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1.. Introduction 

Recently, much .attention haa been paid to the threshold 

region of neutra1 pion photoproduction( E~8~ 136,-200 MeV) 

offnuclei. New experimental data /1,2/ make it possible to 

establish the mechanisms Df thia reaction /3,4/~on the othe~ 

hand, it becomes possible to determine more preeisely the 

3(0 -photoproduction amplitude on a nucleo~. 

At present, the traditional dispersion methoq seems not 

to be the only way to describe tbe threshold region of the 

~-photoproduction process. The effective chiral Lagrangian 

method, which ia being developed. now rather intenaively, gives 

a posaibility of determining the invariant photoproduction amp

litude on a aingle nucleon using the partially-conserved axial 

current (PCAC) hypothesis as we1l. The differential crOBB-sec

tion of tbeat°-photoproduction off nuelei is very sensitive to 

the choice Df the elementary amplitude /2/. Tberefore, comparing 

the calculated croaB-section witb the experimental data, one I!l 

can diacriminate between variouB veraiona Df tbe amplitude. 

However, ror a au~srul aolvãng of thia problem one 

needs a reliable method for tbe déscription of the pion-nuclear 

interaction in the'final atate. Tbe role Df thia interaetion 

has been analysed in ref../5/ in tbe framework of DWIA in the 

coordinate space in the threehold regionf where tbe interaction 

Df the outgoing pion with nuelei is ahown to be the resson 

for a 50-100% iricrease of the total crosa section of the 

12 C(y ,:n:O) reaction.. The results of ref.15/ are in good 

agreement with tbe experimental data; bowever, tne 50-100% 

effect of the final state interaction can hardly be understood 
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proceeding from the present concept of the pion-nuclear inter

action. For example, one cannot correlate the result of ref./5/ 

with the well-known fact that the pion-nuclear interaction in 

the final state decreases the total cross-section at E >r 
200 MeV	 /6,1/. 

A co"nsistent use Df DWIA for the coherent .XO-pbotopro

duction	 in the resonance region gives a good description Df the 

experimental data /1-9/. 

The present calculations are aimed mainly at estimating 

the role Df the strong pion-nuclear interacti~n in the (r,jlO ) 

processes. We use the DWIA in the momentum space representation 

which allows us to avoid some approximations used in ref./5/ 

and to take into account,the photop~oduction am~litude terms 

9['0depending nonlinearly on momentum and nucleon Fermi

-motion. We use n unitarised version Df the BL-amplitude /10/ 

.8S in ref ./5/. 

The elementary amplitude and PWIA approach are discussed 

in Sections 2 and 3,respectively. The fourth section is devo

ted to the DWIA calculations in the momentum space. The la~t 

section contains the results of the calculations on 4He , 12C 
~nd 40Ca• 

11. ~O-photoproduction amplitude on a free nucleon 

The only component Df the full elementary :;co -photopro

duction amplitude, which is to be used in the coherent neutral 

pion phot"oproduction off the nuclei with spin JZt = 0+ nnd 

isospin i= O , is the spin-independent one. According to 

BlomqviBt and Laget /10/, tbis component can be represented 

as 15/.J. (.E'- -À)=~ (-l:(>')+1:(.>.)+1:(.).))
"r 31:) q"J< 4:7tW ~ A w' (1 ) 
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where 

(.1) ~ [1 '1 ][.... f Jt (2- )J[-'" -'" J 
-te =4rnc.rJrJU~) S(p!- t:)+E~(P~-E~) t~-2rn. F}+9. Kx€,}., 

(2a) 

t(.lb ~ G~ G (q,-_E:rr p- .)r(R- f\1-ln ~p.),. €]3
 
Â 9 W2_M~i-iMr M Q li rn, 'I. ~,
 

•	 (2b) 

t.{À)- 1.	 8w'l ~lf:n:w (q-"K) [k x €) J. 
w- m:n: (9.- ~)2_ m;.,	 (2c) 

- Here	 -E:,À is the photon polúrization v ec t or ; K=(E o' -\() 
9,=( E~) q) Pi:: (P~ 1 P\) ; Pi ~ (Pf) Pf ) are 

photon,	 pion, initial and final nucleon four-momenta, respecti 
• -2 2 -t//J
 

vely;	 pa= q+ Pf ; PC::: p~ - K ~ Ea= (PQ t' m ) 

E&=Cpt+m.~)i/l~ W2::p~; 
m ,rn.jt , m and M are t he masses of nucleon, p í on , w 

W-meson and ,1 -isobar, respectively. Their values and cons-


and 6 -isobar width are taken
tants G", G-3 } 9W1, ~(f~e.v 
from ref./5/. 

