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1, Studies of pion photoproduction off nucleons anc, nuclei 

are now an extensive branch in the intermediate ener1~ nuclear 

physics, Photo pion nuclear physics col!lbines tv1o of tlte most 

active areas of the intermediate energy nuclear phys.cs research. 

The first one is electromagnetic phenomena and the s'!cond one 

is masonic effects in nuclei. In general, of interest here is the 

use of the electromagnetic interaction to study the :>ionic pro

perties of nuclei. 

The initial pion production sta;e involves knowLedge of 

photoproduction of pions off single nucleons, the fi~al stage 

requires understanding of the way pions scatter off 1uclei, 

while the transition of a nucleus between initial ani final sta

tes is the subject of the electron scattering studie3. Each of 

these three stages is a subject of an independent ani exten-

sive investigation. A great deal of information is a;cunulated 

at each sta~;e and they are v1ell enough understood. rhus, when 

combined to~;ether they should describe the pion phot·>production 

off nuclei. 

How the matter is going on in reality is just the subject 

of the present report, The most developed area in studies of 

the pion photoproduction off nuclei is transitions t) discrete 

states of residual nuclei in the energy range of phctons up to 

350 !leV. For this reason our discussion will be cone entrated 

on this topic. 

2,1. For a long time elementary reac tiona ~ N ~ :Jt N have 

been an active area of research in the particle pny:Jics, In 

l 



the ~3~-resonance region nultipoles have been accurately deter

mined and their analysis in the framework of dispersive rela

tions led to a fair understanding of the basic mechanisms 

rulling this reaction. Energy independent multipole analysis 

of experimental data performed by several Groups leads to com

parable sets of multipoles differing only in details. 

For photon energies from the threshold through about 400 

MeV only s- and p-pionic waves are important and the dominant 

multipoles are the electric dipole ( [ 0+ ) corresponding to 

the a-wave in the Jt N system and tre magnetic dipole ( M-t+ 

corresponding to the p-wave. 

The multipole analyses are consistent with the prediction 

of dispersive relation calculations two of which are very popu

lar, CGLN /1/ and BDW /2/. Both versions describe well enough 

the experimental (~,~+) data on free proton starting from the 

threshold up to 350 !JeV. 

An a.Lternat~ve way to treat tne p~on pnotoproauct~on o!T 

nucleons is to expand the amplitude in terms of few relevant 

diagrams and to use effective Lagrangians to describe the coup

ling of the photon with the pion, the nucleons and the nucleo

nic resonances. This line has been developed in Refs. /3,4/. 

Corresponding amplitude (BL) well enough reproduces the 

c:·oss-sec tion on proton, too, 

The CGLN,BDW and BL amplitudes were a success in reproducing 

the (~ 1 !!r 0 ) -cross section in the !1 3~ resonance reGion. Howe

ver, the situation in the threshold region remains unclear 

until now. Let us discuss this point in some detail. The one

-pion exchange diat;ram occurs only for the charge pion; the 

same is true for the seagull one. The nucleonic,dia:;rams can-
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eel each other for the neutral pions. As a result, the contri-

