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I. INTRODUCTION 

In the present paper we discuss the o~f-shell effects in 

the coherent ]to -photoproduction analysed in the frarnewbrk óf 

the distorted-wave impulse approximation (DWIA). In order to 

formulate the problem let us write T~matrix of the process in 

terms of DWIA in the momentum space[1) 

<~cIT(E)1 d) := (~cJV; 11 KÀ) + i ('<i.aJT;n(E)/!>{gJ\I;;r IK~ > d 
,.-- -- _ JT.- (lx)~J E - E(i) + U: . 1..' (1) 

where 

<j,) VJTt/Ji) =Si r.e:f) <j,t' J tJir(w) ~J!iÀ >r!f"f', (2) 

~ and p(p') are the pion and initial (final) nucleon mo
- _..-. J\ 

menta, respecti vely, K= E1! and 1. = ±1 are the photon 

momentum and polarization, 

" 
(J)f(e:f) -=<O/f; á(f1'J) ~(e-.!j) JO> 

La the nuclear denai iy, tJrd' (W) ia the pion photoproduction 

t -matrix on the free nucleon. Here, the quanti~y W has 

the meaning of the full pion-nucleon ( JrA/ ) energy in the 

RN -centre of-masa syatem when pion is on-shell (i.e. when 

E -= [InJt -f 0: ]\12 i, . T;..rE)= 1: (E)(A-l)!A is the
H ~ "Jr~ : 

matrix of elaatic pion-nuclear acattering that d~pends on the 

full energy E for a pion-nuclea.~ (R A) system Ú.e.f=fJrJ7o)+EA(~O)' 
Ttia matrix can be determined by~~olving the nA -scattering 

probl~m[2,J] in the ID~T version of the Multiple Scattering 

TheorY[4 I: 
iji~l>etlbdfHá~I}-~ry:r I 
;m~~RWK ~CC~eHOBa»3ill 

C~...-tr" rti ,"""'..... _ ••• 



It follows from eqs.(1,2) that to take into aeeount the 

strong JrA -interaetion in the final state it is neCeSS6!y 

to perform the integration over ~ from O to 00 • As a 

eonsequenee, the problem of determination of the i ( kJ ) _
r i 

matrix in the off-shell region (i.e. when ~ ~ ~o ) arises. 

This problem ia elosely eonneeted with the choice'of the reae

tion energy tU sinee different off-shell extrapolation of 

the {JTr(LV) -matrix can be realized by different determina

tion of the parameter úJ in the off-shell region. The main 

task of the present work is to investigate the sensitivity of 

the ][0 -photoproduction process to the different ehoiee of ~. 

Note that an analogous problem arises in the J[A -seat

tering. In this case it has been shown[S,6J that various as

sumptions about LV and i ts relation wi th the energy E 

lead to different results in the ~33 -region. We t~ink that 

eoherent RO -photoproduetion must be more sensitive to diffe

rent determination of the reaetion energy tU sinee in this 

proeess the nonresonant pion S -wave eontribution ia abaent 

and therefore the resonanee (3,3 )-multipole dominates. As a 

eonsequenee, we have a very sharp energy dependenee for the 

tJTr(w) matrix. In such a situation it is very important to 

know the eorreet determination of the reaetion energy ~ 

11. ON-SHELL PHOTOPRODUCTION AMPLITUDE 

For the determination of the t ffl -matrix in eq.(2~the 

t.::Ápl'"ei::lSJ.on for the eorresponding free nueleon amplitude fJr( 
in the JrN cs m, frame is u s ed , The on-shell relation for i: 

~ U 
and f.JrY is 

(fJ{I{rl(w)!fJ!1>=~2Jr~(j-:e)~~if:"<fH;I(w) J!>. (4) 

2 

where ~ and ~ are the invariants for rN and]f'" systems 

v: :: (Ey -t EN .(p)r pl j W/ =(EJr(~)-I-EN(f') t-.J].2. (5) 

wi th f::: K+ p' 'j = q -I- t»I and fN(P) = (.MN2. +p2. )V~ The 
...... c ~..... , ..'f J:....L 

piou ( i ) and photon ( K ) momenta in the cvm, frame are cori 

nected wi th t h e eorresponding momenta in an arbitrary frame by 

the 10rents transformation 

= -t f ,Jt. _ -=!:i. • ,..,- K + _Jj' li. _ ...J.i..11 Ex(~)+Ef.,(f')-t~ EJr(~) w, ) ,5.-- t.l-tE'/f)+~ f( W... (6) 
..... [p.a ~rr> í Q Jfi> 