The complicated d~pendence Df the amplitude (1) ou the 

pion momentum ariseo a certain difficul ty in cons:iderlrg crr-r ec t Ly 

the nonlocality effects Df tQe photoproduction operators within 

the tradi tional DWIA in thc coordinate spac e ( wher e q-t -i~ ) 

Usu~lly,	 thia difficulty ia avoided by linearisation of the amp

litude (1) with the following opproximation: 

r - E - . pO ...... m E • pO ..... mE'I:.Q - t,." m.., a - 1" 'j[) C.... ,- r) 

l.,,{~rrf+m;+2rtlE:rr; q;K~E3l'Elf •	 O) 

Using tbis approximation and neglecting terms Df tbe 
2

(m~/~)	 order the autbors o~ ref./5/ derived the following exprea

aion for	 tbe sing1.e-nucleon àmplitude: 
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.L. ./ m.. (..L./ ...LI .L I - - 
~!Jr~=~ LB +TA ~ ~~) q,.. [K xE~] (4 ) 

wheI'e 

t~ ~ ~t (jLp-,r..) ( t - iJ ' 
(5a) 

. L I _ A. G c. [2 .2. 2 2. J-i 
. "l.:A - 9 -t lT3 rn+ m:n: +. mE~-~M· -hMr ) 

(5b],
 
t I - ..., r 2 .2 2 .] -"1 
w-	tnx ~(A)1~lJrw Ynj:-m.w - Ej[E~ (5c) 

AccoI'ding to /11/, the approximationa(J) are reliable in 

the tbI'esbold region foI' tb~ charged pion photoproducti?n. 

The dominant contI'ibution in the case Df eharged pion photopro

õuction ia that Df' tbe "s eagull" diagram that eorresponds to the 

.s -wave ED+ mul t í.po.la , lIowever,. thia diagram does no"t 

contribute to tbe neutral pion pbotoproduetion and that ia 

why the approximations (3) saem tobe ineorrect in that case. 

The absence nf' the "seagu1.1." diagram in the ( O, nO j., 

-reaetiOLl can be the reaBon foI' ano enhaneement of the nucleon 

FeI'mi-rootion ef'f' €ct. ~e analysis Df this effeet in the coherent 

Jr~ -photoproduction ia easier becauae of the identity of the 

initial and f'lnal nuclear statea. Indeed, one ean repreaent the 

lOomen"t.a of' nuc~enna .in Duelei as f'ollowa: 

-	 ;< A-1 ... - -'" -df Pt'=-- - - (K-q )+V= D. +vA	 2A .-11 , 
(6a) 

ô	 q+A-'1 C- - - -IH
If=~A 2A k-q)fV=Pl- f'V; 

(6b)
 

It can be ahown /}2,1J/ that after averaging over the
 

momentum distribution of nucleona in nuelei, the eontribution
-bf the linear over V terma equala zero. Tbe quadratic 

ove:r v terms are of the (rnJ[ Im) 2 ~ D.O 2. arder; there

. tora, one C8n negleet theae terma by putting v= O in 
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exp.(G) (factorizatian 8pproximation). Simplif'ying tbe calcula

t1bn8, tbis approximation allows ~ne to coordinate the pion

~nucleon kinematics with the·pion-nuclear one. The last is quite 

impbrtant in tbe threshold region /14/. 

111.	 Plane wave part of the jrD_photoproduction amDlitude
 

off the nuclei.
 

When the final pion-nuclear interaction is Dot taken into 

Bcbount one can represent the coherent- ~O-photoproduction 

amplitude as fo+lowa /15/: 

. A· i(K-q,)f
 
~ (~,iZJ.)=V{(q)K)<ol 'i.e . Jfjt)\(Ejt;q)(.).)lo) , (7 )
 

~ . J.::'1 ~ . 

