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In-flight radiative capture cross sections have been studied for the process '*N(r *,y)'*O(g.s.). Total and differential
cross sections have been calculated, and the effects of pion distortions, of higher order photoproduction operators,
and of nuclear structure have been examined. The Blomqvist-Laget photoproduction operator has been used in an
appropriately time-reversed form, the Stricker, McManus, and Carr pion optical potential has been used to account
for pion distortions, and the nuclear structure information has been stipulated by use of simple shell model wave
functions or by fitting recent electron scattering form factors. Particularly interesting interference effects due to the
pion propagator and enhanced isobar contributions are revealed by this study.
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I. INTRODUCTION

Radiative pion capture to discrete nuclear
states is a difficult experiment, because essen-
tially all of the pion energy is converted into the
energy of the photon, and high energy photons are
difficult to resolve. However, in the case of
5N(r*, ¥)*°0 the experiment is feasible because
of the large energy separation between the ground
and first excited states of 50(~5 MeV). We show
in this work that the dependence of the total and
differential cross sections on the various terms
in the radiative capture transition operator, on
the nuclear structure, and on the initial pion
distorted waves yields some interesting and sur-
prising insights into the dynamics of the
ISN(n*, ¥)*°0 (g.s.) reaction. These insights might
serve to motivate such experiments.

For the dynamically similar =, v and y, m reac-
tions on nuclei, the Kroll-Ruderman term
(G,6+€*) in the Blomqvist-Laget' operator is
generally strongly dominant in determining the
cross section. For the *N(=*, y)'°0O(g.s.) reac-
tion, however, there proves to be a very strong
dependence on the term in the operator propor-
tional to the pion propagator (the pion-pole term).
This pion-pole term produces a sharp minimum
in 0(8) by destructive interference with the Kroll-
Ruderman term. The sharp destructive interfer-
ence minimum is sensitive to the pion-pole term;
that is, to the electric current of pions in the nu-
clear medium. Since that current, and the assoc-
iated pion propagator, could be affected by the
enhanced probability of producing virtual pions
in the nuclear medium, the location and magnitude
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of the interference minimum (indeed even ob-
servation of its absence) could serve as a measure
of meson degrees of freedom. Of course, one
would need to very carefully include all other ef-
fects, such as pion distortions, isobar propaga-
tion, nuclear correlations, etc.; this paper is a
step in that direction. At this stage, we believe
that the surprising sensitivity to the pion-pole
term found for !*N offers some encouragement to
the idea of using such a reaction to observe the
conjectured pion condensation precursors.? A
second effect pertaining to the Blomqvist-Laget
operator involves the A, resonance. At a pion
energy of 50 MeV the y, r and =,y reactions on
nuclei generally show little contribution from the
Agg part of the (7,y) or (y,n) operator. For 7*,y
on N, however, the role of the Ay, is strongly
amplified because the A fills in the minimum of
o(6) near 90°, where the effect is weighted by sing
in forming the total cross section. This feature
leads to a substantially increased total cross sec-
tion near 50 MeV.

The nuclear structure of ®N(g.s.) and *°0(g.s.) in
first approximation is taken to be a simple one-
hole configuration. Many calculations have shown
this to be inadequate for such processes as elec-
tron scattering.® Furthermore, efforts to improve
the results by performing major shell model cal-
culations have not yet proved fruitful.® In this pa-
per, we compare the =, y results obtained using
the simple one-hole configuration description with
those obtained using nuclear wave functions fitted
to very recent Ml elastic electron scattering® and
B* decay. The fitted nuclear wave functions yield
a decrease in the total =, y cross section, partic-

2652



23 RADIATIVE CAPTURE OF IN-FLIGHT PIONS BY I5N 2653

ularly near the 50 MeV total cross section peak.

Our procedure is based on earlier y, r distorted-
wave impulse approximation (DWIA) studies using
the Blomqvist-Laget (BL) photoproduction opera-
tor.5 For the m,y process we obtain the time re-
versed form of this BL operator. Most of our cal-
culations have been done at 50 MeV, where the
total m,y cross section peaks. The location of this
peak is shown to be relatively insensitive to the
various effects studied.

