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The reaction "N{y,m )"Qg, is calculated within the framework of the distorted wave impulse
approximation and the results compared to activation measurements, Investigations are made of the energy
dependence of the pion momentum dependent terms in the single particle amplitude and the effects of the
nuclear wave function and pion optical potential on total cross sections.

NUCI EAR REACTION '
N(y, x )' O. Activation method. Eo ——150—700 MeV;

measured 0, deduced 0&., calculated 0&., Ge(Li) detector.

The levels "C(g.s.), "N(2.31 MeV), and "O(g.s.)
form an isotriplet which connects to the '~N(g. s.)
isosinglet via p' and M1 transitions. It has long
been known that the reaction "C "N+e + v, is
anomalously slow. Although the angular momem-
tum, parities, and i spins are consistent with an
allowed Gamow-Teller (GT) transition, the large
ft value (corresponding to a GT matrix element

I (GT) I
= 0.002) implies, for low momentum trans-

fer, a weak overlap of the "C and "N ground
states with respect to the axial vector current
operator. More recently, ' the '40 positron decay
to "N(g.s.) was found also to be strongly inhibited

(I(GT) I
=0.013) with an ft value approximately 10

times greater than that for allowed 0' -1' tran-
sitions.

In the soft-pron lament, radxatxve pron capture
and threshold pion photoproduction, as well as
allowed muon capture, are governed by matrix
elements similar to that of GT P decay. Within
the past few years, studies' ' of these processes
have been carried out on "N and indicate that at the
much higher values of momentum transfer char-
acteristic of these reactions, weak overlaps per-
sist between isotriplet and isosinglet members
of the A. =14 isobars. Although the existence of
higher-order contributions (two-body terms,
exchange currents, etc.) to the single particle
Kroll-Ruderman term in both p decay and photo-
production, together with the higher momentum
transfers being sampled in the latter, rule out

any immediate comparison between the two pro-
cesses, it will be nevertheless instructive to use
these isobars to investigate the energy dependence
of those additional terms in the production ampli-
tude which are dependent on pion momentum and

ignored in such allowed transitions as occur" at

threshold in' =6 and 12. It will also be interest-
ing to observe the effect of the pion wave function
in modifying the results expected on the basis of
a pure GT operator.

In this paper we confine our attention to the
reaction "N(y, w )"O. This reaction proceeds
entirely to the "0 ground state which is the only
bound state. We also investigate, from the thresh-
old region through the b, resonance, the depen-
dence of the results on nuclear wave functions and
on the optical potentials used to describe the ~-
nucleus final state interactions. Finally, we
present results of activation measurements taken
at the Lund synchrotron and compare experimen-
tal data with theory.

The calculations are carried out in the frame-
work of the distorted-wave impulse approximation
(DWIA) with final state interactions included
through optical potentials. Although the theory
has been outlined earlier in some detail, ""it is
worthwhile to elaborate here on some additional
points specific to this reaction. The free y~N
amplitude is written in the n-nucleonc. m. system"

t= [io &E,+(c ~ lr)o (jgxe)E,

+ &(o' '&)(& ' &)E3+'4(o' k)g ~ c)E jg+,

where 0 and & are the nucleon spin and photon
A

polarization, 7' is an isospin operator, and k
and E are unit vectors in the direction of pion
and photon c.m. momenta. The amplitude factozs
E, for yu- ~ P are decomposed into multipoles in
the usual way. " The individual multipole contri-
butions for /, ~3 are taken from the work of
Berends et al. ,"for photon energies E& ~ 160 MeV
and from Weaver" for Ez = 150 MeV IWeaver's
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results are too high by a factor of (1+m, /I„)',
the correct Kroll-Ruderman m„-0 prediction
is 17.7 p. b and not 23.1 p.b as quoted in Ref. 13.
The correct values are used here. ] Our use of
Weaver's result is, in a sense, equivalent to the
approach of Ref. 8 in which a renormalization of
the dipole strength served to incorporate the
linear corrections (in m, ) to the Kroll-Ruderman
result for (y, w ).

Three sets of nuclear wave functions were used.
Thefirstis the (8-16)2B~Eversionof Cohenand
Kurath'~ (CK) with ap, &, —p, &, energy splitting of 5.67
MeV. These wave functions give good fits to a wide
range of electromagnetic properties in the p shell and
in addition predict the cancellation in the ' C- '4N QT
matrix element. The second set arises from the
realistic interaction calculation of Lee,"as ap-
plied by Baer et al. ,

' to radiative ~ capture on
"N. These wave functions result in a somewhat
poorer cancellation in the p -decay matrix element
but yield good results for ~ capture and electron
scattering in the P shell. Finally, for comparison
purposes only, we use jj-coupling wave functions
which reproduce very poorly almost all properties
in the upper P shell. Harmonic oscillator wave
functions are used throughout with an oscillator
length 5=1.70 fm (@&@=14.35 MeV). We have
investigated the influence of sd-shell admixtures
to the "0 and "N ground states, using as a guide
the weak-coupling calculations of Lie."We find
the changes in cross section to be negligible, con-
sistent with the result" that the two states contain
at most 5'fo (sd)' admixtures.