. whe~e the kinematic faator ia 

E (K)' E (q.)J~{2 W	 (8 )~ 1(- A A _ 
A(q,)- [ t(I<).t(q..) m ) 

EA(l<.)=(~T ~2){/2. ; tA (q.)=(mA2. +q.2.)1!2. are nuclear
 

energies in the initial and final states, respectivclYi ~A
 

ia 'the nuclear maas in the ground state; t (K) = K1" EA
 

and {Cq}::: EJr(q.) + EA ('1.-) are total encrgies of phaton
-nuclea~ and pion-nuclear systems. 

Neglecting the effect of nucleon motion in nuelei or 

taking it into account by nfactorization approximation", one 

obtains the single-nucleon amplitude aa follows: 

r ( -.. -\) _ ~ r ( '- -.. illj1
J""Xf	 Ej(;q"kA -12: ja Ejr,Cf,)K) S~n.8J[e Jr 

(9 ) 

Thenit ia possible to represent the nuclea~ amplitude in the 

following form: 
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v (- -.À)-AWC ) r ( - -) . f1 afJ[ . . . j[t q.,k' -.J2 A ~)I<. to E~;q..K ~iI\. ~Q. ~ (Q.) } 
(10) 

where 8;tr and 'f.:rc' are the polar and azimuthal angles of an- --.outgoing	 pion; Q-: J( - q. ia the transferred rnomentum. 

The nuclear forrnfactor F (Q)o i8 a Fourier trana
form of the nuclear density p (r) :normalized to 1.
 
Here t  is the nucleon coordinate in the nuclear c.m. 

frame. Thia formfactor ia expressed ~n terms of the exper~ental, 

cparge formfactor as follows: 

F~p(G)=~(G.)'J~h.(Q) , 

(11a)
 
where Jp

ch (Q) ia the proton charge formfactor. In the
 

ahell IDodel calculations~ the appropriate buclear density ia
 

obtained as a :f.'unction o:f di:f:ferent coordinate r' . The
 ,
transition to thé nuclear c.rn. Xrame -r-i'r leads to the 
following correcUon in F (Q)o 
r:o(Q) =F(G) ' Fc1nJQ) J Fc.tn.(Q)=exp{ R:l.Q2./ 6A)
 

(11b)
 
Por deterrnination Df F(Q) , we use here the phenomeno

logical fit Df nuclear elect~omagnetic formfactora by taking 

the symmetrized Ferroi density /16,17/, which permita one to 

produce a unified description of the charge formfactors in a 

wide region Df transferred rnomenta for light and heavy nuclei. 

In terms of this model 

F(Q)= _3Jtt [Cos (Qc) -j[ gSi.1l CGc) cth.(JttQ)/c] 
Qc2. Sh.(Jt:~Q.)[1 +j[2g2/ C2. J 

(12 ) 

The numerical values Df g ) C and R for the 

12C and 40Ca, which have been determined in /17/ from the 

6 

e1astic electron scattering with the help OI' expressions (11) 

snd (12), are reproduced in Table 1. 

~aking into account (10), one easily gats the following 

expression' for the differentia1 coherent (1(,jtO) cross

-section in the· PWLt\. (in the jc A -center DI masa :frame ): 

Za.b __ li, 1 2. J - -. I . ! 2 2ela Ü'WIA)-'Zk A WA(Q,~K) fo(Ej6q,~K) Sin BjrF" (Q)~.m.(Q.). 
.	 (13) 

To complete the diacussion of the PWIA-approscb, it is 

necesaary to say that we have repToduced the resulta of /5/ 

by using the linearizea BL-amp1itude' (4 1J5) when Ft.m.(G.)= 1. 

Ir ~.l'lI.cQ.) 1: '1 , one ootains a 10%-increaae of the cross

-section. 

Table 1.	 Symmetrized Fermi-uensity parameters for 

4He, 12C and 40Ca(in fm) 

b c R 

4He 0.406 1.231 . 1.806 

12C 0.478 2.220 2.462 

40Ca 0.537 3.573 3.287 

IV. DWIA	 in the momentum s~ace 

As it has béen mentioned in the 1ntroduction, the moat 

complete' and consiatent way to allow ~or the etrong ~A 

interaction in the final atate ia to use the DWIA in the momen

tum space~ 8S it ha8 been done in /15,18/. In this case, one can 

use the full BL-amp1itude (1,2) without the approximation8 (3). 

