nuclei, this gives us confidence in tions. In our formalism the coupling with the breakup chan-
the treatment ofA propagation in nuclei. In order to draw nels was not included in contrast to RE]. Apparently, the
further conclusions more precise experiments are needed, #brresponding contribution is small in the kinematical range
particular at extreme angles where thAe contribution is  considered here.
weaker. A comparison with the Garcilazo and Gueffd calcula-
Figure 4 shows the differential cross sections attions shows that in the forward direction their results are
E,=260-400 MeV. Here we illustrate the role of the spin- generally about 50% larger, except B1=340 MeV. This
flip contribution(dash-dotted curvesit only contributes sig-  could indicate a difference in the spin-flip part of the elemen-
nificantly at very backward and forward angles. Aroundtary amplitude which dominates in the forward direction. Be-
6,=90° the main contribution comes from the non-spin-flip low we show that this leads to a dramatic difference in the
transition associated with the elementary amplitbgdeshich  vector analyzing power. The work by BlaaZéf] includes
is dominated by the\ resonance. only a comparison with the data &,=300 MeV. Their
The role of the rescattering mechanism can be seen byesults are about 20% above the measured cross section.
comparing the simple PWIAdashed curvgswith our full  within their Faddeev formalism they find only small pion
calculations(solid curves. Its contribution is biggest in the rescattering effects. Compared to the calculations by Wil-
A-resonance region and at backward angles. Among the difielm and Arenheel [5] our results are lower and agree bet-
ferent rescattering mechanisms elastic scattefimghout  ter with the data, except fat,=6°. The main reason for this
charge exchangelominates in this energy region. This is in difference is due to pion rescattering in our approach which
contrast to the threshold region where, as we have seeduces the cross sections considerably in the region of the
above, charge exchange rescattering gives the main contriby- resonancésee Fig. 4.
tion. Above theA-resonance region, the rescattering contri-
bution becomes smaller with increasing photon energy.
The role of the®D; configuration in the deuteron wave
function is also illustrated in Fig. 4 by turning off the nuclear
matrix elements withL=2. The D-wave contribution be- tion for the photon asymmetry calculated &j=200-400
comes manifest at large angle#,,>90°, for energies MeV in PWIA (dashed curvésand DWIA (solid curves.
E.>300 MeV, which corresponds to momentum transfers ofThe dotted curves are DWIA calculations without the
Q5> 3.1 fm 2 D-state configuration in the deuteron wave function. Clearly,
We conclude our analysis of the differential cross sectiorgll calculations are very similar; thus, the influence of the
by comparing with previous calculations. Our results pre-deuteronD-state and pion rescattering is small. Moreover,
sented here are very similar to the ones obtained by Bosteaur analysis showed that the contribution of the2 multi-
and Laget[2]. The main difference between our and their poles in the elementary production amplitude is also negli-

B. Polarization observables

Photon asymmetryrigure 5 shows the angular distribu-
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A 2_ & 2
T 1209~ 1
gible, e.g., we can sé,=0. Thus, using Eq(24) the photon | A%+ §|5M|2
asymmetry can be expressed in a rather simple form using
only the elementary amplitudds,f,, andf:
~—(1+3cos@)—1+3xzsin22, (30

fo|2— 5|f4)?
39 (deuteron~ %sinzawf n §| 'n|20 f| z|+ PPN where angle® is defined in Eq.(25¢0 and x=R2(Q)/
[Faf+ &sin 0(|f|"+ 5[l ()28) R{Y(Q) . This ratio describes the role of the deutefstate
as a function of the momentum transi@r It is clear that
with increasingQ the ratiox also increases and,g reaches
Ats maximum value.

The contribution of the deuterd®-state dominates at for-
ward and backward angles. In this region
By=Dy=—Bg=—Dg and other amplitudes are zero.
Therefore, independent of the photon energy we have

This expression is close to the expression for the eleme
tary photon asymmetry for the process on the nucleon:

|f2]?—[f3]?

