


1. 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 12¢
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/l/ the branching ratios
R (1*) and R (2+) for the radiative capture of the resting pions
12C (5=, 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 !2C leading
to the lowest isovector levels in !2B. The nuclear transition
densities are those of ref./!”. The method has been described
recently 72/, it is parallel to the inelastic pion scattering
formalism developed in ref./3/. Here we summarise just a few
working formulae.

Basic formalism of the photoproduction reaction and come
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 !2C 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 obtains/2?/ for the partial photoproduction
amplitude FYi the expression
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where index y is used for the quantities pertaining to the
pbotoProductlon process, k and A are photon momentum and pola-
rization, respectively, the Green function is definad as
Gm=P/(Eg~Ep)-ird (Eg-E,), and mmirs“tllﬁe reduced mass.
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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’/%/ consists in assuming
that f_, 1is a smooth function of the momentum, then fay (@7..0) =
=f;y(q...) and the integral is simplified. To compare with the
earlier calculations we shall show the results obtained with
this assumption. Frequently/s/ the amplitude fn as fitted
to the free data is taken also for the off-shell conditionms.
Such a procedure is maybe better suited/ﬁ/ 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 be%p made to shift the
values of certain kinematical quantities 6/ that would fulfil
the conservation laws at the production vertex. At a deeper
thought/ﬁ/ it indeed simply shifts the problem of the of f-shell
dynamics to ad hoc kinematical assumptions. Apparently, specific
models of the of f-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-shell pion propagation.

In terms of the amplitudes FYI one finds for the photoproduc-
tion differential cross section the formula
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where [ '] are the Clebsch-Gordan coefficients.

In the numerical work we have used the #N photoproduction
amplitude by Chew, Goldberger, Low and Nambu /7/ (CGLN) relati-
vistically transformed into the = -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/z/, are much less pronounced in the near-threshold re-
gion (T, = 15¥40 MeV) which we consider here. (Unfortunately,
data are not yet available for the photoproduction on 12C  at
higher energies).

2.1. 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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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.

Fortunately, in the pion photoproduction calculation the
disease is less accute since the pion distortion enters the
(v.m) calculation only once (in the final state) as compared
with the double entree ¢*. ¢ in the scattering reaction.
Naturally, the, the photoproduction 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 calcu-
lated quantities with the results of phenomenological analyses,
which are available for the !ZC target in literature.

The reflection coefficients nanﬂexp(2iBLﬂ )i and phase-
shifts &y in the lowest partial waves are shown in table 1.

Table 1

40 MeV nt —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).ng and 8¢y represent the magni-
tude and phase of the strong scattering amplitude.

Case 1, n g By 8 _____5_2___
a i. i. . 0. 0. 0.

b 0.84 0.90 0.98 -3.6° 15.5° 4.0°
c 0.92 0.86 0.97 -12.9° 10.0° 2.99
d 0.67 0.99 0.94 -15.9° 7.7° 3.4°

a)PWIA, b)present calculation; C)optical—model fit of ref./8/;

d)partial—wave analysis of ref./8/.

Apart from the trivial PWIA result, we quote our calculation
and two results of the phenomenological analysis performed by
Blecher et al./8/. 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 &, seen in
table 1 induces an error of this small correction only, we



Table 2

Photoproduction differential cross sections do/dQ(J ')
in ub/sr at T, = 42 MeV calculated in the laboratory
frame. The cases a) through d) are the same as in table I.

.

Ty = 32MeV
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Fig.1. Pion angular dis-
tributions for the
120(},,"+)123(1 +,g.8.) re-
action. The data at T, =
= 32 MeV (ref.’/9%/ ) and

Integrated cross section oy in pgb is shown in the last

column.