In tbe preeent paper we use the DWIA in the momentum 

space /15/, according to wbich the amplitude Df the coherent 

~D -meson photoproduction o:ff Duclei ia 

7 



.~/ii,KÀY.="'I{ c'i,KÀ)- Q z( d.lj,/ . Fn(Ci,q:)~I'(ii:K~)
 
t (23r) J~ (tC) (, (q,) - t(q,') +1.'0 .,
 

(14 ) 

where tn (q,'):= Ej[ci) EA('1,') I t.(q,') 
ia the reduced :1tA .-aystem mass, .~~ <et,K ~) ia the plane 

wave par-t Df' the ampJ.i tude .whãch has been discusaed in IIL 

The strong ~A interaction'in the final atate ia ~ ~ 

introduced by the aecond term Df' (14). The coefficient 

u=(A-J1) I A removes double counting Df pion réscattering 

on one and tbe saIDe nucJ.eon becaus8 auch effecta are already 

included in ~õ • Tbis coef'f'icient appears naturally in tbe 

MuItiple Scattering TheDry XYT /19/ in which the JC A 
interaction ia described with the help Df 

f~(Ci.)q) =a FJrJt(~~q:) 

which·aatisf'ies the foJ.J.owing integral equation: 
J-" t..., .... ) ' " - , ~~, _ -~/. 1. aq UorHct.q

11 

F,n(q;,q,)
Sm(q"q:)-Uort(q"q; )-(2Jr)1Jtt1eq:" - I , - _.. .' 

(15 ) 

The detaila of the optical potential construction are discussed 

in /20,21/. Let us only mention that tbere are two term~ in 

~~
 

- Uor~ C0.,q;)::: U-i Cq.,q,') +U~ C<i,q:)
 
(16 )
 

The firat V1 ci,q,') . in tbe first-order optical
term 

potential constructed with the help of the free t-matrix Df
 

JeN -s'cattering
 

.ueq,',q,)=- (A--1)/1n(q,'}tneq,)(~l.-t:(~o)(~> ~cq,-q,') /2 j( ) 

(17)
 

where ctiCCCf ) is the initial (final) pion momentum in
 

the:teN c s m, system; 2.0 ia tbe reaction energy; F (Q.)
o
ia the nuclear forrnfactor. 

8 

...
 

The second term in (16) is introduced phenomenologically 

and ia intended to imitate the true pion absorption and the 

Becond order optical potential effecta. According to /20,21/, 

one haa 

11\ uCq,' ii)=(A_1)lJtn(a:)tn(q,)(~ -c n"li) gJ[N(q,')~Jt~(a.,) G(<t-~) 
'-) • rf\.jt D. o." ~~N(a..O) O , 

where G (0.)= 4:rr J~ CQr} .r2 (t" ) r d f' / D. 
(18) 

O 2 
i8 the Fourier tranaform of the aquared density jJ (r) of 

thc nucleon distribution in a nucleus ia thcq,o 
8symptotic (on ahell) value of pion momentUID and ~~w(~) ia 

the pion-nucleon forrnfactor wbich controla the off-ahell beha

viour Df the amplitude. We use the following expression for 

~J[~ (q,) 

CJPJ (C(,) = ('1 +o<.q.2)_2'} ol.=O.224 Jm.2 
) 

(19) 

whicb .followa f'r-om the separable :J(N -interaction model /22/. 

Complex values &0, Co are taken f~om the pion elastic 

Bcattering data /20/. In the thresbold region they are compa~able 

with meeoatomic resulta /23/. The prameters Bo and Co 
are universal for nuclei wi th A= 4~ ~ O • Their energy depen

dence ia shown in Fig.1. 

