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The photoproduction of neutral pions is studied in the distorted wave impulse approxi-
mation. The cross sections are calculated for pion production from “He, °C, %0, and “Ca
and are found to be in good agreement with the available data. The present results com-
pare well with the theoretical calculations carried out in the framework of the isobar-

doorway model.

NUCLEAR REACTIONS 7° photoproduction from “He, 12C, %0,
0Ca; distorted wave impulse approximation.

I. INTRODUCTION

Saunders' was the first to study the effect of the
final state interaction of the pion with the residual
nucleus. He observed that his distorted wave im-
pulse approximation (DWIA) calculations for the
coherent pion production from 2C, “’Ca, and 2%6Pb
yielded results which were much lower than the ex-
perimental data’ available then. Subsequently, the
phenomenological isobar-doorway model (IDM),
which treats the isobars as nuclear constituents, was
employed for a study of the reaction in '*C
using the isobar-nuclear form factor obtained by fit-
ting the pion-nucleus elastic scattering data.® The
angular distribution for photon energy of 250 MeV
showed a dip around 50° corresponding to the first
diffractive minimum of the pion-nucleus elastic
scattering cross sections. This is unavoidable when
the total amplitude is parametrized by a single form
factor. However, the IDM gave substantial cross
sections for large angles, as shown by experiment.
The model has recently been refined by Saharia and
Woloshyn* by modifying the transition operator to
account for the many body effects. For this, they
adopt the same method that is employed for the
pion-nucleus optical potential.’ They also take into
account the nonlocality associated with the isobar
propagation and recoil corrections. With these
modifications, they succeed in obtaining a fairly
good fit to the existing data for neutral pion pro-
duction from 2C (Ref. 2) and “He.’ It is also re-
ported that the cross sections are not sensitive to the
choice of a channel dependent or channel indepen-
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dent parametrization. But the models are con-
strained to fit the pion-nucleus elastic scattering
data. A comparison has also been made with the
DWIA calculation carried out with the wave func-
tions obtained by using the PIPIT code,’ and appre-
ciable differences are found.

With the advent of high energy accelerators, the
experimental situation is steadily improving and the
results for the neutral pion production from '2C for
photon energy around 250 MeV were reported at
the recent meeting in Versailles.»® The purpose of
the present paper is to discuss the results of the
present DWIA calculations performed with certain
refinements and compare them with the existing
data (Refs. 2, 6, 8, and 9). The coherent photopion
production, which involves only the spin-
independent term of the production amplitude and
is free from the ambiguities of the nuclear structure,
can shed light on the sensitivity of the cross sections
to the pion-nucleus optical potentials.

II. THE FORMALISM

The transition amplitude for the process of
coherent pion production from nuclei can be written
as

T=t=36"(L,T))t(j)expliV'T}) , (1
j j

where the index j runs over the 4 nucleons. The fi-
nal state interaction of the pion with the residual
nucleus is contained in the distorted pion wave
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function ¢(iZ,T;). The incident photon is gy of the pion and the photon, respectively. All
represented by a plane wave. The quantity #(j) other quantities are defined in Refs. 10 and 11.
denotes the single nucleon amplitude of which only These production amplitudes are Lorentz-
the spin-independent part contributes for the spin transformed to the laboratory system in the usual
zero nuclei way. Expanding the pion wave functions into par-
o tial waves, we get
ty=ccs(L-VXE) . (2)
- — RY) m, m¥ A
Using the production amplitudes of Berends et al.'° ¢ (L, T;)=4m (i) "gz,‘(w)E MR ('O
(BDW) and Chew et al.!' (CGLN), we have, respec- by ™,
tively, 4)
c= ( 2”)1 7 and cs=F, , The radial part of the pion wave function g,u(;u;) is
Havo 3) obtained by solving the Klein-Gordon equation
2mref + with a suitable pion-nucleus optical potential.
c=—""—andcs=ARTT . : : )
(ovo)' 72 Using the Rayleigh expansion for the photon wave
functions and replacing the pion momentum by the
I, o and ¥, v, represent the momentum and ener- gradient operator V., we have _
I
=1 Il A~ A
tj=47r21/2cc5 3T E—D"S[{(vxe) X Y’u(“)}L X Y,v(v)]88L,,vR1(lﬂ,L,rj ), (5)
1,1 L
w'y
where
R (L, Lyrp)={(L)XD_(L,)g (ur;)) 8, +1—(L +DVAD L (U, )glﬂ(,urj))'SL,I”_l}j,v(vrj) . (6)

We follow the notations and conventions of Rose!? for angular momentum algebra. It is now easy to evaluate
the transition operator between the ground states of the nucleus with the density distribution p(#) (normalized
to A) to obtain the matrix element Q:

Q =4m)*2)%ccs 3 (i)l"_l“(—l)I"SSLJv fp(r)Rl(l#,L,rj)rzdr , (7
Lol L

where S is obtained by choosing the direction of the incident photon to be the z axis,

(—1)™

=W§C(llpL,m —mO)C(lll,Omm)vei”Yl;m(ﬁ) . (8)
T
It is to be stressed that the transition operator can tron scattering data. The oscillator wave functions
be evaluated numerically for a particular magnetic are also used just to facilitate a comparative study.
quantum number m and then squared bearing in The local and nonlocal parts of the pion-nucleus
mind the fact that interacltsion are taken from the work of Stricker
mom'* . 0 et al.,”* which accounts for the multiple scattering
€€l =8pm (since €;=0). ©) effects, takes care of the angle transformation, and
In the limiting case of plane waves for pions takes into account the effects due to 7NN —wNN
(PWIA), we get processes and true pion absorption. This form of
the potential has been very successful in reproduc-
ty=tsjo(kr;) (10) ing the elastic scattering data at low energies and
- . has been extrapolated for medium energies also.
where k=¥ —g and the matrix element now We utilize the parameters listed by Stricker et al.,
reduces to making interpolations as and when necessary. The
Q=4mt, f Jo(kr; Yo(r)ridr . 11) opticgl potc?ntiaI' plays a crucial role in pl}otopion
reactions, since it takes care of the corrections due
The density distribution is a perfect Gaussian for to the interaction of the propagating particle with
“He and we assume the Fermi distribution for '2C, other nucleons in nuclear medium, Pauli blocking,

160, and “°Ca, with the parameters taken from elec- and binding energy effects, which are essential for
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an off-shell extrapolation but are ignored in the im-
pulse approximation theory. In coherent pion pro-
duction, this optical potential is more or less the de-
ciding factor for the cross sections, since the other
two ingredients, viz., (a) nuclear structure and (b)
the elementary spin-independent part of the ampli-
tude, are quite easy to handle. If the transition
operator is to be modified to account for these off-
shell corrections, one has to carefully avoid double
counting. Alternatively, the pion-nucleus optical
potential constrained to fit the elastic scattering
data is found to be successful in explaining the
coherent pion cross sections.

III. RESULTS AND CONCLUSION

The results of our calculations obtained with the
ingredients discussed above are presented in Figs.
1—9. The angular distributions for photon energies
of 230 and 250 MeV for 7° production from '?C
depicted in Figs. 1 and 2 show quite a good agree-
ment with the data of Refs. 8 and 2. The measure-
ments for gamma ray energy of 250 MeV reported
in Ref. 9 are compatible with the old experimental
data of Ref. 2 (as quoted by Saunders'). The dif-
ferential cross sections reported here are also con-
sistent with the recent calculations of Saharia and
Woloshyn.* Figure 3 shows our present results for
total cross sections for '>C compared with the re-
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FIG. 1. Angular distribution for coherent pion pro-
duction from !*C for laboratory photon energy E, =230
MeV. The data are from Ref. 8 for E, =235 MeV. The
continuous and dashed lines are obtained in DWIA with
the CGLN and BDW amplitudes, respectively.
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FIG. 2. Differential cross sections obtained in DWIA
for E,=250 MeV along with the data of Davidson as
quoted by Saunders (Ref. 1). The solid line indicates
CGLN, the dashed line indicates BDW. The IDM calcu-
lation of Saharia and Woloshyn is denoted by the
dashed-dotted curve.

cent measurements of the Bonn group, in which the
incoherent production has been subtracted out. It
may be noted that the preliminary results for the
differential and total cross sections reported in Ref.
8 are not consistent among themselves. That is the
reason why the angular data of Ref. 8 integrate to
fall below the BDW curve at 230 MeV in Fig. 3.
The results for the reaction in '°O are presented in
Figs. 4 and 5. The pronounced differences in the
cross sections obtained in DWIA (with PIPIT wave
functions) and IDM, as reported by Saharia and
Woloshyn, disappear in the present calculations.
The difference mentioned above in the work of
Saharia and Woloshyn may be because of the use of
the PIPIT wave functions obtained by using the first
order potential that does not reproduce the elastic
scattering data well. The multipoles used in their
work may also produce a difference.

The figures also reveal that the CGLN amplitude
provides cross sections which are larger almost by a
factor of 2 when compared to those obtained with
the BDW amplitude for energies below resonance.
This ratio decreases as one goes to the (3,3) reso-
nance region, and for energies beyond the reso-
nance, the cross sections obtained with the CGLN
amplitude, are slightly lower. The same trend is ob-
served in the cross sections obtained with the
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FIG. 3. Total cross sections for Cly,792C com-
pared with the recent data of Ref. 8. The dotted and
continuous lines are used for the CGLN amplitude and
the dashed-dotted and dashed lines indicate BDW ampli-
tude. The IDM calculation of Saharia and Woloshyn is
also shown.