II. THE DWIA FOR RADIATIVE CAPTURE

The amplitude for the =, y process involves the
many-body matrix elements of an operator F ,
where the initial and final nuclear states are dis-
crete, and the operator F is assumed to be a one-
body operator

F=Eﬁ (alf|8)alas, (1)

where a and 8 are single particle quantum num-
bers (i.e., a denotes a, m, m ., where “a” labels
the quantum numbers ,, 1,, j,). The use of a
one-body operator implies neglect of meson ex-
change and other higher order effects. For radia-
tive capture (RC) of charged pions, no sum over
isospin quantum numbers is needed and hence the
isospin operator 7, can be omitted in specifying
the one particle operator f ,

f "‘TRC'E )‘(p(d-)(r)e-ik T . (2)

The quantity J3_ is obtained from the Blomqvist-
Laget! operator for photoproduction by considera-
tion of the time reversal properties of the ele-
mentary reaction yN == nN. The method will be
detailed in Sec. III. As could be expected, the al-
terations required by time reversal are manifested
as sign changes for some terms of the photoproduc-
tion operator, and as incoming to outgoing re-
versals of boundary conditions and of the associa-
ted pion and photon quantum numbers. In Eq. (2)
the incoming pion is descrlbed by <p‘1’ and the
final photon by e* etk

The Blomqvist- f.agetl form of the photoproduc-
tion operator involves a sum of the standard Born
terms (pseudovector 7-N Lagrangian) plus a term
which phenomenologically accounts for the s-chan-
nel formation of a A,; resonance. These diagrams
are reduced to a nonrelativistic form in a general
reference frame. This reduction makes the oper-
ator convenient for embedding in a nonrelativistic
nuclear calculation since one thereby incorpor-
ates the pion-nucleus to pion-nucleon center of
mass transformation in a reasonable manner. The
operator has as its leading term the Kroll-Ruder-

man operator, G,d+&, which generally dominates
photoproduction and radiative capture results at
low to moderate energies. There are also
“higher order” terms which are generally small
relative to the 5+ €* term, but which for certain
reactions may become quite important.

The BL operator is found to give good agree-
ment with experiment for photoproduction of up
to 300 MeV pions for the elementary yN - 7N
process.! This BL description of course also
applies, by detailed balance, to the elementary
radiative capture process. When used in a nuclear
context, however, several approximations are
used.® The kinematical coefficients of the opera-
tors were, for simplicity, evaluated for fixed
total nucleon energy (E, ~ M,). In the elementary
reaction this approximation limits the validity of
the operator to production of pions below 200
MeV. To embed the operator in a nuclear cal-
culation, one replaces the nucleon and pion mo-
menta, § and §, with the operators —i¥V, and
-iv,.

The overall structure of the nuclear r, y am-
plitude® is

Fiy=2, > S o o),
n=1
(3)
from which the cross section is obtained as

o)=L 2r1 B P

2
227,+1 q o L Y., ®

Ipmy

4

The indices J, L’ and S are, respectively, the
total, orbital, and spin angular momentum trans-
ferred to the nucleus during the process. This
form: of the amplitude (3) explicitly demonstrates
a separation into a purely nuclear quantity, the
transition density p(7), where

2j,+1 \/? A
PToprs )=~ ; (_Zlh) Kall pPyres o)

¢ @x ) Ad),  6)

and a tensor quantity y(r) built from photon multi-
poles and pion wave functions.® The notation { )
signifies that integrals over nucleon angular co-
ordinates have been performed. The quantities
Call pM,L+sIbY, for a harmonic oscillator basis,
depend only on the nucleon levels and the harmon-
ic oscillator parameter 5’. The one-body density
matrix elements

p,{.E<Jf" (aIxab)J"J()) (6)

where
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@, =(=1)la"™a P

give information on the filling of the shell levels,
and hence store the structure information specific
to the nuclei involved in the reaction. Evidently,
they depend on the initial and final nuclei of the
reaction. Thus, given b’, only these pJ, are
needed to specify the shell model structure of the
nuclei. The quantities p are nucleon operators
of the form [ Y, x&],, [(¥Y,x¥),,x5],, or
[(Y,%x¥),,x 5], (where S=0 or 1 depending on
whether the spin matrix is present or not in any
particular term in the J ic operator).