""'" 
The general expression for f and its partial decom-

JrK 
position is well-known[7] • Here, we use the spin~independent 

part of f:.l sinee only i t contributes in the ~"oherent ]To 

photoproduction on zero-spin nuelei. Keeping only p - and 

J -pion partial waves, one obtains 

<Ilf~(w)IE.>=[(2M1t+Nj _)+3x(3Mz+ +2Mz-)J[1l< ~J:.~A' (7) 

""" momenta. Ln,where I[ and .x. are the unit pion and p~oton
 
......
 

the JTN cs m, frame, respectively, x ~ i-~ 

The multipoles M (Lv) are taken from r-ef's , [7,8] •u 
For a.veraging over nueleon momentum distribution in the 

nueleus for the ealculation of ~r (see eq.(2», it is con


venient to perform the following substitution
 

(8a)1. =-~" - ~~1 (~"-1) +1C -= f:fI -t !L,
 

, .!L A- I () ~ff
- - - + - K-Q +lr-=bt +tf. (8b) 
.-..P - A 2A ..... 1. -. J.: . 

According to ref.(6) , for zero-spin nuelei linear in lr terms 

in iH r give zero contri butiona and quadratie ones in tr are 
. z

'of the arder (mrr/M)""'" 0.02. Consequently, for our purpose 
cfl , ~f 

it ia sufficient to neglect tf in (7) and take p-:::: P: •f~ f*, 

3 



(the factorization approximation). Then, the plane wave part 

1f~y can be expressed as 

M Wf J~.z'" IVfA) N c.~ I c~{lJV"r /! À>=-2JrA [f,fR(~)f.W,,(p') <lIfJqrw)~>~ (Q) fll.),{9J 

cl, fCl,.( )
where ~ (a) and f ().. are the nuclear and proton charge 

forro factors, respectively, !!: =!5. -1 is the transferred mo

.'	 merrtum, 

Note that the factorization approximation guarant.ees t he 

momentum and energy conservation in the ]f A , n IV and '111 
~ystems simultaneously when Cf, -::: ~o • However, in the 

off-shell region (where Cf;:%= Cj,o ) the total energy for the 

]TAl -system disagrees with the total energy for the rAl. 
system (i. e. Wi t Wf when .~ -::\:. ~o ). In this region the 

physical meaning of the parameter W is uncertain. 

111. OFF-SHELL EFFECTS. RESULTS AND DISCUSSION 

As it has been noted above, the connection (4) between 

the matrices iJ1( (w) and 1;(((,J) is correct only in the on-shell 

sense. While computing the principal value of integral in (1), 

one postulates that eq.(4) is relevant in the off-shell region 

as well. However, the uncertainty in the definition of the ener

gy úJ in the off-shell region remaina. In what follows, to 

study the effects of different definition of ~ ,we shall 

use the following alternative expressions: 

to; -= ~ ~ [( EJT(~o) + fN(F')Y - Jt'" ] ~z 
( 10a) 

w! =[M; +M: -t2 En (10) EN(p') - 21.f..' ] IIz 
( 10b) 

W z ::: \14 '=L (f1f(~) + E,., ( r'))2. -Jl.? ] 'Iz. 
( 10c) 

4, 

According to r ef , (6] , the reaction energy Lv may be determined 

also as W?> =(~ +Wt ) /2- and W" = {W: ~ I . 

AlI definitions for úJi ( t ::: 0+4) are on-shell equivalent 

but they providc us with rather different values in off-shell 

region. For the illustration of this fact the dependence of ~o, 

WJ. and W.z on pion momérrtum .~ is plotted 1-1 Fig.1. in the 
o	 12 LA.6 

case of ]f -photoproduction off L. at E( ::: 290 MeV and 

8Jf ::: 25 0 
,( in the ]f A c s m, frame E

K 
::: 283 MeV, ~o ::: 

1.26 fm- 1 and VJ(~o) ::: 1200 MeV). 

Theoff-shell behaviour of the partial amplitudes Mu.. (w) 

at the fixed reaction energy W.. ( i... ::: 0-:4) may be determined, 

e.g.,from the separable model of ~AI -interaction[91 like 

it was do~e 'in the IrA -scattering problemr2,31 

(t) ""')/ (0(""'") (11 )Mo: (cu) -= Me!: (r.<lL) 9JrN (~ 9RN ~i , 

where 

o<.. 2 (12)9:~)(f)=1t/(1+(Á~2)2 ~ ~ 0.224 fm • 

"" In eqa. (11,12) ~i ia the pion momentum in Jfll cvm, trame 

that corresponda to the energy Wi, for th~ JrN -syatem. The 

appropriate threshold behaviour 01: the amplitude Met. ( eu) as 
~	 ~l 

~	 ..... O ia guaranteed by the term ~ in eq, (12). 