It ia convenient to perform a partial wave decomposition 

oi the pion photoproduction amplitude F~r' • The full analyais 

oi tbis expansion ia given in /15/. As far as the spin-zero 

nbclear atatea are concerned,. one obtains 

F;It{(q" V-) = f. YU .. (.Qq) r~l (C\., KÀ) . 
(20) 

Juat the same expansion ia to be'used for the plane waVe 

«} 
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Fig. 1. Energy dependence af 1~ =2~ L IYt.Ja'i)1~~(q,KÀ)I!:the p~ameters B o and Co in 

L'>' .
lf~ (see exp.(18) extracted !ram (23a)
 
the elastio Boattering data /20/. fi \"' I g:- l. ( ~) I!
 
Bo ia given in[m;,'f]and Co in b z: .2 K ~ ':l"~ Cl"K
 

L.Ã	 . (23b)[ m1; -"] 
In calculations one also needs the off-shell values of,} the elementary amplitude t JL l' in the region where, 

(' (nl)=J~2~q:2 i=.E O=: Fm 2 + f3 2
Jt "V ~ Jr ~ ~vO 

(24 ) 

We use the following pa r-ame t rd ze trí.on ; 

f .( E~ ;q: ,K1) ~ f .(E O•ri I K~) ~:rr~ (q;)
jq	 ora :1t , -Ir ) a ) 

<1JI:N (q.) 
(25 ) 

taken in a form analoeoue to that of the off-shell elastic 
o	 10 20 30 40 50 60 70 T'Il(MeVI
 

pion scattering amplitude /13/.
 

amplitude VJtr(q,K » (the corresponding partial amplitude v. Resulta und discussion 
ia	 V:lr~ ( q" K À ) ). The partial amplitudes J='Jt~(q,)K)..)
 

Let us begin w1th the investigation of the approximations
satisfy the following equation: 

(3). For this purposc, we consider the BL-amplitude in following 
versions: 

1'1. 1 IJ:"l ( ')v. L (fl' K~)a Iq, clq, ~Jl:Jt\.q"q.: ~t vv, 
A - reduced BL-amplitude /5/ obtained with the help~~(q..K.À)= y'~(q"KÀ) - i fUCe{) t(q)-é(q.') +Lo '(21) 

of approximations (3) (éee exp.(4) a~d (5». 

where g:x~ (q" q,' ) is the partial elastic pion scattering B - full BL-amplitude (1-2) when Pi =O and P-t == K- q: 
I trl ' -" -~ff ~ - eff

amp1itua~. The on-shell behaviour of Jj-1[(q..",q,) is determined	 C - full BL-amplitude (1-2) when p,= Pi ~ P5-"= p; 1 

-'eH -eff 
by the pbase shift bL (q)	 where Pi and Pr are determined in (6). 

1 AlI the versions are cons í der-ed when ~::1rN (q)=: '1 • 
. I I .r I t: I

~~ (q"q,) ~ 2ia, (exp(2i Ol) - ") .	 In Table 2 the components 1:B ) 1: 6 ,and c...) (see 

(22)	 (9 » are calculated in (A-C) versions when E~ArI= 16 OMeV and 

The differential and total cross-sections can be expressed	 8x :: bD° for the -12. C (Õ) :n: O ) reac t í.on ; One c an see 

in terms of SF~Lo with the help Df 

10 
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Table 2. Numerical values for different components 
1JI& 

ampli tude (in fm3 ) ; Ey = 160 MeV. eJ1" = 60 

t' I< 10} Re t~ Im,t~ 
B 

Df the BL
0 

• 

ti 
tu 

A 0.661 -0.249 -0.110 -0.112 

B 4.98 -0.252 -0.113 -0.114 .( 

C 5.92 -0.277 -0.123 -0.114 

that the main differences Df all the versions are toose of the 

Born t ~ and isobar t ~ ,terms. The relation between 

the PWIA total cross-s~ctiona ~ calculated in /5/ and 

in (A-C) versions are as follows: 

~offi ~ b A: S~: b C == 1: 1.13: 1.2 f>: j. 32 , (26) 

where the	 difference between b'BoHi and tõA ia 

caused by	 neglecting in /5/ the center-of-mass factor Fc.~.t~) 
(see(13». From .axpreae Lon (26) it ia clear that our PWIA result 

in C-version ia 30% larger than that of Boffi /5/ and more than 

a half Df	 this increase ia explained by using the full BL-ampli

tude. 