It is, of course, the overlap of the functions
p(7) and x(7) that determines the strength of the
transition. The distribution in 7 of p determines
those regions of the nucleus most active in the
transition. This radial dependence of p implicitly
tells us where x(7) has to be known accurately.
Since one part of x(») is the pion distorted wave,
the radial dependence of x(7) depends directly on
the choice of optical potential used for generating
¢ (g7). We use an optical potential® which fits
elastic m-nucleus scattering at the pion’s energy.
The computer code PIRK’ was used to generate
the initial pion partial waves. In our calculations,
we include all requisite pion partial waves and
make corrections for nuclear recoil and the lack
of translational invariance of the shell model wave
functions.

III. TIME REVERSAL

To obtain a radiative capture nuclear transition
operator as given in Eq. (2), we have time rever-
sed the BL elementary photoproduction (PP) opera-
tor.! The BL operator J° is characterized by two
points. First, each term has an even number of
particle momenta. Second, the various terms are
differentiated as to whether they contain a Pauli
spin matrix or not. The elementary transition
matrix element for photoproduction on a nucleon
is of the form

(x,|[35+(5‘-\71)-‘72 +V3XV4]'gk)\| X()y (7)

where S and V,, V,, V,, and V, are, respectively,
scalar and polar vectors constructed from the
pion, photon, and nucleon momenta. By applica-
tion of the time reversal operator T the above be-
comes (where 7,1, ) denote phases)

(Tx,;| T[65+ (& .vl)v2+v3 x¥,] €T Tx,)
=TI¢";<XL[[‘T’S -G ’vx)vz"'va x V«t] '€kxlx-f> ’

(8)

Note that because of the even number of momenta

in each term of (7), only the spin dependent terms
experience a net sign change under time reversal.
Note also that the above result involves no net
complex conjugation of either €ix or of the oper-
ator coefficients. However, €;, may be rewritten
as €%,, which describes a final state photon of
momentum - £, Therefore, we have an operator
which takes a pion and nucleon of quantum num-
bers -§, -P;, -m;, to a photon and nucleon of
quantum numbers -k, -p;, —m;. Now we consider
the physical process with reversed momenta and
m quantum numbers (§—~ -, k-~ -k, My~ =My,
and m; ~ - m;). We are left with an elementary
radiative capture operator fRC which can be em-
bedded in a nuclear calculation. In that way one
obtains the one particle operator

fre =j§’zc ‘gz‘;e'ii'*‘/’(‘; (¥). (9)
Recall that the time reversal operator 7 =UK,

(K, being complex conjugation and U being uni-
tary); thus

Tyu=(f1Q)=(f|T'TQT'T|4)
=K (Tf | TQT"| Ti)=(Ti| TQ' T Tf)
=L =i| TQIT -f) .

The operator f,. can also be generated directly
from the photoproduction operator,

Frp=T%p €0 (), (10)

if one is careful in applying time reversal. The
same prescription, Eq. (9), for generating the
radiative capture operator, including the correct
pion wave function and photon wave function,

can be found using

fre=TFeeT™. (11)
Again note that in (11) there is no net complex
conjugation of numbers, and that the appropriate
time reversed piqn and photon wave functions
are generated in fz¢ since

T(pa(-)*fT-l - wé-)t =¥

-

.. . . (12)
T(gheik-r)tT-l. =€heik-:‘ =€-Eke iker

Thus the time reversal process leads correctly

to the reversed pion and photon states: As before,

to get frc from (11) we still need to consider

the reversed process with §~-3 and k~-k.