0LAp 30° 60° 90° 1200 1500 o

a) 1.417 0,494 0.072 0. 0.008 4.34

do_ g+ b) 1.202 0,406 0.057 0.012  0.025 3.70
aQ c) 1.215  0.412  0.061 0.015  0.029 3.77
d) 1.209 0.401 0.051 0.015  0.041 3.72

a) 0.053 0.207 0.390 0.443  0.412 3.96

4o oh b) 0.057 0.180 0.327 0.460 0,327 3.29
aQ c) 0.066 0,188 0.334 0.367 0.332 3.38
d) 0.045 0.156 0,292 0.323  0.290 2.92

conclude that even at small pion energies our procedure ensures
a reallstlc calculation OI Che plomn phoTOProductlon Cross Sec—
tions. This we demonstrate in figs.I-3.

3. 0" - 1*

and 07> 2% PHOTOPRODUCTION TRANSITIONS

First we consider the pion photoproduction in the ot 1t
transition. The calculated cross sections for energies T,= 32 MeV
and T,= 42 MeV are in fig.l compared with experimental data.
The on-shell calculations (full line) agree nicely with obser-
vations for 6 5 90° The correct reproduction of data at small
angles is a noticeable improvement over the calculation by Sing-
ham and Tabakin’/3/. Their theoretical cross sections are by
a factor of 1.5% 2 above data for 6 < 30° In ref.’/% it has
been suggested that this disturbing feature may be connected
with the use of the Blomgqvist-Laget (BL)/1l/ photoproduction
amplitude in ref.’/5/. We have checked this assumption by a di-
rect calculation using the BL amplitude. For the energy T ,=
= 42 MeV we found that the effect, though visible, does not
exceed 187 at § = 30° At larger angles the ratio (do/dQ)ceLn/
(do /dQ) gy, approaches quickly the value ome.

From the comparison of the on-shell approximation with the
Saunders Ansatz (dashed line in fig.l) one can see the main
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T, = 42 MeV (ref./10/)

are compared with our on-

shell (solid line: DH

4 density, dash—-dotted

line: CK density of

table 1 in ref.’!/) and

1 Saunders—approximation

1 (see the text) calcula-

tion (dashed line: DH

density 17"y, The dotted

line corresponds to the

] result Ey Singham and
Tabakin/* obtained

with the DH density.

d6/da (pb/sr)
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source of difference between our calculation and that of ref./5/
Including the principal value integral in eq. (1) 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 (T, = 17 MeV and T, = 29 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 #N photoproduction amplitudes cannot
be avoided if a quantitative theory is to be built up.

The integrated cross sections g, (0+ »1+) are shown in fig.2.
Two sets of data visualized by bars (1979, ref./13/ ) and dots
(1974, ref. /14/) are in mutual contradiction. Our calculations
seem to support the data by Epaneshnikov /14/ and as we have
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Table 3

Differential cross section of the lzc(y,n+)l2B(J+)
reaction at ¢ = 90°in ,b/sr "

J: T, (MeV) Present result Haxton Experimental result
ck®’ o) c) d) e)
1+ 17 0.22 0.24 0.22 0.1440.03 -
29 0.14 0.14 0.13 0.20+0.03 0.072+0.012
2+ 17 O.l6d) —e 0.35 0.13+40.03 -
29 O.Zhd) - 0.55 0.33+0.03 0.373+40.055
a)

Cohen-Kurath wave functions, see ref. /1 ;b) Dubach-Haxton

wave function, see ref., /1/ ; c) as quoted in ref./124d) ref./12/;

e) ref.,/’9/.
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Fig.2. Energy dependence of the integrated cross section for
the 12C (3, 7) 12N(1+1) reaction. Calculations were performed
with the CK density (dash—dotted line) and DH density (solid
line). Experimental data are from Bosted et al./13/(bars),

from Epaneshnikov et al./l4/(dots), and from Bernstein et.
al/15/ (hatched area).