The energy dependence Df the, cross-section of the coherent 

-11 C(O )'JrO) -reaction ia described in Table 3, w1Íere both t he 

P\VIA and	 DWIA results (in the case ~:JtN =1 ) are p res ent ed , 

The strong TI A-interaction in the final state does not chànge 

the relationship (26) drastically. But our DWIA reault in A 

version.differs from the result Df /5/. For example~ 

l'I '"" ELA!» ' ,6 ,W,(])WI A) / 6'A(DWTt,) -." 0.80 at If :: 180 MeV. It ie toao

be emphasized that the effect of pion wave distortion in our
 

calculàtions is Df 25% (compare witb 70% effect in ref./5/).
 

It is convenient to introduce a factor of distortion
 

?== 6CDWIA)/6(PWIA) (27)
 

12 

Table 3.	 Energy dependence Df tbe croBB-section (in ~b 

of the 12C (t, Jr0
') coberent phot oproduc t ion calcula

ted with different versionB of th& BL-amplitude /10/_ 

~]fJJ (~) ';: 1. 

Eu.! A 
'( 

PWIA	 DWIA(MeV) 

136 0.079 0.100 

137 0.998 1.275 

138 2.434 3.134 

139 4.231 5.488 

',140 6.320 8.250 

142 11.21 14.83 

145 19.98 26.83 

150 31.43 50.47 

155 57.48 ·77.06 

160 79.42 105.6 

165 102.8 134.8 

170 127.2 163.6 

175 152;5 191.7 

180 178.5 219.1 

185 205.1 245.6 

190 232.4 270.0 

, 
). 

B 

PV{IA 

0.086 

1.088 

2.655 

4.620 

6.907 

12.28 

21.93 

41.26 

63.63 

88.28 

114.7 

14~.5 

171.6 

201.6 

232.7 

264.7 

C 

DWIA PWIA DWIA 

0.110 0.091 0.116 

1.402 1.156 1.482 

3.449 2.819 3.643 

6.044 4.903 6.)8~ 

9.093 7.325 9.597 

16.38 13.00 17.26 

29.71 23.19 31.27 

56.13 '43.52 58.95 

86.09 66.98 90.26 

118.6 92.75 124.1 

152.1 120.3 158.9 

185.3 149.3 193.5 

218.0 178.5 227.5 

249.7 210.7 260.8 

280.4 242.8 293.1 

308.3 276.0 323.0 

for furtber analysis o~ the pion-nuclear interaction in the 

final state. 

Tbe energy dependence of tbis factor in version C for 

pboton energy E~6=13b-290 MeV,ia .,plotted in Fig.2 (dashed curve). 

The resulta of other authora for tbis factor are depicted in , 

13 
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Table 4.' Energy dependence of tbe cross-section (in ~b 
----~ ..-...._ Fig. 2. Energy dependence of Df the JTo 

_ cuherent photoproduction, calculated 
12C the distortion factor ~ = 

1.8 in version C with f'rom eq.(19).
::t ~ (DwIA)/5(pWIA). Solid "(da ~'1W (1).. ......
 
shed) line is the resui~s
 

of this calculation with (with

1.6 

tI. Et.A& . 4He . 12C 40Ca out) the off-shell fonm-factor 
~---~ <,
 

~.1i# (tt) • Dots, triang].es and
3 1.2 '~x,:>, (M:V) 1'« IA nInA PWIA nWIA PWIA DWIAI
crosses are from papers /5,lC~",~ 
6,7/ respectiv~ly. 136 '0~091 0~111 2.448 3.05~lO 1.01 ....... (t
:::: - " I~ ~ QS k'" ' I 

137 1.156 1.421 8.129 10.26
 
o
 

x,
"',lC, 

138 0.068 0.078 2.819 3..494 15.47 19.67v~',10 1).6 
v <, , 

139 0.299 0.347 4.093 6el18 23.97 30.60 
OI. 