"If1]2+ 1sirP6(|fo]2+ |52 V2

(29 Too(0°)~T5(180°)~ — - (31

3 (nucleon~ %sirfé

As can be seen in Fig. 6, this relation is generally fulfilled

Therefore, the angular distribution of the photon asymmetry, 4 o1y small deviations appear due to pion rescattering and
for the production process on hydrogen and deuteron 100kgarmi motion.

very similar. Thus we find that the maximum value of the tensor ana-
Tensor analyzing power§igure 6 presents our results for |yzing powerT ,, is only sensitive to th®-state component
the T,o observable obtained in the same way as the photogf the deuteron wave function and not to the details of the
asymmetry. However, in contrast to the photon asymmetryelementary amplitudes or to pion rescattering.
T, is very sensitive to the deuteroD-state component The behavior of the other tensor polarization observables
(compare solid and dotted curyesThe influence of pion T,; andT,,is similar(see Fig. 7 and Fig.)8 They both have
rescattering still remains small. a maximum negative value aroumg.=90°. As in the case
In the region of 90% 0, <150°, where the contribution of T, this value is determined by the deutemnstate. Us-
of the D state is more important the value fdr, can be ing Eq. (24), this dependence can be expressed approxi-
estimated from Eq(24) as mately as
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From this equation it follows that at the maximum
T,1~2T,,. In the forward and backward direction these ob-
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servables vanish. At low energies tBestate component be-
comes visible and th®-state contribution is negligible. In
this region, T,; can be estimated by the following expres-
sion:

T5(E,~200 MeV)
B Re[f1 3]
~——sind,, - .
4 |£1]2+ 3sirP0,.(f22+ 5 [f35]%)
(33

Vector analyzing powein our study of polarization ob-
servables in elastic pion-deuteron scattefisge paper)lwe
found that the vector analyzing pow#r, is very sensitive
to the details of the theory. Especially pion rescattering was
very important, around thé-resonance region it changed
the sign ofiT,;.

Our calculations, shown in Fig. 9, indicate that the influ-
ence of pion rescattering is not important for, in the case
of 7° photoproductionlcompare solid and dashed curkes
The contribution of the deuterdd-state is also small. There-
fore, in this reaction the vector analyzing power is neither
sensitive to details of the rescattering mechanism nor to
nuclear structure. Therefore, it can be expressed entirely
through the elementary amplitudés, . .. .f,. If we again
neglect the small contribution from tHg amplitudei T ;; has
a simple form,

iTd(deuteron~ — —33in6
11 2 T

y Im[ 1 (f— 53]
|f1]2+ 3sirP,(|f,|2+ 2| f5]?)

(39
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FIG. 10. Sensitivity ofi T4 to theEer multipole. The solid and

dashed curves are the results obtained with and without this multi- \/7
pole, respectively. V(x)(d E): _ M
ny ! 277
Furthermore, due to the small nonresonant multipole, A
fy reduces to ><<n<ci),f > tw<1>’i,y<ﬁx>>. (39)
=1

f1~00997.,(3E1++M1+—|\/|1,). (35)
As an elementary,,,, amplitude we will use the extended

Therefore,iT; has a sid,cos, angular dependence and dynamical model of Bennhold and Tandl34,35 where the
changes the sign arour#t).=90°. Note that this result is in resonance sector is constrained by solving the coupled chan-
strong disagreement with the predictions of Garcilazo andhels problem for therN— 7N, #N— N, #N— 77N, and
Guerra[6]. Their vector analyzing power is positive in the yN— 7N reactions, using available data as input. The back-
A-resonance region at all angles. This can occur onhground is formed by the contributions frons- and
through differences in the elementary amplitude. At the same-channel Born terms and by- and w- exchange in the
time their predictions for the photon asymmetry and tensot-channel. Following the analysis of R¢B5] we use pseu-

analyzing powers are very similar to ours. doscalar Born terms with amNN coupling constant of
Another interesting consequence which comes from Eq592/47-,:o_4_
: - 7 . .
(34) and (39) is related to the contribution of thig, , mul- At present, little is known about the nature of the

tipole. It is of a particular interest because of its resonant par;-nucleus interaction which enters in the amplitude
due to theE2 transition in theyNA vertex. The size of this .Fni(a'a,)_ For the elementaryrN— 7N process the experi-
quadrupole component is very sensitive to the tensor force igyena| data is much less complete and accurate in contrast to
the quark-quark interaction. Thus, this transition could give N _scattering data. There are only few theoretical studies of

us a measure for the d_eformation of the delta and, subsgp;q reaction 34,36,37 based on the coupled channel isobar
quently, of the nucleon in the framework of quark models. model for themN, 7N, and ##N systems. More detailed