The result (12) for the pion wave function is

easily shown for real distorting potentials, but

also holds for complex potentials, as a conse-

quence of requiring outgoing waves in ¢“’.8 The

fact that $“’ and ¢ satisfy wave equations

withthe same optical potential ensures that we have
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the proper decrease in pion wave flux in both photo-
production and radiative capture. Also the lack
of complex conjugation of operator coefficients
ensures that the interpretation of the 4;, contri-
bution remains intact going to radiative capture.
The A;; contributions are characterized by a
complex energy denominator (W2—-M,%+iM,I',)?,
where M, and I, are parameters of the resonance
and W is the total energy of the pion-nucleon
system. If they were to be complex conjugated,
the interpretation as a resonance would be de-
stroyed.

This procedure for describing the radiative
capture process starting from the v,  operators
was tested in two ways. The elementary radiative
capture operator was deduced in the above time
reversal approach and from the basic reversed
Feynman diagrams and found to be the same.
Secondly, the full configuration space nuclear
transition operator was tested via detailed balance
by comparing a radiative capture calculation
with the appropriately reversed photoproduction
calculation. The test was sensitive to the sign
changes in each operator. These sign changes
are crucial for the conclusion of the paper in-
volving the cross section minimum produced by
the pion pole term in the operator.

IV. RESULTS

In our 7,7y calculations, we have studied the
role of nuclear structure, the effects of the
optical potential,'® the A,, resonance, and higher
order terms in the BL transition operator. The
results of each study cannot, of course, be totally
separated from those of the others, but clear
patterns emerge.

A. Nuclear structure

The role of nuclear structure was studied by
using two sets of wave functions for the *N(g.s.)-
150(g.s.) system. Since these are mirror nuclei
and isospin invariance has been assumed, the
wave function for each nucleus in its J=3", T=3
ground state is essentially the same. Thus one
need only specify the wave function of the °N
nucleus to describe the system. The first set of

nuclear wave functions we considered was a simple

one-hole configuration. For the 7,7 reaction this
configuration gives rise to two nonzero one-body
density matrix elements, p,,,,, and py,,, /s
where J=0, 1 are the two possible transfer an-
gular momenta. The harmonic oscillator pa-
rameter b’ completes the required nuclear struc-
ture information. For the one-hole configuration
wave function, b’ was taken from elastic electron

scattering. A second set of nuclear wave functions

was determined by allowing the nonzero p‘{,, and
b’ to vary so as to fit both very recent M1 elec-
tron scattering data* and the experimental f¢ value
for B* decay from '*O(g.s.) to *N(g.s.). The M1
form factor fitted to the Singhal et al. data® is
compared with the one-hole configuration result
in Fig. 1; the corresponding density matrix ele-
ments pJ, and value of the oscillator parameter
are given in Table I. From Table I, one can see
that p? /21/2 i8 increased in importance relative
to pi/21/2» When one fits the recent data.® This
increase is quite significant in what follows.
Because the transition operator structure in
electron scattering is similar to that in our cal-
culation, it is expected that the above fit represents
the nuclear structure in a reasonable fashion. To
go beyond this fitting procedure would require
large scale shell model calculations in the s-d
shell. While this is certainly feasible, due to the
existence of the Glasgow and other codes, it has
been shown that the use of the Glasgow code with
the standard Kuo interaction yields very little
improvement in electron scattering calculations.?
It is not clear that a proper understanding of this
state now exists in terms of a fundamental shell
model calculation. Hence we feel that the fitting
procedure we adopt is a reasonable approach to
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FIG. 1. The M1 elastic form factor for 1*N, both for

one-hole configuration (---) and for fit to data of Singhal
et al. (Ref. 4) (—).
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TABLE I. One body density matrix elements for l"’N(vr’,'y)mO(g.s.) for different nuclear wave
functions. The label J=IJ, —J,I =0, 1 refers to the angular momentum transfer. All other

density matrix elements are taken to be zero.

134 one-hole configuration M1 fitted
J a b

0 h 3 -0.707 -0.728
1 4 3 1.225 0.969
b (fm) 1.74 1.68

storing the nuclear structure information.

