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Measurements were made of do'/10 [8 =90'(Iab}] for ' B(y,n+}' Be (g.s.) at T =17,
29, and 42 MeV, for ' B(y,n+}' Be (E,=3.37 MeV} at T =29 and 42 MeV, and for
' B(y,u )'OC (g.s.) at T =29 MeV. The results disagree significantly with several recent
distorted-wave impulse approximation calculations.

NUCLEAR REACTIONS ' B{y,m+ }' Be (E„=O, 3.37 MeV},
' B{y,n' )' C(E„=O), 8 =90' Oab), E =17, 29, 42 MeV, measured

do. /d Q, compared with DWIA calculations.

I. INTRODUCTION

There has been considerable interest in experi-
mental studies of charged photopion production in
complex nuclei in the past several years because of
the possibility of their yielding information on the
photoproduction amplitude in nuclei, on the nuclear
structure of the states involved, and on the pion-
nucleus interaction. These (y, u +—

) studies have par-
ticular potential as a nuclear structure probe be-
cause of their isospin selectivity, their preferential
excitation of spin-flip transitions, and more particu-
larly their strong excitation of isospin analogs of gi-
ant multipole resonances in the target nucleus.

Before such applications of ( y, u) reactions can
be made with confidence, however, the validity of
theoretical treatments of these reactions needs to be
carefully checked. Current treatments are based on
distorted wave impulse approximation (DWIA}.
These calculations typically employ one of several

approximately equivalent formulations of the ele-

mentary photoproduction amplitude, ' use nuclear
wave function information which is derived from or
tested against electron scattering data, and describe
the pion-nucleus interaction in terms of an optical
model treatment whose parameters are constrained
by pion scattering data.

Such D%IA calculations have been compared to
the limited amount of experimental data currently

available on (y, u+-} differential cross sex:tions to
discrete final states. These data generally apply to
pion energies less than 50 MeV (where the pion-
nucleus interaction is weak) and to p-shell nuclei,
where the nuclear structure information is generally
known (with some notable exceptions). The results
of such comparisons are somewhat mixed, though
in most cases agree&ent between experiment and
theory is to better than a factor of 2.
Total cross sections for ' C(y, u )' N(g. s.) and

Li(y, u. ) Be(g.s.) measured from threshold to 360
MeV photon energy ' are well fit by DWIA calcu-
lations using both shell model and Helm model
matrix elements. Differtuitial cross sections for
' C(y, u.+ )' B(g.s.) from Tohoku at 194 MeV
(T =39 MeV) and for this reaction and
'

C(y, u )' N(g.s.) from Bates at 17 and 29 MeV
pion energies are all in fair agreement (factor of 2
or less} with shell' and Helm model calculations.
On the other hand, ' C(y, u.+)' B (E„=0.95 MeV)
data from Tohoku and Bates are lower than the
calculation of Singham and Tabakin' by a factor of
about 3, but are in fair agreement with the calcula-
tion of Nagl and Uberall. For ' C(y, n+) leading.
to the 4.5 MeV complex in ' B, there is good agree-
ment with shell and Helm model calculations con-
sistent with (e,e') data. " For Li(y, u+) He(g. s.)
there is good agreement between experiment and

theory both for the near threshold total cross sec-
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tion' and for differential cross sections at photon
energies up to 195 MeV, corresponding to momen-
tum transfer values up to 200 MeV/c. ' However,
there are factor of 2 discrepancies between experi-
ment and theory for Li(y, n.+) leading to the first
excited state of He. ' For ' O(y, m+) leading to the
low-lying levels in ' N, calculated differential cross
sections' ' at 200 MeV photon energy differ from
experiment' by factors of between 2 and 3 although
this case is complicated because it involves the un-

resolved sum of transitions to four states in ' N.
' 8(y, n.+-) is an attractive choice as an additional

test case for several reasons. As can be seen from
the level diagram of Fig. 1, the ground and first ex-
cited states of the residual nuclei ' Be and ' C are
readily resolved. The nuclear structure appears to
be well in hand. The Cohen-Kurath intermediate
coupling wave functions' fit (e,e') scattering's data
to the analog states in ' 8 quite well, showing that
the relevant states are predominantly p-shell states.
The transition to the 1.74 MeV 0+ state in ' 8 (ana-

