


1. Studies of pion photoproduction off nucleons and nuclel
are now an extensive branch of the intermediate energy nuclear
physics.

The initial step involves knowledge of pion photoproduc-
tion on single nucleons, the final step regquires understanding
of the way pions scatter off nuclei. Nuclear transitions between
initial and final states require knowledge of nuclear structu-
re. Each stage is & subject of independent and extensive inves-
tigations. A great deal of information is @ccumulated on each
stage, Wnen combined together they seem to succeed in describ-
ing the pion photoproduction off nuclei,

How the matter is going on in reality is just the subject
of the present report. Recently, the problem of neutrel pion
photoproduction attracts much attention. This is due to new and
precise cxperimental date which become avuilable both for nuc;
leons und nuclei. The date have reised some problems which will
be the main topic of this talk.

2.1, For photen eﬁergies to about 400 MeV only § - and p-
- pionic waves are important, and the dominant multipoles are
the electric @ipole (Bo+) ( § -wave in the I N~ system) end
two (Ii,+ end M,-) magnetic dipoles ( p -vave in the WMN -sys-
tem).

Several versionz of a pion photoproduciion amplitude are

elaborated. Among them the most popular are CGIN{[1] and Bow[2]
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constructed on the dispersive-relations ground. Both the ampli-
tudes describe experimental data for charged pion photoproduc—
tion off free proton well enough.

An elternative way to treat the pion photoproduction amp-
l1itude is besed on its expansion in terms of few relevant diag-
rams. This method developed in Refs.[3,4] proved tc ve effici-
ent especielly when dealing with pion photopreduction off nuc-
led. _

The E0+ miltipole dominates even for 200 lieV photon ener-
gies in charged pion photoproduction. In the case of neutral
pion production the M1 contribution to the totml cross section
ig equal to that of E0+ already at 2 lleV above the threshold.
Neutrdl pion photoproduction is & very delicate problem. Ef-
fects which are Qmall in charged pion photoproduction become
important here.

Schemetically the amplitude for pion photoproduction in
terms of multipoles can be written as

YN - Nx¥ : Born (Eo+; I.';1+) + A(I.Ll-y-),

¥N >N’ ABE(T\‘I1+5+ smell nonresonent amplizules (M.+,Sp+).

2.2, ITn contrast with high energies of incoming photons
where models have to be used for the pion photcproduction amp~
litude, &t the threshold firm gtatements for it can De made.
The Low Energy Theoremns (LET)Y, namely the Kroll - Rulerman oXle
and PCAC give
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Table 1. The alectric dipole (Eqt) photoproduction amp-
litude (in units of 1072/Mmygy) i taresnold

el e ST B sburd TEF Gl %
ypouxt  28.3:0.5[5] 27.6  27.9 29.0  27.7  29.0
e prET =31.940,5[5] ~32.0 -32.1 -33.3 -33.8 -33.1
yp> px®  ~1.8:0.6[5) -2.4  -2.4  -0.13  ~2.7 -0.88

~0.5+0.3 6]

~0.2+0.1 [T] preliminary

The numerical valueg for EO+ multincle are ziven in Tadle 7.

&7}

For charged pions the experimental data agrees well with the
predictions based both on the LET and other versions of the em-
plitude.

The sirong disagreement of the new experimesntal results
with the prediction besed on LET occurs in the case of M pro-
duciicn. From the totel cross-seciion &s well as the angular
gistribution it follows that the ebsolute value of I0t is ve-
ry small and much iower than the 1ET predigticn. At the same
time, the BDW and Lebedev Institute[i1] versions of the empli-
tude give the value cloge to the new experimentel date. This
could indicate the importance of dispersive corrgctions to the
higher order term in the m_“./t\ilN development.

The numericel values of magnetic mumltipoles eitracted
from the same experimentel date on the enguler distridbution
are given in Table 2. The M1+ amplitude at threshold is close

to that given by EL; the Mi- amplitude is somewhat lezs in this
version of the amplitude.