The final calculational ingredient is the ~-nucle-
us optical potential. It is well known that pion
photoproduction is sensitive to the details of the
~-nucleus interaction, and it is to be hoped that
this sensitivity will eventually be useful in delin-
eating the form of V. .. For the present, we will
employ the optical potential of Stricker, McManus,
and Carr (SMC),"which has been fitted to low-
energy ~-nucleus scattering and, for comparison
purposes, the local Laplacian (LL)" and modified
Kisslinger (MK)" potentials. For all three cases,
we have assumed equal neutron and proton mass
distributions. For SMC, we have used parameter
set I with values interpolated between the A = 12
and A. =16 cases given there; for both LL and MK,
we have used Woods-Saxon matter densities (half-
density radius = 2.30 fm, skin thickness = 2.00 fm)
with a Coulomb potential for a uniform sphere of
charge of radius 3.21 fm. For LL and MK, we
have used the at% phase shift parametrization of
Salomon. " He has fitted an analytic function to
recent phase shift data" so that the resulting
scattering amplitudes are smooth functions of
energy from 0-250 MeV. Finally, with the poten-

tial fixed, the resulting Klein-Gordon equation
was integrated numerically through use of the
program PIBK."

In the experiment, targets of adenine (C,H, N, )

were irradiated with bremsstrahlung of maximum

energy 150-700 MeV at the Lund electron synchro-
tron. The adenine powder was pressed into solid
disks of 20 mm diameter and 4 mm thickness.
Carbon disks having the same dimensions were
used for monitoring. The disks were placed in
an uncollimated beam to optimize the photon Qux.
The "0daughter nuclei were identified by the
2.31 MeV deexcitation gamma rays, measured by
a 35 cm' Ge(Li) detector connected to a multi-
channel analyzer. The short (70.6 sec) half-life
of the product nucleus made it necessary to use a
pneumatic system to transport the irradiated
samples to the measurement area. With this sys-
tem, the samples were irradiated and measured
within 180 sec, the measurements beginning 20 sec
after irradiation. Because of low counting rates,
the counts from several runs (as many as 30:at
low energies) were accumulated at each end-point
energy. The monitor reaction" "C(y,n)"C was
used to obtain absolute yields (cross section per
equivalent quantum). In Fig. 1 we have plotted
yields as a function of maximum energy. At
150 MeV (5.3 MeV over threshold) no activity was
observed from "0 above the background level.
The error bars in the figure are statistical with

total systematic error estimated to be +15% [this
figure does not include contributions from the

(y, 2n) and (P, n) reactions discussed below]. Yields
from the reaction" "C(y, w )"N are shown for
comparison.

The residual nucleus "0 can also be produced

CI

CF
ED

2—

b

I I I I I

IOO 200 500 IOOO
BREMSSTRAHLUNG END-POINT ENERGY (MGV)

FIQ. 1. Bremsstrahlung cross section per equivalent
quantum, 0, vs. end-point energy. The ' C results are
taken from, Ref. 27.
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by the (y, 2n) reaction on oxygen impurities in
the samples. The H,O content in the samples was
0.25% as given by the manufacturer. '4 From the
recently measured "O(y, 2n)"0 yield curve, "
the contribution to the photopion yield could be
determined. It was found to be 0.05 p, b/eq. q. at
150 MeV, rising gradually to 0.10 p.b/eg. q. at
Ey» 400 MeV. Another possible background con-
tribution arises from photoprotons produced in
the adenine targets. The same final nucleus can
then be produced via the reaction "N(P, n)"O.
This background was difficult to determine in the
present experiment since the statistical errors in
the measurements are large. The results of sim-
ilar studies, "'"on "C indicate that this two-step
process is not important here. No corrections
were carried out for the two background contrib-
utions, since, taken together, they are half as
large as the statistical errors in the experimental
points.

From the experimental yield points in Fig. 1,
the cross section was deduced by the photon dif-
ference method together with the smoothing pro-
cedure described in Ref. 28. The large errors in
the yield data made it necessary to apply strong
smoothing to avoid oscillations in the cross sec-
tion. The final cross sections with error are
shown by the shaded areas in Figs. 2, 3, 4, 5, and
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FIG. 3. Same as Fig. 2 for Volt=modified Kisslinger
potential (Ref. 19).
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FIG. 2. Total cross section versus incident photon
energy for the case V,~t=0. Wave functions are (a) jj
coupling (jj); (b) Baer et gE. (Ref. 4); (8); (c) Cohen-
Kurath (Ref. 14) (CK). Present experimental results
are denoted by crosshatched area.
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FIG. 4. Same as Fig. 2 for Vo~&=local Laplacian po-
tential (Ref. 18).
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FIG. 5. Same as Fig. 2 for Vpyg potential of Stricker
et el. (Bef. 17).