log of ' Be ground state) is pure M3 and the transi-
tion to the 5.17 MeV 2+ state in ' 8 (analog of ' Be
and ' C first excited states) is predominantly M3,
and we expect both (e,e') and (y, m) to these states
to be dominated by spin-flip transitions. The
present experiment covers a range of momentum
transfer which places it well up on the first max-

imum of the form factor where pion counting rates
should be relatively high and the cross sections
should be rather insensitive to second-order effects.
Finally, ' 8 is self-conjugate, so that (y, ir+) and

( y, ir ) lead to corresponding T =1 analog states in
' Be and ' C, and isospin effects may be investigat-

ed by comparing (y, ir+) and (y, m ) results.
In the present experiment we have measured dif-

ferential cross sections at 8 (lab) =90' for
' 8(y, mr+)' Be (E„=O, 3.37 MeV) at 17, 29, and 42
MeV pion energies, and for ' 8( y, m. )' C (E„=O)
at T~ =29 MeV. Concurrently, positive photopion
angular distribution measurements on ' 8 at a sin-
gle photon energy have been made by Yamazaki
at Tohoku. These latter measurements complement
the present results, which are confined to a single
pion angle, but which cover several pion energies.

II. EXPERIMENT

The experimental layout is shown in Fig. 2. The
electron beam from the Bates linac passed through
flux and position monitors and traversed a tungsten
bremsstrahlung radiator of thickness 186 mg/cm .
The mixed photon-electron beam then passed
through the ' 8 target located about 5 cm down-
stream from the radiator. Targets were constructed
by pressing isotopically-enriched (86% ' 8) boron
powder into discs of 2.2 cm diameter and intrinsic
thickness about 100 mg/cm, and were mounted at
45' to the incident beam. Pions emerging from the
target at 90' were momentum analyzed in a
quadrupole-dipole magnetic spectrometer system
which is described in detail elsewhere. ' A mul-
tiwire proportional counter was located in the focal
plane followed by an array of three scintillation
counters and one Cerenkov counter used for particle
identification.

Data were taken at pion energies of about 17, 29,
and 42 MeV. At each pion energy the spectrometer
setting was held constant, and wire chamber spectra
were acquired at each of a series of electron energies
spaced 1 to 3 MeV apart. Data were periodically
taken at an electron energy of 230 MeV, where the
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pion spectrum was relatively smooth and flat, to
check the relative channel-by-channel efficiency of
the wire chamber. In order to enable subtraction of
the contribution of the "8 target contaminant in

the ' B(y,m ) experiment, (y, m. ) data were also
taken with a "B target. Because of threshold ener-

gy differences, there was no "8 contribution to the

(y, ir+) data. All data were recorded on magnetic
tape in an event-by-event mode.

In order to fix the absolute cross six:tion scale, a
set of hydrogen normalization runs was made at
230 and 24S MeV using a S4 mg/cm polyethylene
target. The pion yield from hydrogen dominates in
these runs; similar runs were made with a graphite
target to permit subtraction of the carbon contribu-
tion to the yield.

III. DATA REDUCTION AND ANALYSIS

Acceptable events were selected by sorting on the
basis of acceptable wire chamber firing and cuts in
pulse heights and time-of-flight spectra in the three
scintillators, and the Cerenkov time-of-flight spec-
trum. ' Effects of channel-by-channel efficiency
variations were removed by dividing the wire
chamber spectrum of acceptable events by that ob-
tained at an electron energy of 230 MeV with the
same spectrometer setting. Then the resulting wire
chamber spectra for various electron energies at a
particular spectrometer setting were combined into
a single isochromat plot (number of pions per unit
energy versus electron energy for a particular pion
kinetic energy). This method of obtaining iso-
chromats is described in detail elsewhere. The
plot for T =29 MeV is shown in Fig. 3.