The m, v cross section results using fitted wave
functions versus those using one-hole wave func-
tions are shown in Figs. 2 and 3. It can be seen
from Fig. 2 that the effect on the total cross sec-
tion of replacing the one-hole nuclear states
(dashed curve) by the fitted (solid curve) wave
functions is to scale the results down over the
30 to 200 MeV pion energy range. In Fig. 3, we
show the corresponding differential cross sec-
tion o(8) calculated for 50 MeV pions. It is seen
that o(6) is generally lower for the fitted (solid

30 T T T 1

FIG. 2. Radiative capture total cross sections as a
function of pion kinetic energy. Full calculation with
distorted pion waves, full BL operator, and M1 fitted
wave functions (—); calculation with distorted waves,
full BL operator, and one-hole wave functions (---);
calculation with plane waves, full BL operator, and M1
fitted wave functions (~—— - — - —); calculation with
plane waves, Born terms only, and M1 fitted wave func-
tions (--).

curve) case at all angles except between 30° and
80°. In the 30°-80° range, o(f) is not decreased
because pj,,,,, is increased in the fitting pro-
cedure, and in this angular range the =,y oper-
ators depending on p,,,,, prove to dominate. In
Fig. 4 the individual contributions of p} /2172 and
Pi/21/, to 0(6) are displayed (note the p° contri-
bution dominates in the 30°-80° region). Of the
operators contributing with p‘} /2172 at this energy
Ag - €* is the strongest by an order of magnitude.
The relative importance of p,,,,, and p},,,/,
changes with angle as shown in Fig. 4; when the
J =0 and 1 contributions are added the hump at
forward angles is generated. Looking at Figs.

5 and 6 one can see, for both plane (Fig. 6) and
distorted (Fig. 5) waves, how this hump becomes
more pronounced at higher energies. As will be

|O [ T T T T T _]
b Distorted Waves ]
- :
AN
— \ —
= L
~
0
3
- =
c E
he) —
<~ L
b L
he)
l6l 1 . 1 1 1
0 60 120 180

B\qp (deq)

FIG. 3. Differential cross sections for distorted waves
and full BL operator at 50 MeV: o(8) for M1 fitted wave
functions (—); o(6) for one-hole wave functions (---).
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FIG. 4. Individual contributions to o(8) of the one body
density matrix elements at 30 MeV, calculated with M 1
fitted wave functions. Contribution of p} /2172 (—); con-
tribution of p{ /2172 (-==). Since the two contributions
have different J values, they do not interfere, but add
incoherently.

seen later, this forward angle hump is closely
related to the increasing importance of the A,,
resonance with energy.

One can also see from Fig. 4 that at zero
degrees o(6) is determined only by p},,,,, if only
two nonzero one-body density matrix elements are
assumed. In principle, this fact allows one to
measure pj,,,,, directly. This value of p},,,/,
could then be compared both with the one-hole
value and that obtainable from fitting electron
scattering.

The results of the nuclear structure studies
should be viewed with some caution. Our fit to
the M1 data assumes that only two one-body den-
sity matrix elements are adequate to fit the M1
form factor data. Actually, we could fit this data
only up to 2.5 fm™ with this model. In that range
the fit to the data was quite good. However, it is
very hard to tell how much nuclear structure in-
formation may be stored in this manner.

B. Optical potential

The optical model potential® has quite significant
effects on the calculated cross sections as seen

|O T T T 1 T B
C Distorted Waves ]
SR 1
17A% \\ E
- o \ \‘ ]
[7,] o N -
~ - ]
o L H‘ ]
i \\ J--a50 N\
T oE N \\ :
S E 180N, N ]
~N B \ ~ ]
b i R 7
s L N ]
-2 N
10 i N S -
g N ]
C N ]
B NS
L ~__]
'63 1 1 1 1 1
0 60 120 180
Qlab (deg)

FIG. 5. Differential cross section for distorted waves
at increasing pion kinetic energies using M1 fitted
wave functions and full BL operator: 80 MeV (—);