'Notice that for W2,.. :::.M (~) , one may not introduce 
~) , ~ 

the tactor :J]f'Jo/ ( ~) bec~use in thia case Cf, =1z . The right 

threshold behaviour of f and i ts cutting off as Q-> 00 are
xl I-

provided by the energy dependence of Ml ! ( W) multipoles for 

which one has[7] 

('Vi. 1	 1..

M ----} -.
~O ~--;:;,Mt.t: '1--..'0 ". Ml+ i- oO UJ f- i-l> - W t ( 13) 
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F i g. 1. ~ ~dependence of different definition of the reac

tion energy ~ in the off-shell region correspond

ing to the on-shell value ~o = 1.26 fm- 1 (kL:Et'~ 
= 290 MeV). 

The energy dependence of the multipole ~+ (LU) dom1nant
 

in (7) is plotted in Fig. 2. One can see that the region mast
 
LAS 

sensitive to the choice of energy tu may be Er~ 290-)40 MeV
 

where the real and iffi~ginary parts of this multipole have sharp
 

energy dependence. Our DWIA results· corresponding to the dif


ferent definition for the off-shell behaviour of the parameter
 

UU (see Fig.2) are depicted in Figs.) and 4. As it was expected. 

~33 -region ia the most sensitive to tho choice of ~ • In
 

this region results rnay differ as much as 1.5-2 times. This sen


sitivity decreases with Ey 
~8
 

·The results of this paper differ from our previoua results
 
(see ref./14/). This is due to several reasons: 1) earlier. mul

tipoles Ml~ (w) were calculated at fixed energy W(CJc.) • now w
 
ia the variable of integration; 2) in the ~3~ -resonance re

gion we use the new BD-amplitude[S] instead of BDW [7] ; ) we
 
use the new :JT A -optical potential (J] describing not only the
 Jdifferential cross sections (151 but àso b r or and 6et for the 
elast c :JT A -scattering. 

F i g. 2. 

F i s- 3. 
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EnergY dependence of the r/1+ W = !*1i + +2M1+ 3 
mul, tipole [S] • 
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Angular distribution for C. (f, JiD ~ at the photon 
energy kL = 290 MeV obtained by using the reac
tion energy lv = W2. (dash-dot), W = WJ,. (dashed ) 
and IV = W2,. (solid). The data ar,e fr,om ref. [10] • 
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F i e 4. The same as in Fig. ) at kL = 2)0 MeV. The result 

eorresponding to the ehoiee {"J = W o is not shown 

beeause it only slightly differs from that ~orrespond

ing to W = Wz • Dotted line is the resu,lt of the 
plane wave impulse approximation. 

In our opinion fN = W~ is the most eonsistent choã ce , Thia 

ia not only beeause this ehoiee provides us with the best agre

ement with the experimental data from ref. (10] • Aetu~lly, sueh a, 
eonelusion may be eonsidered as a eonsequénee of the Relativistie 

Potential theorY~1] with the help of whieh one ean determine 

the off-shell relation between the tR!-matrix i~ an arbitrary 

frame and the eorresponding amplitude f"-' in :rrN e. m, frame. , ~t 

Sueh an expression was ~btained in (12] Jor the JrN -seattering 

ma't r í.x ; Generalizing this method for the two-potentials problem[1)) 

~ne ean see that in expression (4) it is nee~ssary to replaee the 

arnpli tude 1:1 ,by the auxf.Lí.ary rnatrix fJT( eonneeted wi ~h 
eaeh other as follows: 

<jH~~(w)IE:>::<i IIrr("'t)l,~> -(l~t ~~\)<i I{r1w~(~l)I't'> 
(14) 

'/ f (À)( [ 1. i 1) IIV 

l< <1 3f( I#J,(c(J ~> W'j.-WjJf)+iE. - w-W/tt-').-tlE. ' 

where r (Cf,) i8 the redueed mass of ]fN -SYE:-: 61n, ~ ::: EJr (f)tf,..,(f) = 

:Úfi~)+fH(f'l):J?ll~has ,the meaning of the eigenvalue of the relativis
_'1-./ "'o " " 

tie free Hamí.L tonian of the n AI -syst em(h =h + h ) 
JtA/ .1J" N 

in the c. rn, f~ame, f is the Ir N -seattering amplitude • 
tt ~l/Í 

j /. 
Note that we negleet in (14) the terms of .li(f) h/.: ~ o'rd er
 

1 and use the first Born approximation for the eleetromagnetie
 

interaetion."
 