Figure 10 iIIustrgte; the sensitivity O.f _the_vector anaIyZinginformation about the structure of thg-nucleus interaction
power to the contribution of thE2 transition inyNA vertex can be found in our previous wofld]. We only note that,

E:]t 6“:.30?' As foII_ovv_s fr_om Fig. S)l,.tht—:r-].influence |(—)|f other just as in pion photoproduction, the scattering amplitude
theoretical uncertainties is minimal in this region. HOWeVer,. i ¢onstrycted as a solution of the Lippmann-Schwinger
the presence of they, multipole dramatically changes the oqyation using the KMT version of multiple scattering
value ofiTy,. _ theory. At present our calculations have been carried out in
Note that a similar situation also occursf photopro-  pwA without coupling to the pion channel because our
duction on the nucleon. Again, if we neglect the small con-glementary pion photoproduction amplitude is not well ap-
tribution from the f, amplitude we obtain for the target propriate for the photon energieg,>500 MeV where
Y

asymmetry on the proton higher nucleon resonances become important. From the other
_ hand as it was estimated in R¢#l0] contributions coming
T= V2T yy(nucleon from the pion channel are much smaller than eta rescattering
terms.
Im[f7(f,—f . . . .
~—sing,, mifi(f2—fs)] . (39 In Fig. 11, we show the differential cross section for co-
[f1)2+ 2sir?0,.(| 5%+ |f5|?) herent# photoproduction on the deuteronB}=675 MeV

(48 MeV above thresho)dThe reaction is completely domi-

nated by the resonance contribution, the nonresonant Born

terms and vector meson contributions are negligible. Fhe
We complete our analysis with an investigation of coher-rescattering contribution in the final state is also small in this

ent » photoproduction on the deuteron. The formalism forenergy region.

this process can be developed in a straightforward way by Figure 12 presents the energy dependence of the differen-

the same coupled channels method which has been appliedtial cross section a#=90°. Old experimental dat88] are

pion photoproduction. In momentum space the nuclear phan dramatic disagreement with numerous theoretical predic-

toproduction amplitude can be written as tions [39—41. This is related to the small isoscalay, ()

V. n PHOTOPRODUCTION
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FIG. 11. Differential cross section for coherepiphotoproduc- FIG. 12. Energy dependence of the differential cross section at

tion on the deuteron at 675 MeV photon lab energy. The dottedixed anglesd,=90° for thed(y, 7)d reaction calculated with dif-
curves show the individual contributions for the resonance excitaferent ratiosR=E{Q/E{?) =0.22, 0.5, and 0.7, where the first value
tion and the nonresonant background from vector mesons and Bofig the prediction of the Bennhold Tanabe mof#4]. The dashed
terms in PWIA. The dashed and full lines give the full calculationsand solid curves are the PWIA and DWIA calculations, respec-
in PWIA and DWIA, respectively. tively. Experimental data are from Ref&2] (0) and[38] (®).

litudeE© with R=E©/E® — b . rescattering are not important. We found a strong sensitivity
amplitudeE with R=Ep/Eq:=0.22. As can be seenin 4 yhe geyterorD-state component in the tensor analyzing

Fig. 12, only an unrealistically large isoscalar amplitude Ofpowers. The vector analyzing poweT(,) or target polar-