140 0.625 0.729 7..325 9.196 33.36 43.12 
02 142, 1.497 1.756 13.00 16.53 54.08 68.14 

145 3.258 3.872 23.:1,9 29.88 88.36 108.5 
140 160 180 200 220 240 

150 7.235 8.723 43.52 56.15 149.9 171.3 

155 12.41 15.17 66.98 85.69 213.8 231.5 

160 18.74 23.23 92.75 117.4 278.8 305.2 

Fig.' as well. It is obvioua that .the results of /5/ are hardly 165 26.24 32.89 120.3 149.7 344.6 386.2 

?~1 Clt EtB>2DOMc!V. 
in agreement with the fact that 170 34.93 44.08 . 149.3 181..6 411.6 470.9 

The Bolid curve corresponds to tbe version C results 175 44.85 56.78 179.5 212 ..7 480.4 555.3 

wi tb ~3t1O (q,.) satisfying expression (19). One can aee tbat 180 56.05 70.85 210.7 242.7 551.5 635.0 

the inclusion Df the off-shcll effects decreases the factor Df 185 68.60 .86.26 242.8 271.6 625.4 708.6 

• The corre3ponding valueB Df cross-sections 190 82.58 102.5 276.0 297..7 702.6 767.9distortion ?
 
and the resulta Df their compari8~n with the experimentai data
 

are given in Table 4 and Fig.J,4 respectively. The results Df
 give i.n Pig.4 the PWIA-results of ref./2/*) with two different 
calculations for 4He and 40Ca, which are under experimental versions Df the e1ementary amplitude. The third rea80n iethe 

invcstigation, are in Table 4 as well. absence Df a re1evant eva1uation'of noncoherent process contri-
It secms to be premature to do some speci!ic conc1usion 

wbile comparing the theoretical results with the experinlental 
*)Unfortunately,the erl.'OneOU8 resulta have been ehown in ref. 

data. On the one hand there is a discrepancy between the data 
/2/. In Fig.4. we used tbe correct resulta which have been given 

Df different groups.'On the otber band,thcre is uncertainty 
to UB by the authors .of ref./2/.
 

in choosing the elemental~ amplitude. To i1lustrate ~his.we
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Fig. 3. Total eross seetions Fig. 4. Total eroBs-section for 300 sr 900 

. 1200 Sem. 
for the11C((,1ío) reaetion. the l1C (Ó,$ p) reaction. Dashed 
Solid and dashed lines are and aolid lines present the PWIA 

40
CO
 

the result~ of this ealcula and DWIA results Df this papar,
 
tion in the DWIA and l?WIA reapeotively, with C-varsion of r:fJ
 
wi th §1iN ('JJ accor-dãrrg to eq. the BL-amplitude and oft-ahell
 
(19); dash-dotted and dotted form:faetor CJ:!iN • Dotted lines 1
 
linel3 are the DWIA. and PWIA and 2 are the PWIA-reaul t of
 

í:10'
 
resulta Df ref./5/. The expe ret~/2/ with the amplitudes trom
 .!!!.
 
rimental data are from ref./1/ ref./25/ and /26/. Exper~ental 

.1)
 

E 160Mt:V 
} and ref./24/ 2 data trom ref. /1 / I and ref. /2/ f	 .......10°1
 

c:f	 

.:!2 
\OPig. 5. Differential oross-seobutions to the ilCO-pbotoproduction which are included in the U
 

tions for the neutral pion pho
 10 ' experimental data. toproduotion off q. - 'fHe , b _fJ,C
 
Let us 'compare the DWIA- and PWIA-differential crOBB-sec and C. - '1°Cct,. in O version of
 

the BL amplitude /10/ and with
tions in Fig.S. Two í'acts are to be pointed,out. The first i6	 10° -OWIA
the ott-shell formf'aotor '1iV • ---PWIA
 

,a strong sensitivity of the cross-sectíon Ln the region of' the
 Solid liDes are the DWll oalou

second maximum to the pion wave dietortion. Th~ second i8 the lations. dashed lines are the
 

I
 
PWIA oaloUlations.
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impossibility to descl;'ibe tbe DWIA-differential cross-section 
wben tbe photon

by ~ntroducing tbe factar af distDrt~on ? 
energy increases. Vfuen the pboton energies are sma11, tbe main 

contribution is that Df the p -wave partia1 amplitude. In this 

case	 one may approximate~write 

etG'I cÍG' ( \
~DWIA}~? otn PWIA J 

(28) 

VI.	 Summa~ 

The results Df the present ca1cu1atiDns make it possib1e to 

estimnte tbe distorteà pion W8'Ve effect as to be less than 25% 

in tbe tbreahold region of neutra1 pion photoproduction.It ia 

in contradiction with the results of ref./5/.
 