Fig.3. Pion angular distri- T T T
butions for the 12 1205,
1200, 24 128 (2%, 0.95 Mev) O clemri etz .
reaction., The data at T,= T, - 32MeV
= 32 MeV (ref./%/) and T, = [
= 42 MeV (ref.’”o/) are L f t B —
compared with our on-shell { }
calculation (solid line) 4

and with theoretical re- 0L .
sults by Singham and Taba-
kin/53/ (dotted line) and
Nagl and Ueberall /16/ (dash-
dotted line). CEC-modified
Cohen—-Kurath nuclear tran-—
sition densities (see
ref./V/ ) have been used.
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seen above they account correctly for ds/dQ at small angles,
which give the dominant contribution to ¢,. The result by Sing-
ham and Tabakin/3/ is close to newer data /lifthat calculation
overestimates, however, do/dQ at ¢ < 30° as compared with the
measurement by Shoda/!®/,see fig.). A new experiment for q”(0+al+)
is indeed desirable to solve the problem.

Now we shall discuss the O%+ 2% transition. The results
shown in fig.3, pertain to the energies T, = 32 MeV and T, =
= 42 MeV. The calculated cross sections are actually very close
for the two energies, the difference being about 20% only. Since
the data at T, = 42 MeV are roughly 2-4 times as large as those
at T, = 32 MeV, one suspects possible problems with the norma-
lization in at least one of the two data sets. It is then dif-
ficult to discuss the absolute values of calculated cross sec-
tions. The angular trend of data is, however, reproduced cor-—
rectly. A comparison with two carlier theoretical works, which
follows, seems to be instructive.



Singham and Tabakin/3/ 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/l6/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 1 (@r). To check on this point we have repeated out fit for
[Fp (%2 and |F (2+)|2 omitting the corresponding term. The
photoproduction cross section do/dQ (0% -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 experlence it is actually meaningless to per-
form the pion scattering or photoproduction calculations with-
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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 /1/ 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 OY- 1* and
0%*s 2% in the A = 12 nuclei have shown that the reaction mec-
hanism models proposed recently/3J7/. 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 6 = 100°. We expect, however, that a realistic off-
shell extrapolation of the sN scattering and photoproduction
amplitudes should bring in only very small changes at small
angles.
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For the excitation of the first excited (% T=1) level in
12p 3 gevere disagreement with data has been observed in ear-
lier calculations of the radiative pion capture, (m7”), and (y,7%)
reactions. Surprisingly enough all the queries were consistent-
1y 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
jevel in !2B can help to analyse the polarization measurements
in the '2C (y-,v )!2B(@ Mreaction. The precision experiments per-
formed by the Telegdi group 18/ can aid in clarification o? the
basic structure of the weak-interaction Hamiltonian. The inter-
pretation is marred by the absence of good experimsnta% w~ —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 c§1-
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. (1) allows
up to put the photoproduction amplitude FY! into the form

¥i Vi : i . Al
P @L, kAL )= UYaL,, kAL, ) {1 +iq F @L . qL,)] (A1)

1f the phenomenological phase shifts & are known, we can
4
rewrite eq. (Al) as
i6

i Lo Yi
Fl@L, kAL ) =e "7 cos 5, Uno(aly KAL), (A2)

This last result resembles very much the Fermi-Wanon theg—
rem/19/well known in the elementary-particle physics. pnllke
that case, the phase shifts o)., are complex, hovever, in eq.
(A2). The same result (A2) has been derived/2%/ in 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 N c.m. system to the

7-nucleus c.m, systen1/321/-After some algebra they can be mani-
pulated /2/ into the form

P ! sL ., sL]
U (q L7 kKAL)= 3 de Plo @L kAL M, (@, (B1)
where X =cos §, and Q 1is the momentum transfer, Q2=q’2+k2 -2kq’x .
The coefficients P, are built up of the geometrical factors
and the elementary »N photoproduction amplitudes.
The nuclear structure information is fully concentrated in
the reduced matrix elements

MELI@Q) - g 1 To®x Yy ), @) rHT >, (B2)

where Yyy are spherical harmonics, J is the rang of the tran-
sition operator, s? =r0-1, ol-0, rlor, ¢ and r are Pauli
matrices and j (6r) is the spherical Bessel function.
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