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I . INTRODUCTION . 

The differential and integral cross sections of the nuclear 
pion photoproduction are known to be sensitive to the nuclear 
structure input. Recently/!/ we have shown that the calculation 
of the form factors of electric-type transitions (E2) in 12c 
should use the continuity equation of the electromagnetic cur
rent ("Siegert method"). In that way one can account for seve
ral problems of the earlier investigations. In particular, as 
an example, we have calculated in paper/!/ the branching ratios 
R (1+) and R(~) for the radiative capture of the resting pions 
12 C (77-,y) 12B(J+).For the first time the results agree with data 
both for the Ml and E2 transitions. In the present paper we 
shall consider the pion photoproduction process on 12c leading 
to the lowest isovector levels inl2s. The nuclear transition 
densities are those of ref./ 1/. The method has been described 
recently/2~ it is parallel ~o the inelastic pion scattering 
formalism developed in ref. /3/. Here we summarise just a few 
working formulae. 

Basic formalism of the ohotoorodnrt1 on rp;~rti nn :mrl <:nm<> 

aspects of pion rescattering in the pion photoproduction pro
cess are discussed in sect.2. The calculated photoproduction 
cross sections are compared with data in sect.3. The results 
obtained here together with those for the other pionic reac
tions on I2c reported earlier and briefly summarised in sect.4. 

2. CHARGED PION PHOTOPRODUCTION 

Starting with the Lippman-Schwinger form of the pion-nucleus 
wave function one obtains12/ for the partial photoproduction 
amplitude FYi the expression 

FYI
0
. (qL , k.\L ) = uY

0
i(qL , kAL ) -

n TT y n 77 y 
(I) 
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where index y is used for the quantities pertaining to the 
p~otol?roduction p:ocess, k and A are photon momentum and pola
r1zat1on, respect1vely, the Green function is defined as 
Gm=P/(Eo-Em)-i77o (Eo-Em)• and mmis the reduced mass. 
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..... -------------------------------duce the elastic scattering data. Apparently, the problem is 
connected both with the omission of the absorption terms and 
with a poor knowledge of the "N form factors. 

The lack of any fundamental description for the off-shell 
production amplitude is indeed one of the main problems if one 
wants to calculate the integral in eq. (1). The Ansatz sugges
ted in the pioneering work by Sauders/4/ consists in assuming 
that f"'' is a smooth function of the momentum then f (q' ) ., 

f 

· .. , • rry ... 
.. 

17
y(q ... ) and the integral is simplified. To compare with the 

earlier calculations we shall show the results obtained with 
this assumption. Frequently / 5 / the amplitude frry as fitted 
to the free data is taken also for the off-shell conditions. 
Such a procedure is maybe better suited/6

/ for BL than for CGLN 
amplitude (see discussion in ref./6 / ) though the correctness 
of such off-shell continuation cannot be a priori ascertained 
in either case. A suggestion has also beep made to shift the 
values of certain kinematical quantities

16
/ that would fulfil 

the conservation laws at the production vertex. At a deeper 
thought/6 / it indeed simply shifts the problem of the off-shell 
dynamics to ad hoc kinematical assumptions. Apparently, specific 
models of the off-shell extrapolation should be constructed, 
similar to those discussed in ref./3 / for the scattering am
plitude. We wish to come back to this problem in more detail 
in a further publication. In appendix A we display the formulae 
for the simple case of the on-sh~ll pion propagation. 

In terms of the amplitudes FYl one finds for the photoproduc-
tion differential cross section the formula 

r H 1 

dano __g__ _1 __ ~ I ~ lL".J" i lry Joi l 
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where l'.: '1 are the Clebsch-Gordan coefficients. 
In the numerical work we have used the rrN photoproduction 

amplitude by Chew, Goldberger, Low and Nambu/7/ (CGLN) relati
vistically transformed into the 17 -nucleus centre-of-mass sys
tem. We note in passing that the effects of those transformati
ons, though numerically very important in the (3,3)-resonance 
region/21, are much less pronounced in the near-threshold re
gion (T

17 
- 15+40 MeV) which we consider here. (Unfortunately, 

data are not yet available for the photoproduction on 12C at 

higher energies). 