~ ,
t 

It ean easily be seen from eqG(14) that if we set up 

ÚJ =. VJf the eontribution of the seeond term in eq.(14) will
 

be zero. As a result, , V/e obtain the simplest off-shell eonnection
 

(4) between ~he -matrix in an arbitrary frillne and thetRI ,... 

eorresponding amplitud~ 31fr in the JrN - cs m, frame (half 

off-shell eonneetion[12] ). 

I 

f· IV. SUMMARY 
I 
I
 
I
 We have demonstrated the atrong sensitivity of the eoherent 

]To -photoproduetion off nuelei to the choiee of the reaetion 

energy W for the elementary t:J{((W) -matrix in the off-shell 

region." The main reason for sueh a sensitivity is the resonant 

'energy dependenee of the t~r -matrix. The best agreement with 
•

the experimental data was obtained when W was ehosen as the 

eigenvalue of the free relativistic Hamiltonian for the JrA/ _ 

system (i.e. W2. =(E}((~)+fN(f'))2.-~+p')2. ). This conelusion 

is consistent with the results of the Relativistie Potential 

theory [11,22) • 

Note that in our ealeulations performed for the eharged 

(
 
16 12 C /0


pion photoproduetion off O, and 13 vre have observed 

only 10-20% difference between the results eorresponding to 

various ehoiees of the energy UJ • This is mainly due to theI 

8 9 



,I 

fact that in the case of charged pion photoproduction of'the 

nonresonant S -wave [;0+ muLtipole <iominates and consequently
 

ttr"K has smooth energy dependence.
 

The authors are grateful to. R.A.Erarnzhyan, M.Gmitro and
 

R.Mach Ior interest in the work and vaIuabIe remarks.
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HSA&TenbCKHA OTAen OG~eAHHBHHOro HHCTHTYTa RA8PRMX HCcnBAOBBRHI 

llyM6anoa A.A., KaManoa C.C. E4-87-297 
3<f><f>eKTbl CXO,ZJ;a C 3HepreTHQeCKOH OOBepXHOCTH 
a npoueccax KorepeHTHoro <f>oTopo)K.ZJ;eHHR 
17 ° -Me30HOB Ha R.ZJ;pax 

fipo,D;eMOHCTpHpOBaHa CHJibHa.fl qyBCTBHTeJibHOCTb npouecca 
KOrepeHTHOrO <f>OTOpO)K.ZJ;eHH.fl 17° -Me30HOB Ha R.ZJ;pax K pa3HOMY 
Bbi6opy 3HeprHH peaKQHH w B 3JieMeHTapHOH aMOJIHTy.ZJ;e t 17 y<w ) . 
Pa3HLie npe.ZJ;nono>I<eHHR o noae,ZJ;eHHH w ao BHe3HepreTHQeCKOH 
06JiaCTH MOryT H3MeH.fiTb ,ZJ;H<f><f>epeHQHaJibHbie ceqeHH.fl B 1.5-2 pa3a. 
HaHJiyqwee cornacHe DWIA-pe3yJI~>TaTOB c 3KcnepHMeHpanLHbiMH 
,Zl;aHHbiMH llOJiyqeHO npH w paBHOM C06CTBeHHOMY 3HaQeHHIO CB0-
60.ZJ;HOrO peJI.fiTHBHCTCKOrO raMHJibTOHHaHa OHOH-HYKJIOHHOH CHCTe
Mbl. TaKOH pe3yJI~>TaT HaxO.ZJ;HTC.fl B cornacHH co cne.ZJ;CTBHRMH 
peJI.RTHBHCTCKOH llOTeHQHaJibHOH TeopHH. 

Pa6oTa BblllOJIHeHa B na6opaTOpHH TeopeTHQeCKOH <f>H3HKH 
OHHH. 

llpenpHHT 061>e~HHeHHOro HHCTHTyra R~epHbiX HCCJie~OBaHHH. ,lzy6Ha 1987 
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The strong sensitivity of the coherent TT':.photoproduction to 
the choice of the reaction energy w in the elementary t rry(w )-matrix 
is demonstrated. The best agreement of the DWIA-results with the 
experimental data is achieved when w is chosen as an eigenvalue 
of the free relativistic Hamiltonian of the rrN -system. This is in ag
reement with the consequences of the relativistic potential theory. 
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