Table 2. The magnetic dipole (iy+ and z-.;1—) #1° produc—
tion amplitudes (in units of 1073 kq/rn; )
gt threshold

Channel Experiment  BL(PV)[34] BDWI[2] BDW+pw2]
fp>px® M+ 8.020.3[6] 7.8 3.5 4.8
M,T =2.041.5 -4.8 =3.3 -1.4
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3:1. Now we start to discuss the problems erising when
proceeding to the reaction on complex nuclei.

DWIA is the method extensively used in c¢slculations of the
(5,3:) reaction cross-sections for complex nuclei. In this
method one neglects any dynamicel modifications of the elemen-
tary operator by the nuclear medium. Full momentum space tech-~
niques are clearly preferred despite the difficulties with the
Coulomb interaction, since the full momentum dependence of the
basic photopion operator cun be included. :

There are several technigues for momentum space calcula-
tions. In our group the method based én the Iippmann - Shwinger
equation is developed. For pion photioproduction amplitude one

obtains the following expression[13]:

> N 4 ....._-.—-..--.-—.
Py Yo, )=V kqw“) A (ZxX’Squ)“{a"q)ﬂqe) ~E(g)ai0 L

The first term is the plere wave part of the amplitude. The pi-

on-nucleus interaction in the final state is given by the second
-

term through pion-nuclear scetiering ampliude FﬁJt (q 4o ) se-

tisfying the integral equation



. A {dd’ +, A 22 (2)
Fan@ )= uofﬁqqc) (aaglﬁ)uope(q,q)w Fenld7d.),

where

F:}(g_(q Clo)“ A};—A‘ FJTI( (E{J Z{G) - ] (3)

The details of the optical potential construction are discussed
in Refs. [14) anda [15].

The optical potential uopt contains the so-called first
order optical potential constructed on the t _metrix of N -
scattering. The second term is added in the optical potential
to simulate the effects of true absorption and the second order

optical potential effects

Uort G4 )= ) +1,(3,37), 4)
U (3,3 )=LA-0) {mig)mlg) <Gy |1 (Eo)) Gy Fold-3) /2, (5)

U, (3,3 = m Q) (6+Coqq)3’%(q)f";‘(q)@ ) mc

9l (440.224¢)7% <)

3.2. The probiem of pion photoproduction contaeins the pion
elastic scettering as an independent ingredient. Now we shall
discuss briefly how the experimentel date on pion gcattering
are described in the framework of our method. The differential
cross gsecticons of positive pion elagtic scatiering ai lqw pion
energies'taken from Ref;[15] are given in Fig. 1. The microsco-
pe first—order optical potential W4 fails to reproduce the
daeta for the differentiml cross-section {deshed line). The
term U, brings the results of ihe calculations very close i¢

the experimental data.



de/dsi(mby/sr)

‘o e
o 3
N X

3P 607 90°  120° 150° Ocm

Fig. 1. Differential cross~gsections for T seettering on

c'2 caloulated with W4 (dashed line) and ( W, + Uy ). The pe-
remeters of 1LZ have been chosen according to Ref.[153 (solid
line) and mccording to mesoatomic data {dash-dotted line). The
experimental deata &s quoted in Ref.[15X,the results of the cal-

culations - from Ref.[15l .



3.3. According to the impulse mpproximation the plane wave
part can be expressed through the elementary (on the mucleon)

‘t.n-! - matrix and nuclear transition density ?(3, F’>
- e A b Y L
in(q,k)%jP(f’,P)(q,P Mg @ RF>dRaF ®

where (W is the resction energy and is equal to the full ener-

gy of the xN system in the c.m. frame for the free nucleon

W= Ek{ae.m.) ¥ EN (ac_m) . (9

Te
FPor the photoproduction off nucleus one needs already to
know the off-shell behaviour of {‘3[3 +» Very often it is given

by the relation

to(w)= tp (® g(fcl Qem)/ fgf: (32), {10)

where 9z &and Qem. &re the pion meomenta in the c.m. frame
which correapond o the toiel energy 2 and () respectively,

and
g8 (@)= ¢/ (4+ 0224 )", ] an)