2. I. Pion Rescattering Effects 
At low pion energies, far from the (3,3) resonance region, 

one encounters serious difficulties when attempting to repro-
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Fortunately, in the pion photoproduction calculation the 
disease is less accute since the pion distortion enters the 
(y,rr) calculation only once (in the final state) as compared 
with the double entree ¢*, ¢ in the scattering reaction. 
Naturally, the, the photoprod~ction calculation is less in
fluenced by the errors in the description of the pion rescat
tering. In addition the relative importance of the pion rescat
tering term decreases very rapidly with falling energy. In 
ref./ 2 / we have seen that it is only about 15-20% below T "' 
=50 MeV. To be more quantitative we shall compare our calc~
la7ed quantities with the results of phenomenological analyses, 
wh~ch are available for the 12C target in literature. 

The refle~tion coefficients .7JL 17 = !exp (2ioL 17 ) I and phase-
shifts OJ.

17 
~n the lowest part~al waves are shown in table 1. 

Table 1 

40 MeV 17+ -nucleus scattering partial wave parameters 
deduces from the optical potential and from the partial 
wave analysis are compared with our calculation (case b) 
and the plane-wave (case a).7Jf and or represent the magni
tude and phase of the strong scattering amplitude. 

Case T/ () 1J I T/2 ;;() ,')I 02 
.------

a 1. 1. 1. 0. 0. 0. 

b 0.84 0.90 0.98 -3.6" 15. 5 c, 4.0° 

c 0.92 0.86 0.97 -12.9° 10.0" 2. go 

d 0.67 0.99 0.94 -15.9° 7. T' 3.4° 

a)p b) . c) . WIA, present calculat~on; opt~cal-model fit of ref .fBI; 

d)partial-wave analysis of ref./1!/, 

Apart from the trivial PWIA result, we quote our calculation 
and two results of the phenomenological analysis performed by 
Blecher et al./B/. They correspond to the optical model fit 
and a partial-wave analysis. One observes that uncertainty of 
the two phenomenological sets is about the same as their dif
ference with the calculated values. The respective pion photo
production cross sections are shown in table 2. We have men
tioned above that the difference between the PWIA and DWIA re
sults is at most 20%. Since the uncertainly in OL seen in 
table 1 induces an error of this small correction ~nly, we 
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Table 2 

Photoproduction differential cross sections da/dO(J:) 
in ~b/sr at Trr = 42 MeV calculated in the laboratory 
frame. The cases a) through d) are the same as in table 1. 
Integrated cross section aT in 11b 1s shown in the last 
column. 

a) 

-~~(1+) b) 
d 11 c) 

d) 

a) 

-~ (2+) b) 
dl1 c) 

1.417 

I. 202 

I. 215 

1.2og 

0.053 

0.057 

0.066 

d) 0.045 

0,4g4 

0.406 

0.412 

0.401 

0.207 

o. 180 

o. 188 

0. 156 

goo 

0.072 

0.057 

0.061 

0.051 

0.3go 

0.327 

0.334 

0,2g2 

o. 
0.012 

0.015 

0.015 

0.443 

0.460 

0.367 

0.323 

0.008 

0.025 

o.o2g 

0.041 

0.412 

0.327 

0.332 

0.2go 

4.34 

3.70 

3. 77 

3. 72 

3.g6 

3.2g 

3.38 

2.g2 

conclude that even at small pion energies our procedure ensures 
a reallStlc ca1cu1at1on or rne p1on pnoroproauct1on cross sec
tions. This we demonstrate in figs. 1-3. 

3, 0+ -> 1+ and 0+-> 2+ PHOTOPRODUCTION TRANSITIONS 

First we consider the pion photoproduction in the o+_. 1+ 
transition. The calculated cross sections for energies Trr= 32 MeV 
and Trr= 42 MeV are in fig. I compared with experimental data. 
The on-shell calculations (full line) agree nicely with obser
vations for f).$ goo. The correct reproduction of data at small 
angles is a noticeable improvement over the calculation by Sing
ham and Tabakin/ 5/. Their theoretical cross sections are by 
a factor of I. 57 2 above data for f) ._: 30°. In ref. 191 it has 
been suggested that this disturbing feature may be connected 
with the use of the Blomqvist-Laget (BL)/11/photoproduction 
amplitude in ref./5/. We have checked this assumption by a di
rect calculation using the BL amplitude. For the energy T rr = 
= 42 MeV we found that the effect, though visible, does not 
exceed 18% at f)= 30°. At larger angles the ratio (da/dl1)cGLN/ 
(tla I d 11) BL approaches quickly the value one. 