116 MeV (— — —); 150 MeV (---); 180 MeV
(—-—-—).
IO F T T T T T B
F N Plane Waves
;;/r N :'
5 W\ 80 MeV T
L N _
'E N E
’g F N ]
~ [ 8}) ]
o 180 .
i AR -
vl-lr \‘ \ 3
S N \ ]
~ [ NN ]
b | Ny ]
o° T
_2 \\~
10 & E
-3
lo 1 L 1 1 1
(0] 60 120 180
elob (deg)

FIG. 6. Differential cross sections for plane waves.
Caption same as for Fig. 5.
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in Figs. 2 and 7. In Fig. 7 the differential cross
sections calculated at 50 MeV for distorted and
plane waves are shown. For angles less than
about 130°, the cross section is raised by the use
of distorted pion waves. For angles greater than
this, o(6) is lowered. A study was made of how
the distorted waves change o(f) in the I_=0,1,2
partial waves; it was found that the I, =2 wave
predominantly accounts for the changes wrought
by the distortions. One can see from Fig. 2 that
this change in 0(9) also yields an increase in the
total cross section for energies less than about
80 MeV. Beyond this energy, absorption em-
bodied in the optical potential causes the total
cross section to die much more rapidly for dis-
torted waves than in the plane wave case (Fig.
2). One can see this effect of the distortions at
higher energies manifested in o(f) by comparing
o(6) obtained for plane waves (Fig. 6) and dis-
torted waves (Fig. 5). Whereas the plane wave
results for o(6) at 0° vary gently, that for dis-
torted waves falls drastically with energy, in
agreement with the falloff of the total cross sec-
tion with energy seen in Fig. 2.

It should be mentioned that the optical potential
we have used cannot be tested against 7-'°N scat-
teringdata, as none exists. The Stricker-McManus-
Carr (SMC) potential® is nominally applicable to

|O — T T T T T .
»
~N
0
3
|
S
he)
~N
b
o
—l 1 1 1 1 1
|OO 60 120 180
8,45 (deg)

FIG. 7. Differential cross section 50 MeV with dis-
tortions, with full BL operator M1 fitted wave function.
Distorted waves (——); plane waves (— — —).

all nuclei, but the pion scattering data is essen-
tially limited to even-even nuclei. The SMC po-
tential works well for nuclei near N, but Dytman
et al.® point out that some possibly important
valence nucleon effects occur in 7-nucleus scat-
tering. Such valence nucleon effects have not
been incorporated for our paper, but should be
kept in mind when assessing the effects of the
optical potential; we simply adopt the SMC pion
optical potential and apply it to °N.

C. A, resonance

The A,; resonance has quite marked effects
even at the low energies we have studied. As
can be seen in Fig. 2 by comparing the total cross
section obtained using plane waves and the Born
(m,y) operator (dotted curve) to the result for
plane waves and the full BL (m,y) operator (dash-
dot curve), one sees that the A resonance terms
of the m,v operator cause the total cross section
to increase by ~50% at 50 MeV. The reason for
this increase is clear from Fig. 8, which shows
A, only, Born only, and Born + A, results for
0(9). The A,, only results, while substantially
lower than the Born results at forward and back-
ward angles, peaks just where the sharp dip

|o F T T T T T
E Plane Waves ]
TN BL
| AN
g A 5’ E
- C ,,—“\\ / .
S N :
o) L, . i
3 - 2 \

10 R E
S C/ \ 3
o L " .
~ : R A :
S B33 ]

-2

10 = =

-3

I 1 1 1 1 1

OO 60 120 180

8,qp (deg)

FIG. 8. Differential cross sections at 50 MeV for
plane waves and M 1 fitted wave functions. Full BL
operator (—); Born terms only (— — —), and Ag;
terms only (---).
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appears in the Born cross section. This serves
to fill in the dip and raise the total cross sec-
tion by the factor shown in Fig. 2.