Using the extrapolation given by (10) we get & new free
paremeter Z(QE) « It i3 not clear yet how this parameter is
coupled to the pion-nuclear energy. There are different pres-

criptions for fixing Z#

2, =Wy= [ (Bt Eg () - (F+p) ]‘lz , (12)
2, = [ mhamie2e G- 285 1", (13)

PRy LY 1[2 (14)
3, =wy=[ (E,@EGF) - 31T



A large effect in the cross section arises due to this am-
biguous situation when tg is strongly energy dependent. This
is a chse for the M+ multipole in ithe rescnance region.

Different possibilities of choosing 2 have been investi-
gated for the pion elestic scattering (Ref..[‘lﬂ ) and for (¥,
) reaction (Ref. [16) ). The best agreement with experimental

data has been achieved when

-2 = 3 (15)

2=2,= LU{_ (Ci ) '
{the so—called half-of-shell extrapolation). To illustrate the
situation in Fig. 2 the differentinl cross-section for 120 is

givon at E}/ = 290 MeV. In this region the A -resonance

term dominates in the amplitude. So no ambiguity arises.

A "Cly,

1
000 |, %, k =290MeV 15 . o, 2. Angular distri-

bution for ihe coherent
126(7,%% reaction at
F4B2290 Mev. DWIA calcula-
1 tions[16:f have been done
with the BD amplitude[20]
and different reaction ener~
£y, experimental data -

1 from Ref.[21] .
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In the relativietic potentisl theory 2 is considered as
eigenvalue of the relativistic Hemiltonian for the free N

gystem. With such & definition of Z we have no need to intro-



duce the formfactor %;ﬁ:l . ?‘urther, in thi:s case one geta the
moat simple relation hetween + =ratrix in an arbitrary frame
with the elementary amplitude in the #*N c.m. fl‘rame (the so-
called half-off-shell connection) [18] :

<?1,§’lﬂw)\E,F>=~2x$@’+§'—‘?'5)‘/;%w?_?;<ﬁ [0, (15)
NY-N

o~

Here, the pion and photon' momentea _C? *and_’.E {in the _,JIN
c.m. frame) are coupled with momenta'q ’ P’ and E- , P by
" the Lorentz transformations.
Due to a strong energy dependence of the muzltipoles in the

A33 -~ region, the correct inclusion of the Permi-motion of
nucleons becomes of great importance. This motion has been
taken into account by the factorization approximation: the nuc-
leoniq momenta in the elementary 'f -matrix ere gubstituted by

their effective values according to

-> M A- -

B K- A4 (g (r6a)
and '

] P4 A

e di At 7 gy (r6m)

The corresponding DWIA method is usually called the "local DWIAM
In general, this approximution works well enough[19] .

4, We have discussed all ingredients of the theory and in
some cases have checked them by compering with experimental da-
ta. Now we will apply the full theory to coherent I° photopro-~
duction.

4.5. In the threshold region the totel ccherent cross-sec-
tion is measured for four nuclei with J; = 0, namely 4He,12(}

400& and 2GBP‘D. Three of them have an equal number of protons



and neutrons., In this case i{he coherent process singles out the

isoscalar spin-independent part from the full zmplitude:

G g ) Fen>= 500 Werr Fen] €

Only magnetic muliipoles contribute to this part of the ampiitude.

The overasll sagreement between theory &nd experiment is
quite good, Fig. 3- Let us now discuss the effects of different
ingredienis of the calculations having 120 ag an examples So-
me regults are given in Table 33

i) final stale interaction increases the cross-section by
about 15% as compared with FWIA. Our present result in PWIA
slightly differs from that given in Ref. [23]due to some modifi-
cation of the amplitude: hexe, the unitarized version of Bos-
ted - legel's amplitude with the momentum dependent width of
the A ~isobar is uged. This enhancement takes place for all
the nuclei up to E,‘ = 200 LeV;

ii) at two energies of incoming photons we have switched
off the WU, term in the optical potentisl and the crass-section
became larger exceeding the experimental one gignificantly.