From the comparison of the on-shell approximation with the 
Saunders Ansatz (dashed line in fig. I) one can see the main 
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Trr • 1.2MeV 

0 30 50 90 120 13 ldeg I 

Fig. I. Pion angular dis
tributions for the 
12 C(y,rr+)I2B(l+,g.s.) re

action. The data at Trr = 
= 32 MeV (ref. /9/ ) and 
T rr = 42 MeV (ref. /10/) 
are compared with our on
shell (solid line: DH 
density, dash-dotted 
line: CK density of 
table I in ref./ 11) and 
Saunders-approximation 
(see the text) calcula
tion (dashed line: DH 
density /I/ ) . The dotted 
line corresponds to the 
result bls Singham and 
Tabakin 5/ obtained 
with the DH density. 

source of difference between our calculation and that of ref./5/ 

Including the principal value integral in eq. (I) we have ob
tained the cross section which is rather close to the one cal
culated by Singham and Tabakin (dotted line). Similarly as for 
the pion scattering, we notice that the off-shell effects if 
taken into account under the standard assumptions may deterio
rate the basically sound on-shell approximation even at small 
momentum transfer. At the same time at larger angles the on
shell result underestimates the data. The calculations at still 
lower pion energies ( Trr = 17 MeV and T77 = 2g MeV) as shown in 
table 3 also signal definite problems. One concludes then, that 
the difficult problem of constructing an appropriate off-energy
shell extrapolation of the rrN photoproduction amplitudes cannot 
be avoided if a quantitative theory is to be built up. 

The integrated cross sections aT (0+ -.1+) are shown in fig.2. 
Two sets of data visualized by bar~ (1g7g, ref./IS/ ) and dots 
(1g74, ref. /l4/) are in mutual contradiction. Our calculations 
seem to support the data hy Epaneshnikov /l4/ and as we have 
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J77 
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Table 3 

Differential cross section of the 12 c (y, 77 +) 12B (J!) 
reaction at e = 90°in 11-b/sr 

T 
77 

(MeV) 

17 

29 

17 

29 

Present result 

CKa) DHb) 

0.22 0.24 

0.14 0.14 

0. 16d) 

0.24d) 

Haxton Experimental result 
c) d) e) 

0.22 0. 14+0.03 

0.13 0.20+0.o3 0.072+0.012 

0.35 o. 13+0.03 

0.55 0.33+0.03 0.373+0.055 

a) Cohen-Kurath wave functions, see ref. Ill ;b) Dubach-Haxton 
wave function, see ref. II I ; c) as quoted in ref. 1121; d) ref. 1121; 
e) ref. 191. 

.D 
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Fig.2. Energy dependence of the integrated cross section for 
the 12C (y, 77-) 12N(l+l) reaction. Calculations were performed 
with the CK density (dash-dotted line) and DH density (solid 
line). Experimental data are from Bosted et al.l131 (bars), 
from Epaneshnikov et al.1 141 (dots), and from Bernstein et. 
al/151 (hatched area). 

Fig.3. Pion angular distri
butions for the 

100 
12 C(y, 77 +) 12B (2+, 0.95 MeV) 
reaction. The data at T 77 = 
= 32 HeV (ref. 191) and T 77 = 
= 42 MeV (ref. IIOI) are 
compared with our on-shell 
calculation (solid line) 
and with theoretical re-
sults by Singham and Taba
kin15l (dotted line) and 
Nagl and Ueberalll 161(dash
dotted line). CEC-modified 
Cohen-Kurath nuclear tran
sition densities (see 
ref. II I ) have been used. 

Tno32MeV 

0 30 50 90 120 G!deg I 

seen above they account correctly for da/d\1 at small angles, 
which give the dominant contribution to aT. The result by Sing
ham and Tabakin/5/ is close to newer data /13~hat calculation 
overestimates, however, da/d\1 at() -::,30° as compared with the 
measurement by Shoda/IO/, see fig. I. A new experiment for a77 y(O+ col+) 

is indeed desirable to solve the problem. 
Now we shall discuss the o+~ z+ transition. The results 

shown in fig.3, pertain to the energies T 77 = 32 HeV and T77 
= 42 HeV. The calculated cross sections are actually very close 
for the two energies, the difference bein~ about 20% only. Since 
the data at T 77 = 42 MeV are roughly 2-4 times as large as those 
at T = 32 MeV, one suspects possible problems with the norma-