bution of the Born terrJs to the :Jr± photoproduction is larc_;e, 

For ~0 it gives only small correction terms, Thus the pion 

photoproduction amplitudes can schematically be written down 

as 

0 + N __,. N + :n:± 

~+ N -7 N + 'J\: 0 

Born + !:!..:,~ 

~~~+ small non-resonant illultipoles 
+ W 0

- exchange. 

2.2. So at the threshold the t 0+ multipole is dominant 

for the :n.i photoproduction and very small for !11: 0 
• For the 

threshold region, one has explicit expressions for the t 0 + 
amplitudes derived from the Low Energy Theorem, namely Kroll

-Rudernan one and PCAC 

E jt+( ) e ;} ( '?> mn \ 
O+ ~11:_,0 -;:::.{2_-- 4--- J 

8:!t.Mrl 2 MN I 

:n:- cz ct. ~' A mJt " 
r f- ·--'-.1";~1--1+-- I 
L:ot '1:1t -~~- u. 8JtMtJ" 2 i·i~o~' ; 

E:Jt 0 ( .-,6\~ ~ (-rn.n-t }lp-\2-(m:rr\z.) 
Oi- <JJt , J 8n MN MN Q '\ MrJ J • 

( 1 ) 

l~) 

(3) 

The nULJerical value of E!0 

from (3) is 2•4; from BL, 2 .4; 

from the dispersive relations with non-resonant amplitudes, 

1.52 /5/; from the Pade approximation, 0,88 /5/; and from BDW, 

0.1. Experiments give the values -0.5 = 0.3 /6/ and -0.2±0.1 

/7/ (preeiminary). so' for 1(0 there is a serious discrepancy 

between the experimental value and the predictions based on the 

Low Energy Theorems (LET). 

What is the reason for violation of LET? 

i) It could be that the contribution of pion charbe-ex

change diagram is not negligible· 
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According to Ref. /8/, the effective L~grangian model 

can still be used for K0 production at the threshold region, 
~~ 

provided that near the threshold the 6·c term in the ampli-

tude for neutral pions is multiplied by the factor 

1+ r;:;\_ }f>2
CMsr.±)

1 

I± 
'J2 m3t+ , 

(4) 

where I+= s.o <-~p7p:!t0 >and I-= 8.5 c ~n-}n:n:0 and 

~( mJt1)=- 2H~m:n: (w- Mr.~-h'\:~t)/(MN + ~:rt) (5) 

is on-shell (in c.m. frame) momentum of the intermediate pion. 

So one needs a numerical estimation of this effect. 

ii) Certainly, there is a contribution of ~0- and LJ0 me

sons to the s-;·1ave amplitude of the J(O photoproduction. Accord

ing to Ref. /9/, taking into account their contribution through 

a pole term in the dispersive relations at a.fixed value of 1b, 

one gets 

E:lt\v)= ~ ) ~.tx~ ( M 2 GT-
o-1- Sltw L m.ft ~- ct .L 

cl= .l'o,'-'o 

m;, c.;)' (6) 

where ~V:Jt~ 
v 

is the Ynq decay constant, G.l. and G-1 are 

tue vector and tensor coupling constants. For reasonable values 

of coupling constants the vector meson contribution to E 0~
0 

becomes of the same order of magnitude as due to LET. 

In Fig. 1 the cross-sections of the (~ .~0 ) reaction on 

a proton are calculated with the BL (Boisted-Laget) /4/, stan

dard BDW /2/ and modified BDW /9/ amplitudes. Note that i) the 

BL amplitude does not contain the factor (4) and ii) the cent-

ribution of the vector mesons in the modified BDW-amplitude is 

4 
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included with the following set of coupling constants: c~ =15, 
T cv CT . Gw =0; \ =2.6, i =15.9. The BL-results overestimate the 

experimental data at the threshold whereas the I:!Odified BDW 

one reproduces it well. To clearify this problem one needs a 

thorough analysis of the thre&~old region including experimen

tal data for the angular distribution too. 

2.3. Much information on the elel:lentary process has recent-

ly been added when the inverse reaction :rCp-7 n.0 has been 

measured /11/. The BL amplitude gives an adequate fit to the 

data but there are deviations up to 15%. It means that an imp

roved set of amplitudes is to be produced and all the new re

sults should be taken into account simultaneously. 

). Exciting results obtained for the ~O-photoproduction 

on the proton stimulated further investigations of this reac-

tion on complex nuclei. The most accurate measurements have 