©O)/eP) — i i M e
Eo+/Eqy =0.7 can explain the data. This puzzle was a subj,ati0n shows an enhanced sensitivity to the resomnt

ject of investigations by many authors over the past twentyy,,inole. This very important quantity may give insight into
years. Recently, a new experiment at Mainz by Kruschgne medium modification of baryons in the presence of other
et al.[42] has obtained an upper limit for coherepphoto-  ;cjeons. A study of this amplitude is possible by looking at
production which is in agreement with our calculations usinggitterent nuclei. In a previous paper Okle it was found that
a realistic ratio ofR~0.2. This is also confirmed by a pre- his multipole can be rather easily observed with a polarized
liminary analysis of an experiment at Bofh3]. photon beam.
Up to now there are only few good data available for this
rather elementary reaction and polarization observables are
VI. CONCLUSION missing in the low energy and region. With the new ac-
, , celerators at Mainz, Bonn, Saskatoon and, very soon,
In this paper we have presented a calculation for cohereltep AF and the development of very powerful spectrometers

pion and eta photopr.oducnop from the Qeyteron using alng detectors we hope that soon precise data will become
approach that is consistent with the description of pion elasé\vailable, thus improving our knowledge of the production

tic scatteringpaper ) [17]. The deuteron wave function used o jnteraction of mesons with very light nuclei.
in our computation is obtained from the Paris potential. The

final state interaction of the emitted mesons is treated in mul-
tiple scattering as described in paper I. All calculations are

performed in momentum space treating dependence of the ACKNOWLEDGMENTS
elementary amplitude from mesons and nucleon momenta
exactly. We would like to thank Henk Blok, Bernd Krusche, and

Our calculations agree well with existing data of differen- Michael Fuchs for a fruitful discussion on threshold photo-
tial cross sections and can also reproduce previous calcul®roduction. This work was supported by the Deutsche Fors-
tions found in the literature. In the case #f photoproduc- chungsgemeinschafSFB 203, the U.S. DOE Grant No.
tion in the threshold region we have found significantDE-FG02-95-ER40907, and the Heisenberg-Landau pro-
sensitivity of the differential cross section to tB§;) isospin ~ 9ram.
amplitude of the nucleon that should allow a determination
of the Eq, (w°n) amplitude[44]. For coherenty photopro-
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with our results obtained using a realistic ratio of APPENDIX
EQ/EF) =0.22. In this appendix we give PWIA expressions for tReb-
We have applied our approach to polarization observableson amplitudes4, ... ,£ with the deuterorS andD states

that can be measured with the new electron scattering faciliaken into account. They are expressed with nuclear matrix
ties where polarized targets and beams are becoming avaidlementsM g, Q) defined in Ref[17]

able. A number of simple relationships between polarization

observables and the basic production amplitude was derived ©) ©)

for the kinematical regions where nuclear structure and pion Mood Q) =2 V3/47[Ryp (Q) +RZ(Q)], (A1)
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2

ZREQ| (A2)

MozA Q) =4 V3/4a| REZ/(Q) -
[ 1
Mioi(Q) =2 6ldm Ré%kQ)—ERE%RQ)}, (A3)

. (A4)

- 1
M124(Q)=—2 V6/4m| R(Z(Q) +ER(222)(Q)

For the magnetic part of thd, ..., amplitudes in the

PWIA approach we obtain

AM: \/477/6f2$in0: MOOdQ)
! (1+3 )M Q) |W, (A5)
- cos s
4\/5 02 A
Bu=3V4ml6[ f;Mg(Q)+ 3 f,siNg* sin20 M g4 Q) JW,,
(AB)
CM: - g\/4ﬁl3f25in0;(l_cos)Mozz(Q)WA, (A?)

Dy=— $\Anl6[f Mg(Q)— 2 f,5iN6%SIN20M g1 Q) ]W,,
(A8)

En= ATI6f ,SiN6* | Mood Q)

Wy, (A9)

+ %(1+3c0529)M022(Q)

22

For the electric part we obtain

Ag=— 3V47I3sing%| (f3+f,co89%)M4(Q)

W,, (A10)

3
- EfQCO@ M1,4(Q)

1
Be=De=—5\/4ml6

(f1+f,siP6%)Mg(Q)

W, . (A11)

3
= fosingsinOM 1,4(Q)

3

In the PWIA approach the electric amplitude=0 which
contributes only in the presence of pion rescattering. In Egs.
(A5—A11) we used the notation

1
Ms(Q)=M10(Q)—~ ﬁMRl(Q)- (A12)
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