77 • • 
lization in at least one of the two data sets. It 1s then dlf-
ficult to discuss the absolute values of calculated cross sec
tions. The angular trend nf data is, however, reproduced cor
rectly. A comparison with two earlier theoretical works, '"hich 
follows, seems to be instructiv:::. 
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Singham and Tabakin/5/ have observed that their shell model 
results for the o+-> 2+ transition are as much as three times 
as large as those calculated by Nagl and Ueberall/16/ using the 
Helm model, even though both densities are consistent with the 
measured E2 form factor. The contradiction is due to the neg
lect of CEC in ref./5/, In deriving the Helm model parametriza
tion Ueberall and collaborators/16/ indeed use the Siegert 
theorem. Their procedure satisfies the continuity-equation 
constraint in the long wavelength approximation and is there
fore closer to our way of extracting the E2 transition densi
ties. Unfortunately, the Helm model, being a parametrization 
does not allow the calculation of the term proportional to 
i J + 1 (Qr). To check on this point we have repeated out fit for 
1FT (2+) \ 2 and \FL(2+) 12 omitting the corresponding term. The 
photoproduction cross section da/df! co+ --2~ calculated with the 
transition density in this way is then very close to the re
sult by Nagl and Ueberall /16/. 

4. CONCLUSIONS 

The main point observed in our work concerns the sensitivity 
of pionic cross sections to the nuclear structure input. Ac
cording to our experience it is actually meaningless to per
form the pion scattering or photoproduction calculations with-
........... .-...-. ~•r_,_ ____ , ____ _.._.C •• 1 -~-----.&...! -·· -.C J-_1 .. . _,- ... -'---··· _ L 

._..._.,... .....,._ .. ._.._._._..._..._~._...._..._J .._.._.,.._.__._._.....L. 1"""-'-t"._...&.<..A.'--'-"-JLL \J..L. "-'-L"- LLU"-.L. ...... l...I..L.. '"-.L..'-4LL~.J-'-..L.VLJ.. 

densities. Any inconsistency in that respect can easily cause 
up to order-of-magnitude changes in the calculated results. 

When extracting the nuclear transition densities we have 
observed/!/ that the correct analysis of the electric form fac
tors should include the continuity-equation constraint (CEC). 
We would like to call it Siegert method to distinguish from the 
well known Siegert theorem which in addition to CEC includes 
the assumption of the long wavelength regime. 

The calculations of the inelastic pion scattering and pion 
photoproduction for the two isovector transitions o+-. 1+ and 
o+_, 2+ in the A = 12 nuclei have shown that the reaction mec
hanism models proposed recently 13•17 I, which are variants of 
the DWIA method, provide appropriate tools for the systematic 
analysis of data and planing of further experiments. The re
sults of the on-shell approximation agree nicely with the ob
served cross-sections in the forward hemisphere. Off-energy 
shell terms, however, should be invoked if one aims at the quan
titative understanding of data at large pion angles, approxima
tely beyond e = 100°.We expect, however, that a realistic off
shell extrapolation of the rrN scattering and photoproduction 
amplitudes should bring in only very small changes at small 
angles. 

8 

For the excitation of the first excited (2+ T,=l) level in 
12 B a severe disagreement with data has been observed in ear
lier calculations of the radiative pion capture, (11,11'), and (y,11±) 
reactions. Surprisingly enough all the queries were consistent
ly accounted for by the CEC modification of the 2+ wave func
tion. 

As an application of the present results we would like to 
suggest that the information on the structure of the 2+ T = 1 
level in 12B can help to analyse the polarization measurements 
in the 12c c11 -,v )12B(J")reaction. The precision experiments per
formed by the Telegdi group/IS/ can aid in clarification of the 
basic structure of the weak-interaction Hamiltonian. The inter
pretation is marred by the absence of good experimental 11- -cap
ture results for the partial transition into the 2+ final chan
nel. An accurate theoretical substitute is indeed wishful. 

Disentangling the convection-current and spin-magnetization 
contributions to the transverse form factors remains to be 
a difficult problem. Little success can be expected in the cal
culations of pionic cross sections unless the good microscopic 
models of nuclear structure are employed, which predict correct
ly that ratio. 

APPENDIX A 

On-Shell Pion Photoproduction 

Assuming the on-shell propagation of pions in eq. (I) allows 
up to put the photoproduction amplitude F Yi into the form 

FY
0
i (qL , UL ) = uY

0
i(qL , UL ) (1 + iq Fi (qL , qL )). 

n 11 y 11 11 y 11 nil 11 11 

If the phenomenological phase shifts 
rewrite eq. (AI) as 

oL are known, we can 
17 

(AI) 

FYI
0
. (qL , k,\L ) 

ioL Yi 
e 17 cos oL U 0( q L , kA L ) . (A2) 

II 17 Y 17 
II 17 Y 

This last result resembles very much the Fermi-Watson theo
rem/19/well known in the elementary-particle physics. Unlike 
that case, the phase shifts 81.