been performed on nuclei with an equal number of protons and 

neutrons, 12c and 4°ca /7,12-1)/. The coherent transition cuts 

out the isoscalar spin-independent part from the full amplitude. 

This part does not contribute to the E0+multipole and is de

termined completely by the magnetic mul tipoles MJ.+ and M,t-. 
The BDW cross-sections underesticate the data, the (BDIV+ 

+~~c...) ) results are in agreeraen t with experiment at E( .( 155 MeV 

(see Fig. 2). The BL (Bosted-Laget version) leads to a nice 

agreement. The calculations for 12c have been done with the 

half-off-shell extrapolation of the elementary photoproduction 

amplitude (see Ref. /14/ and section 4 of this paper for de-

tails). The results are presented in FiG• 2. Note that in cont-

rast with Ref. /15/ the present calculations have been perforJJed 
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with the full unitary version of the BL-amplitude /3,4/ (Basted-

-Laget version). 

All nucleons in a nucleus are involved in the process of 

the c9herent ~0 -photoproduction. For this reason the reaction 

is to be sensitive to the behaviour of the picnic wave function 

inside the nucleus. So a possibility of obtaining information 

on the low-ene~Q' J(D interaction with nuclei opens throut;h 

the ( ~ , :no )-reaction. 

4. DVliA is the general method of calculating the 

(~ ,J£) reaction cross-sections for complex nuclei. In this 

method one neglects any dynamical modifications of the ele

mentary operator by the nuclear medium. Full momentum space 

techniques are clearly preferred despite the difficulties with 

the Coulomb interaction since the full momentwn dependence of 

the basic photopion operator can be included. 

m),..,,.. ......... ,...,...,.. ,.,,...,.,."'.,...n1 +o"hn; ,..110~ T"i"'.,... l7t.f""',...,ontllm aT"'!:Ir-.t:J r-~1 1""111 R------ --- ------- ________ ""'1____ -

tiona /16-18/. To our mind, the most consistent approach is that 

where both the pion scattering and the photoproduction are consi

dered in the momentum space simultaneously, as it has been done 

in /16/ and /15/. In this case, starting from the Lippmann

-Schwinger equations one obtains the following expression for 

the pion photoproduction amplitude: 

E (q i>-)=V (~ "K>.)_A-~ .i.. 1~g F;!t~(<\o,q)'[.,~(q,~).) 
9t~ o, :n:l D' . A (2n) j"tn{q) -£(qo}- t.lq)tiE.. 

(7) 

The first term is the plane wave part of the al:lplitude. The 

pion-nucleus in~eraction in the final state is given by the 

second term through the pion-nuclear amplitude Fjtltl q,q
0

) which 

satisfies the integral equation 
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I .., ...,, I ( _,.I _,. \ 

..., -+ -1 f dq Uoe~lq,q) F:n:~ 'I,Cio; 
1 F~n\tVioJ"' Uort\q,clo)-(2:Jt)2. Jtntt\) t'-(qo)-t<q') +i-s . 

(8) 

where 
, ( ... ..,. A--1 ~ ..,. ) 

Fscrc q,Llo)== A F:n::n: (q,qo . 
The details of the optical potential construction are discussed 

in Ref, /19,20/. 1J~yt contains the so-called first order op

tical potential constructed on the t-matrix of the :rtN
scattering. The second order optical potential is added to take 

into account the effects of true pion absorption. 

According to the impulse approximation the plane wave part 

can be expressed through the elementary (on free nucl~on) ,t~~ 

matrix and nuclear transition density p~0(p: p): 

,;r (.., -.,\ ( ~,..,. -. ..,.•\ >. ( )\..,..,. d'"' • ..,, 
v!!L~ q,t ..... ;= j~M(p,f)<q,p 1:~ w K,f> po~p 1 

(9) 

···'---- I' ~1-- -----.&-..!-- .L- ~l- ::0. LO ., ., 

................ -v ....................................... , ....... ,. .... bJ .... ~w~~ ~v ~~"'~ ..~..~~~ 

energy of the X N sys tern in the c ,m, frace for the free nucleon 

W= E:n:(cLJ+ E~'\<i'c.m). c1o> 
For the photoproduction off nucleus one needs already to 

know the off shell behaviour of -l::r.~· Very often it is ~;iven by 

the relation 

(C) I (C) ( 
ttlLUJ=Te('C)~:!UJ(qc.m.) q:ltN qi!:)/ ( 11 ) 