It was mentioned previously that the A; results
and the fact that p},,,,, gained increased impor-
tance relative to p;,,,/, were closely related.
This is because at this energy the A,, amplitude
is dominated by A§ - €* (or § - é*xk), the same
operator which dominates the p{ /2172 Tesults
(Fig. 4). For this one operator the A, strength
is almost the same as the Born strength. Hence
adding in the A term of the 7,y operator has the
same effect as using the fitted wave functions;
namely increasing (@) to form the hump seen in
Fig. 8. As the energy is raised (see Figs. 5 and
6), one obtains the hump at forward angles
whether or not the fitted wave functions are used
because of the increased importance of the A,,.
If fitted wave functions are used, the hump is
enhanced, but its main origin is in the peaking of
the A,; contribution shown in Fig. 8.

D. Pion pole operator

The higher order operator A§- ¢* has been men-
tioned several times and its isobar significance
stressed. However, the most interesting higher
order operator is the pion-pole term. It is more
important than A\§ - €* because it adds coherently
(same J value) to the dominant ¢ - €* term while
A§ - €* adds incoherently (different J value). Its
presence leads to the dip in the cross section
below 90°. As can be seen in Fig. 9 the pion-pole

term is dominant near 90°, whereas § - €* dominates

at smaller and larger angles. This angle depen-
dence leads to destructive interference and the
formation of the dip. When one adds in A\§-e&*
(and the lesser contribution due to the other op-
erators) the dip is filled in substantially, but still
remains the dominant feature of 0(9). As can be
seen from Figs. 5 and 6 the appearance of a dip
is very little influenced by distortions. It dies
out at about the same energy for each case.
Hence we have found that an intevesting des-
tructive intevference occurs between the pion-
pole and the G- E* pion capture contributions.

The approximations inherent in our model should
be kept in mind. The validity of the BL oper-
ator is only demonstratable for the elementary
reaction. The use of the bare BL operator in a
DWIA calculation is possibly dangerous since
medium and binding effects are neglected, which
conceivably could alter some of our conclusions.

V. CONCLUSIONS

This study has revealed several interesting fea-
tures of the *N(=*, ¥)'*O(g.s.) reaction. It shows

|O T T T T T —]
E Distorted Waves E
5o |
~
¥e
i
G \
~ L
b -1 - - \
O I0 | F— 3
o L0 - €"+ Pion Pole \;
|62 1 1 1 1 Il
0 60 120 180

me (deg)

FIG. 9. Differential cross sections with distorted
waves and M 1 fitted wave functions at 50 MeV ¢ *
only (——); pion pole terms only (— — —); o - €* plus
pion pole terms (---).

strong dependence on some higher order terms in the
BL photoproduction operator. Since most cal-
culations involving this operator usually are
strongly dominated by the Kroll-Ruderman term,
this reaction would be of use in gauging the cor-
rectness of these higher order terms. Further-
more, since some of these higher order terms
involve the pion derivative, this reaction offers
the possibility of testing the pion optical poten-
tial.'® Specific to this reaction is the great im-
portance of the destructive interference generated
by the pion pole term in the BL operator. This
interference effect has possible implications in
the difficult search for pion condensation in finite
nuclei.? This reaction also shows strong sen-
sitivity to the A;; amplitudes in the BL operator.
Whereas the 4A,; does not enter so significantly
for most photoproduction and radiative capture
calculations at 50 MeV, in this reaction, by virtue
of the particular nuclear structure information,
the A, part of the 7,y operator greatly enhances
the total cross section. For a reaction such as
2C(n*, ¥)'?N in which the A,, amplitude essentially
follows the M1 form factor just as the Born terms
do, there is little effect of the A,,. In the A=15
reaction, however, the A amplitude is dominated
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by a J=0 piece while the amplitude from the m,¥
Born term is dominated by J=1. The A contri-
bution peaks where the Born contribution dips and
an increase in the total cross section results.
Finally the reaction shows strong dependence on
the nuclear structure of *N and '*0. Within the
context of our model, one can test the 1-hole
nature of the wave functions and, in fact, can
directly measure the isovector, J =1 one-body
density matrix element.

Note added in proof. Dr. P. Trudl has informed
us that radiative capture of in-flight pions are
being measured for A =13 and 15 nuclear targets
at SIN. Also, in a recent report by Delorme ef al.,

this 7,y reaction has been studied, including pion
precursor effects.
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