6. It is interesting to compare the magnitude of
the cross section to that" of "C(y, ~ )"N(g.s.)
(Fig. 1). Although there is strong disagreement
with the Bates result" in the threshold region, the
"C cross sections in the energy region 200-400
MeV" are approximately 5 times larger than those
for the "N reactions.

In Fig. 7, we plot, for jj and CK wave functions
and all choices of final state interactions, the
difference o -a, where o is the cross section
calculated using Eq. (1) and o,„ is the axial vector
contribution to 0. Near threshold, this quantity
is relatively independent of both nuclear wave
function and optical potential. For all combinations
except jj+MK, linear increases are found from
zero at threshold (144.7 Me'ir) to 0.14 ~0.06 debat.
E& =155 MeV; in the case of jj+MK, significantly
less damping of the pion momentum dependent
contributions occurs so that interference between
g,„and o „„,„is less complete (cf. Figs. 3 and 6).

Figures 2-5 illustrate the dependence of the
cross sections upon nuclear wave function for
fixed optical potential. We note first of all that,
consistent with expectation and experiment, cross
sectxons 1Q the near threshold region are consld-
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FIG. 6. Total cross section versus photon energy for
Cohen-Kurath wave functions and a variety of optical po-
tentials. Present experimental results are denoted by
cross-hatched area.

I50 I60
Incident Photon Energy (MeV)

FIG. 7. Pion momentum dependent contributions to
the total cross section 0. g~~ is the axial vector contri-
bution. Dashed lines are for jj and solid lines for CK
wave functions. Optical potentials are from Ref. 17
(SMC), Ref. 18 (LL), and Ref. 19 (MK). Threshold is
144.7 MeV.



1464 V. Oe CAR LO et al. 21

l2,

IO—

}

l2
C

I I I

4 5 6 7
I

9 IO

FIG. 8. Total cross section as a function of photon

energy over threshold for the near threshold region.
The calculations are for {Hef. 29) 2C(y, x") ~N and
4N(y, x ) 40. %'ave functions are Cohen-Kurath (Ref.

14); Vo t=0.

erably smaller than for "C(y, m )"" for all three
sets of wave functions. Calculations similar to
these, carried out on A =12, lead to results"
Ib-30 times greater in the region 3-10 MeV over
threshold. This feature is illustrated in Fig. 8
for CK wave functions and no final state interac-
tions. In the energy range 220-450 MeV, the
"C and "N results are essentially identical for

all optical potentials. |II%t"e note, secondly, that
the results for the two "realistic" wave functions
are in all cases quite similar with peak locations
closer to experiment than for the jj wave functions.
In the "post-resonance" region this disparity tends
to decrease with energy so that for F.

z
~ 230 MeV

the predictions differ by only a few percent for
any final state interaction. Closer to threshoM,
the CK and jj wave functions also yield similar
cross sections but in this region the near van-
ishing of the GT matrix element for CK wave
functions might have led one to expect a far

smaller cross section than for the jj wave func-
tions. That this does not occur is due to the
dominant role played by the quadrupole component
[cS F,] "' of the photoproduction matrix element. "'
Inspection of this matrix element, ("0)

~j,(qr)[o
SF,]"'~j"N), indicates that both the I=O and
l = 2 components of the multipole decomposition ofe"'" (q = momentum transfer) contribute to the
cross section (we ignore final state effects for
ease of discussion). In standard notation, the
former is proportional to (C,"C,"-(I/v 3)C~O C~'),
the latter to (v'12 C,"C"+ ~5 C"C" + ~&7/2 C"C")
Inserting numbers, we find the s-wave ratio
o'(CK)/o'( jj)~, = 2.03X10 ' consistent with predic
tions for GT rates. We also find@(CK)/a(jj)

~

=0.92.
The CK cross sections are completely dominated
by the quadrupole term while both s and d states
make sizable contributions to v( jj).

The final point we make is that although all com-
binations of wave function and optical potential
lead to agreement with experiment in the near
threshold region and for 8 ~ 270 MeV, the results
in the vicinity of the resonance are uniformly high.
It is interesting to note how sensitive are the pre-
dictions in the resonance region to the assumed
form of V,~, (Fig. 6). In particular, the marked
difference between the MK predictions on the one
hand and the LL and SMC on the other gives added
weight to the observation"" that optical potentials
containing V Vp terms may induce unrealistic'. ly
high momentum components into the pion wave
function which can distort production processes
which peak in the surface region of the nucleus.
These effects are currently under investigation. "
What is apparent from the results of this calcula-
tion is that the sensitivity of charged pion photo-
production to details of the low energy optical
potential can be used to provide valuable informa-
tion on the ~-nucleus interaction in the region in
which it is most poorly defined.
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