where qi!: and qc.,.,. are the pion momenta in the c.m, fra~:~e, which 

correspond to the total enerQ' 2:; and W , respectively, and 

(C) ( ) e.;c 2.)2. I 2 ~:lt!"\q = q h Jq with OL. = 0.224 fm , 

Using the extrapolation given by (1 1) •1e arrive at a new 

free parar.1eter i: (q~). It is not clear how thi•s para~:~eter is 
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J 

coupled to the pion-nuclear energy, There are different sug

gestions 

2 .., ~ 2. ]"/t 
~ 0 =Wi=[(E~+Et<(r)) -(K-+p) , 

r 2. M1 2 E (..., _,, .., ""'J 1fo ~"::: m jt + tl + :n: qo) E II ( p ) - 2 q . p I 

(12) 

rl: Wf= [(~(q)+E.Jpt))2- (q tff J'/2 

A large effect due to this ambiguous situation arises when +t 
is strongly energy-dependent, This is a case for the ~+ amp

litude in the resonance region, 

Different possibilities of choosing ~ have been investi

gated for the pion elastic scattering in Ref, /21,22/ and for 

the ( 0 ,!ll0 )-reaction in Ref, /14/. The best agreement with expe

rimental data has been achieved when t: :o.i':2= Wf (the so-called 

half-of-shell extrapolation. see Fig, 1). 

It is necessary to say that due to the strong energy de

pendence of the mul tipoles in the .63 :, -region the correct 

inclusion of the nucleon Fermi-motion becomes of great ibportance, 

This motion has been taken into account by the factorization 

approxi!l)ation when the nucleonic momenta in the elementary t -
matrix are substituted by their effective values according to 

_,. 
~ K A-tl ( ~ '"'\ P=- A- 2 A K- q) and 

~ 

..,, q A-1 (~ ..,) p = - A -t 2A ~ -q . (1 J) 

The corresponding D¥/IA method is usually called the "~ 

~· The approximation (13) works well in general but nucleon 

non-localities may manifest themselves in some specific tran

sition /17/ (for example in the 14N <o .~+) o~;cg.s, reaction). 
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5. We have discussed all ingredients of the problem of 

pion photoproduction off nuclei and in some cases have checked 

them by cocparing with experioental data. Now we will discuss 

some examples illustrating how a matter is going on. 

5.1, The situation with transition to the ground state 
10Be in the <o .~+)reaction on 10B is very simple, only one 

nuclear matrix element contributes which can be taken from the 

electron scattering data. The cross-sections calculated in the 

framework of our local DWIA method are shown in Fig. 4 for two 

versions of z. As comes fromfue preliminary experimental data 

obtained by J.A.Uelson and A.M.Bernstein (MIT/RPI) z2 is pre

ferable just as in the ( o ,'Jt.O)-reaction at ~L?- 23b MeV. 

Boyarkina's wave functions have been used ( ro = 1.64 fm) in 

the calculation of matrix elements. 

However, at the same time the calculated cross-sections 

at E~ j.. 200 !.leV overestimate the ceasured ones (Fig, 4a,b). 
v -

The sace situation takes place in the case of more complicated 

(due to the contribution of several matrix elements) transition 

on the first excited state of 10Be, If one suppresses the !:1 

contribution, the agreement with experimental data will be 

improved. Maybe, some kind of cedium modifies tion of the !:J -

isobar in nuclei arises in accordance with the isobar-hole /25/ 

and isobar-doorNay /30/ models. This topic is very interesting 

and needs careful study, 

5. 2. Charged pion photoproduction on 16o is a core compli

cated case because it combines transitions on four bound states 

simultaneously. Let us oention one peculiar situation: on shell 

version of DWIA /16/, where all kinds of shell effects are ex-

II 



eluded (the so-called K-matrix approximation when one neglects 

the principal value of the integral in ·e-xp. (7)), gives the 

best agreement with experimental data both at high and low 

energies (see Fig. 5). In this case the partial nuclear photo