Phe coherent % photoproduction seems to be a good instru-
ment to get information on & neutral pion interacticns with
nuclei. This information ig important for the theory of pion-
nuecleon scattering as well as for many others, J° production
in heavy ion collisions for exemple.

Yow we shall discuss the contribution of diffsrent dia-
grams fo the coherent process, again hav:.ng zc as en example.
Pixing the energy of jncoming photons (E = 160 MeV)} end the
angle of outgoing pions ( en = 60%), we get the results glven
in Table 4 (for notation see Ref.[23} ) where

fa= (tgp* Tt +t, )4ztw ]
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The version D differs from the version ¢ ’ having rb;é(.ons‘t
and 2{%#4 . We want to note that A ~terms are normelized
+0 the charged picn mass in contrast with Ref.[ZB]where the neu-
tral pion mess was used. .

4.2. The angulser distribution of outgoing pions is more
sensitive to different versions of ingredients of ths tieory.

In the case of 400& the final state inieraction changes

the form of the curve in region of large angles.

Table 3. Comparisen of PWIA and DWIA calculations(in ',ub)
of coherent N -production on 2e. two versi-
ons of the reaction energy are given. The to-
tal croass sections calcuwlated for -uz = 0 arc
given in brackets

Er,I\.’ieV PWIA DWIAZ=W;) -_Dwxg\(a=w£>
138 2.90 3.34 3.80
142 13.4 16.8 18.2
150 45.4 58.8 611
160 38.2 125¢15%) 133(199)
175 194 230(273) 257(358)

Table 4. Numerical velues for different componsnta of

the BL amplitude (in fm3); EzsLMS = 160 MeV,
a,m. o
e, =60
7 2 4 f
twlu * 4'0'5 ‘ Reta Imta {:u)
c 5.92 -0.256 -0.114 -0.119
D . 5.92 ~0.305 ~0.228 ~0.119
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For lighter nuclei (320) the final state interaction does

not ch-ange a shape of the curve in the same energy regiom, in-
creasing only the absolute value. Differeni choice of the reac-
tion energy chaunges the absolute value of the differentisl
cross sections too ; and the effect becomes larger the larger
the energy of inconing photons. - At swmall angles some dis-

agreement takes place (see Fig.4).

30 e

8
= 16 3%
2 Er 8Me

10}

'.7\ 4
ey
£
EN S 16LMev
%
§ 10 i
© {}f i
“hL"!J.!.!i‘t

160Mev

‘:‘-l.l.lulhl
150 Sl"l'l

Fig. 4. Angulsr distribution for the coherent 1‘?G( ¥ L, R0 )

reaction at different photon energies. Dashed-line - the PWIA~
caleulation, the rest - the DWIA one with the following choice
of the reaction energy: 2= W; =~ dash-dotten line, Z = Wg,' -
80lid line. Experimental data ~ from Ref.[?] « Bosted ~ Laget's

emplitude is used.

5. Closing the discussion one can conclude that
- For the neutral pion photepreduciicn atv ithe threshold

the experimental data contradict the LET prediction. In scme
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versions of the mmplitude the dispersive corrsotiong wre token

into account. Their extrapolation to the thnreshold reglon gives
the result close to the recent experimental data. So cle reeds

more dstuiled theorstical examinstion of this region.

- The coherent pion photeproduciion ol¥ qounle maglc nuc-—
lei at the threshold is described well enough. Some ingredients
of the theory have been checked in an independent woy. Having
ro free parameterg theory suceeds to describe quantitatively

both the itotal cross-section end the angular disiribution. 8o
. some self-consistent description of the reaction has been achi-
eved.

- At the threshold, in coherent xo produciion A -term
pleyes sn important role,toc.So one has a possibility of studying
the low-energy A behaviour in muclel.-

- The A resonance region cen also be explained by the

theory having the same ingredients.
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