We have achieved good agreement with tbe experimental
 

data /1/ by uaing the ful1 e1ementary amplitude inc1uding the 

pion-mOIDentum nonlinear terms snd tbe terms depending on nuc1eon 

momenta. The transferred momentumia not aIDal1 Q. -rnJt: ; 
tbereforerone cannot neg1ect the centar-of-mass motion ractor 

~.rn.(Q)= exp (Q.2. ~t I b A ) while uaing tbe shall mode1 wave 

function for the nuclear ground atate. AlI tbeee effects give a 
0 

301o-increase of the PWIA cro88-section Df the 12.C (O J :JL ) -reac

tion snd open an opportunity to deecribe tbe experimental data 

when diatorted wave effects are 8mall. 

Since the diatorted wave effects in the threebold region 

are oma11 inveetigation of the elementary amplitude with the 
tthe 

help of the nuclear data is simplified. The rcliable acheme for 

tbia ana1ysis isOto use the PWLA and to take into account tbe 

pion-nuc1ear interact'i.on in tbe final state by introducing the 

factor of distortion (see exp.(28». 

18 

It is necessary to keep in mind tbe fact that reliabi1ity of 

such	 an approximation depends on photon energy and a concreate 

nuc1eus. For examp1e, it is not CDrrect for the ~o_ pbotopro

duction of 12c with oE~A&~170Mcz.V (aea fi.g.5 (b». 

o.	 • 
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their attention to the prob1em and Prof. H.Stroher, B.Schoch °and 

N.De	 Botton for the discussioD of the experimental situation. 

We would like sIso to note the fruitfulneas of tbe remarka 
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QyM6anOB A.A., 3paM~HH P.A., KaManoB C.C. E4-87-162l 
DWIA-noAxog B HMnynbcHoM npeAcTaBneHHH AnH 
(y, "0) -peaKUHH Bosne nopora . 

PaCCQHT8HbI AH!PlllepeH~HanbHble CeqeHHH H norrasre CeqeHIHI 
rrpo~ecca KOrepeHTHoro ~OTopo~AeHHH HeÜTpanbH~X rrHOHOB Ha 
Hgpax 4He, 12C H 40Ca C MCnOnb30BaHHeM HMnynbcHoro rrpH6nH
~eHHH H MeToga HCKa~eHHWX BonH B HM~ynbcHoM npegcTaBneHHH. 
IIoICa3aHo, qTO 3<p<peKTbI HCKa)KeHHH nHoHHoH BOnHbI B orcononopo-: 
rOBOH o6naCTH 3HeprHH <pOTOHa ne rrpeBbIDIaIOT 25%. Xopomee 
cornaCHe C 3KcrrepHMeHTOM AOCTHrHYTO 6narOnapH HcnonbSOBa~ 

HHIO normoü 3neMeHTapHoH aMnnHTYAbI, yqHTbIBaIOmeü rcax HenH
Hei:YHble no HMnynbCY nHOHa l..IneHbI, TaIC H xnensr , 3aBHCHIIJ;He OT 
HMnynbca nHoHa. 

Pa60Ta BbmonHeHa B fla6opaTopHH TeOpeTHqeCKOA IllH3HKH 
OHHH. 

Ilpenpaar 06'benHHeHHOrO HHCTHTYTa anepasrx accnenoaaaaã, ,[(y6Ha 1987 

Chumbalov °A.A., Eramzhyan R.A., Kamalov S.S. E4-86-162 
DWIA in the Momentum Space for (.y, "0) Reaction 
near Threshold 

The differential and total cross-sections of neutral 
pion photoproduction off 4He, 12C and 40Ca nuclei are 
calculated in the framework of the DWIA in the momentum 
space. It is shown that the inclusion of pion wave distor
tion gives a less than 25% increase of the total cross 
sections. A good agreement with experimental data is achi
eved by using the full elementary amplitude that includes 
the pion-momentum nonlinear terms and the terms depending 
on nucleon momenta. 

The investigation has been performed at the Laboratory 
of Theoretical Physics, JINR. 
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