production amplitude F :It~ (q0, "-).) has the same structure, as 

follows from the Fermi-Vatson theorem 

L I i hLn 
F~~lqo,K>.)::: v:ttlqo,~A)e c.os(SLlC\ (14) 

where bln."' bL
5
Jt + SL~ is the sum of the strong and Cou-

lomb nuclear phase shifts. All calculations of the matrix ele

ments have been done using the wave functions of Ref. /36/ 

('Y'0 = 1.77 fm). 

5.3. At present, the transition to the ground state of 

14c in the (~ .~+) reaction on 14N is discussed very intensi

vely /17,33-35/. The matrix eleuent of the 6 'L operator is 

n,,,...,l""',.....OCOC'IOn ho,....O /~AI. q,.., th<> wP"k tPT'm" nt' the ar.mli tude be----.. -----

come important. It could be that their estimation needs precise 

knowled~e of nuclear wave functions. At the same time, this 

transition is very sensitive to different descriptions of the 

pion-nucleus interaction /33/. Therefore, a lot must be done 

to understand the situation in'this reaction. 

5.4. The contradictory situation appears when interpreting 

nuclear trans i tiona to the ground states in the :It- -pro due tion 

off 13c and 1 ~. In both the cases, one can expect that at 

forward angles nuclear EO form factor is dominant whereas at 

larger angles Li1 dominates. The situation is very similar to 

the free neutron case. Indeed, in the first approximation one 

can consider n C as a '1eutron above the n. C core and ~s N as 

12 

Fig.5. Angular distribu
tion for the 16o<r,111 16N 
(bound) reaction. Solid 
lines - local DWIA calcu
lations with BD-amplitude 
and with the reaction 
energy .i! =- Z.t C"il from exp. 
(14). Dotted line - on
shell DWIA calculations 
by exp.(13). Experimen
tal points are from Refs. 

/30/ (~), /31/ <9> and 
Ref./32/ <+>• 
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a proton hole in the 16o core. So their response has to be more 

or less the same. However, in the experiment EO multipole is 
- - -· stoeu uru.y J.U 1.ne .Las • nucJ.eus. :n;~:~.s J.S unexpec tea. ana. ,;ne rea-

son for such a different response is unclear. 

6. We have discussed different aspects of pion photopro

duction off nucleons and nuclei. J,lore deep understanding of 

the elementary process came after a series of new measurements. 

It seems that theory succeeds in describing coherent processes 

realized in the ~0 photoproduction on nuclei.The same is true 

for charged pion photoproduction off 10B in the resonance re

gion. However, there are some other transitions of a more comp

licated nature which cannot be reproduced in the theory. 

Both theoretical and experimental activities in this field 

seem to result in accumulating new information to resolve the 

existing problems. 
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qyM6anoB A.A., 3paM)KHH P .A., KaMa.rroB C.C. 
~OTOpo~eHHe llHOHOB Ha HApaX 

E4-88-917 

06cy~aeTCH COBpeMeHHOe COCTOHHHe B ~OTOpo~eHHH llHO
HOB Ha HyKnOHaX H HApax. ITpoBeAeH aHa.riH3 nepeXOAOB Ha 
CBH3aHHbJe COCTOHHHH KOHe<IHOrO HApa B npol{eCcax !POTOpO)!(
AeHHH 3apH)!(eHHbrx nHoHoB H KorepeHTHoro !PoTopo~eHHH rt0 -
Me30HOB Ha HApax c y<IeToM B3aHMocornacoBaHHoro onHcaHHH 
Bcex HHrpeAHeHTOB TeopHH. IToKa3aHo, <ITO B cnyqae !PoTo
po~eHHH 3apH)!(eHHbiX llHOHOB, B OTnHqHH OT !POTOpo~eHHH 
HeHTpanhHb~ llHOHOB, He YAaeTCH AOCTHqh B3aHMOCOrnaCOBaH-
HOrO OllHCaHHH. 

Pa6oTa BbmonHeHa B fla6opaTOPHH TeopeTHqecKon IPH3HKH 
OHHH. 

llpenpHHT 06'he,[(HHeHHOro HHCTHTyTa .R,llepHbiX HCCne,llOB8HHH . .[ly6Ha 1988 

Chumbalov A.A., Eramzhyan R.A., Kamalov S.S. E4-88-917 
Photoproduction of Pions Off Nucleons and Nuclei 

Present status of pion photoproduction on nucleons 
and nuclei is discussed. Transitions on bound nuclear 
states in charged pion photoproduction and the coherent 
processes in neutral pion photoproduction are examined 
from the point of view of self-consistent description 
of all theory ingredients. 

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