CGLN and BDW amplitudes for #° production
from single nucleons, although the difference is
much smaller.'* The large discrepancies between
our two calculations reported here, one using the
BDW amplitude and the other using the CGLN
amplitude, are essentially due to the spin-
independent part of the amplitude (which alone
contributes to the coherent production) being dif-
ferent in the two cases. However, both the BDW
and CGLN amplitudes yield comparable single nu-
cleon cross sections for 7° production, since in this
case, an increase in the spin-independent term is
compensated by a decrease in the spin-dependent
part of the amplitude and vice versa.

There is again a reasonable agreement of the
theory with the limited experimental data available®
for the angular distributions for “He as revealed by
Figs. 6 and 7. As pointed out earlier, since the
spin-independent terms of the CGLN and BDW
amplitudes are almost the same near the resonance,
the curve obtained with the CGLN amplitude al-
most overlaps with the one obtained with the BDW
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FIG. 4. Differential cross sections in DWIA for
150(y,7%)1%0. The solid line indicates CGLN, the dashed
line indicates BDW. The scale for the y axis is marked
on the left for photon energies of 370 and 250 MeV, and
on the right for the photon energy 290 MeV.

amplitude for E, =330 MeV, and hence the former
is not shown in Fig. 6. For the gamma energy of
290 MeV, the results with the CGLN amplitude
vary only by about 10 to 20% and hence these are
again not plotted in Fig. 6. The total cross sections
shown for the nuclei '2C, !0, and *He in Figs. 3, 5,
and 8 establish the fact that the cross sections regis-
ter a steep reduction with distortion in the reso-
nance region, as expected. Our calculations for
*Ca shown in Fig. 9, when compared to the results
of Saunders, are in better agreement with the avail-
able data’ The noticeable disagreement of our
theory with Davidson’s data for **Ca and '2C at the
backward angles may be due to the poor resolution
of the m° energy leading to an undetermined contri-
bution from final nuclear states other than the
ground states. The simple oscillator wave functions
yield cross sections which are almost the same as
those obtained with the Gaussian distribution for
*He and Fermi distributions for 1>C, 10, and “°Ca.
In conclusion, we wish to state that in the present
theory, the pion production part does not involve
any parametrization. The effect due to the change
in pion momentum in the nuclear medium has also
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FIG. 6. Angular distribution for *He(y,7°)*He com-
pared with the data of Staples (as quoted by Saharia and
0 L 1 1 1 . [ 1 | 1 . . j
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FIG. 5. Cross sections as a function of photon energy
for %O(y,7°)%0. The dotted and continuous lines are 8
arrived at by using the CGLN amplitude. The dashed- i ‘ ‘
dotted and dashed lines are obtained with the BDW am- Hely, )oHe
plitude. 8c.m 140
§— Staples
been taken into account. Proper care is taken of the -
final state interaction, the theory thereby predicting »
the cross sections much better than Saunders’s =1
DWIA calculation. The treatment by the latter of -
the final state interaction is rather crude. Although Se
in the vicinity of the (3,3) resonance region, the 7°
production goes mainly through the A production,
as has been substantiated by Saharia and Woloshyn,
both the IDM and the present calculations are con-
sistent and explain the data reasonably well for the
simple reason that in both cases the parameters are
determined by fitting the pion-nucleus elastic N r
scattering data. 200 230 260 290 320 350
Ey (MeV)

An interesting feature of the calculations is that
there arises a large difference between the results
obtained with the CGLN and BDW amplitudes. It
appears that the CGLN amplitude provides a better
explanation of the cross sections. It may be possible
to reason why the CGLN works better by a rigorous
testing of the two amplitudes against the polariza-

FIG. 7. Differential cross sections for pion angle
0..m.=140°, along with the data of Staples as quoted by
Saharia and Woloshyn (Ref. 4) for 6., =137°. The full
line and the dashed line are those obtained with the

CGLN and BDW amplitudes, respectively.
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FIG. 8. Total cross sections for “He(y,7°)*He. The
other details are the same as Fig. 5.

tion data in addition to the data for the cross sec-
tions for production from single nucleons.

The present DWIA theory thus provides a
reasonable agreement with the available sparse data.
Systematic measurements of the differential and to-
tal cross sections would enable one to test the
DWIA calculations and help one to distinguish the
different elementary amplitudes.
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FIG. 9. Angular distribution for “Ca(y,7°)*Ca, com-
pared with the data of Davidson (as quoted by Saunders).
See caption of Fig. 5 for other details.
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