77 
are complex, however, in eq. 

(A2). The same result (A2) has been derivedl201in the dispersion
relation approach in the nuclear reaction theory. 
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APPENDIX B 

The plane-wave partial amplitudes u:~ are obtained after 
a relativistic transformation from the rrN c.m. system to the 
rr-nucleus c.m. system 13•21 1. After some algebra they can be mani
pulated /2/ into the form 

uYi (q 'L' , k .\L ) = ~ f dx. PysLJ(q 'L' k .\L x) MsLJ(Q) 
nm TT y sLJ .;_ 1 nm TTt y ' nm ' 

(B I) 

where x =cos e, and Q is the momentum transfer, Q2 = q' 2+ k 2 - 2kq'x. 
The coefficients Pnm are built up of the geometrical factors 
and the elementary rrN photoproduction amplitudes. 

The nuclear structure information is fully concentrated in 
the reduced matrix elements 

(B2) 

where YLM are spherical harmonics, J is the rang of the tran-
sitionoperator,7·0=r0=1, a 1 =a, r 1=r, a andr arePauli 
matrices and jL(Qr) is the spherical Bessel function. 
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3paM*AH P.A. HAP· 
3~eKTHBH~e ce4eHHA peaK~HH 

+ + E4-83-574 
12C(y,l1+) 12B(IOCH.COCT.' 21' 0,95 MaB) 

Pacc4HTaH~ xapaKTepHCTHKH peaK~HH ~oTopo*AeHHR "-Me3oHos Ha 12c, 
npHBOAR~eH K o6pa30BaHH~ HH3WHX H30BeKTOpH~X J+ H 2+ COCTORHHH 12B. npH
MeHAnHCb AAePH~e nepeXOAH~e nnoTHOCTH, nony4eHH~e paHbWe; AnA aHanH3a E2 
nepexoAa 6~n Hcnonb3oBaH MeToA 3HrepTa. CornacosaHHe AAePH~x nepexOAH~x 
nnOTHOCTeH C AaHH~MH no pacceAHHC aneKTPOHOB n03BOnHnO yny4WHTb pe3ynbTaT~ 
no cpasHeHH~ c npeA~AY~HMH pa6oTaMH. Pacc4HTaHH~e xapaKTepHCTHKH peaK~HH 
~OTOPO*AeHHA xopowo cornacycTcA c 3KcnepHMeHTanbH~MH AaHH~MH. npH npeAno
no*eHHH o pacnpocTpaHeHHH nHoHos s RAPe Ha 3HepreTH4eCKOH nosepxHOCTH 
YAaeTcA ycTpaHHTb pacxo*AeHHe s AH~epeH~HanbHOM ce4eHHH /s nonTopa-ABa 
pa3a/ s o6nacTH Man~x yrnos AnA nepexoAa Ha yposeHb t +. B cny4ae nepexoAa 
Ha yposeHb 2+ o6DACHReTCA 6onbwoe pa3nH4He /s TpH-4eT~pe pa3a/ Me*AY 
paC4eTaMH, npoBeAeHH~MH C HCnOnb30BaHHeM o6ono4e4HOH MOAenH H o6o6~eHHOH 
MOAenH XenbMa. 

Pa6oTa s~nonHeHa B na6opaTOPHH TeopeTH4eCKOH ~H3HKH OH~H. 

E4-83-574 Eramzhyan R.A. et al. 
Cross Sections of the 12 C (y, 11~, 12B(l;.s .• 2:) Reaction 

We calculate the pion photoproduction on 
12

C into the lowest isovec
tor J+ and 2+ levels of 12B. Nuclear transition densities used here have 
been extracted from(e,e')data; those for the E2 transition, using the 
Siegert method. The consistency with the electromagnetic data has allowed 
to reach an improvement in several instancies over the earlier results; 
the calculations agree nicely with experimental data. The assumption of 
an on-shell pion propagation in nuclei allows us to remove a discrepancy 
(1 .5-2 times) at small angles for the transition to the 1+ state. In the 
case of transition to the 2 + state a large difference between the shell
and Helm-model calculations (3 to 4 times) is accounted for. 

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