Cross sections were extracted by fitting the iso-
chromats constructed in this way with a standard
photon spectrum. This photon spectrum included
bremsstrahlung from radiator and target using a
code of Matthews and Owens, and a virtual spec-
trum for electroproduction as given by Dalitz and
Yennie with an experimentally-determined correc-
tion factor of 1.25. Electron and pion energy
losses in radiator and target were accounted for in
the photon spectrum as was the system energy reso-
lution. Real bremsstrahlung photons contributed
about two-thirds of the pion yield in the present ex-
periment and virtual photons about one third. In
obtaining cross sections, pion decay was taken into
account, but the muon contamination of the pion
spectra (estimated to be a few percent) was neglect-
ed. No correction was made for contributions to

the background from quasifree processes. Absolute
cross sections were determined relative to that of
'H(y, m+), using the cross section tabulation of Gen-
zel et al. for that reaction.

IV. RESULTS AND DISCUSSION

The cross section values obtained for
' B(y,m.+)' Be(g.s.) at T =17,29, and 42 MeV are
plotted in Fig. 4 and those of the corresponding re-
action leading to the first excited state of ' Be
(E„=3.37 MeV) at T =29 and 42 MeV are plotted
in Fig. S. The error bars shown include only statisti-
cal errors. In addition, the absolute cross section
scale is uncertain by about +16% owing to the
combined effect of systematic errors, including un-
certainties in target thickness, 'H( y, n.+) absolute
cross section, and real and virtual photon spectra.
Recent measurements by Yamazaki at T =40
MeV are also shown in these figures. There is satis-
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FIG. 3. Yield of positive pions with T =29 MeV
from ' B as a function of electron energy, as constructed
from the experimental data. The vertical bars on the data
points represent statistical errors. The solid curve is a
least-squares fit to the data which includes a flat back-
ground contribution and above-threshold contributions
from the transitions to the ground and 3.37 MeV states
of ' Be. The shapes of each of the latter contributions re-
flect calculated photon spectrum shapes as described in
the text.
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FIG. 4. Differential cross sections for ' B(y,n+l' Be
(ground state) at 8 =90' (lab). The present results are
given by the vertical bars. Other experimental results are

shown as the solid diamond point at 40 MeV (Ref. 20)
and the open circle point near 12 MeV (deduced from
Ref. 27). The curves labeled M (Ref. 31), ST (Ref. 10),
DF (Ref. 30), and NU (Ref. 28) are the results of the four
different theoretical calculations as described in the text.

factory agreement between his results and the
present data. Also shown in Fig. 4 is a result for
the (y,m+} ground state cross section at T =12.3
MeV which we deduced from the ' B(e,n+} cross
section, obtained in a recent measurement at
Saskatchewan, through use of the Dalitz-Yennie
virtual photon spectrum with an experimentally
determined correction factor of 1.25. 5 This result

and the present results appear to be consistent
within their sizable combined errors. The cross sec-
tion obtained in the present work for
'cB( y, m )'cC(g.s.) at T~=29 MeV is given in Fig.
6. Measured cross section values are listed in Table
I.

The results of four independent DWIA calcula-
tions are also shown in Figs. 4—6. We have calcu-
lated cross sections using a code by Nagl and
Uberall (NU) which is based on the Helm model,
uses the elementary amplitude of Berends et al. ,
and includes pion distortion via a second order opti-
cal potential. The calculation of Singham and Ta-
bakin' (ST) uses the Blomqvist-Laget form for the
elementary amplitude, and employs the nuclear
wave functions of Cohen and Kurath' with the
pion optical potential of Stricker et al. DeCarlo
and Freed (DF) have also made a calculation simi-

FIG. 5. Results for ' Be(y,n+)' Be (E„=3.37 MeV) at
0 =90'(lab). See caption for Fig. 4.

lar to ST, except that they use the elementary am-

plitude of Berends et al. The calculation of
Maleki ' (M) uses the elementary amplitude of
Chew et al. ,

' and Cohen-Kurath wave functions,
but uses a first-order pion optical potential of the
local Laplacian form. Maleki's calculation agrees
with the data to within =40%%uo for all points, while

the NU, ST, and DF results are higher than the
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FIG. 6. Results for ' B(y, n )'OC (ground state) at
8 =90' (lab). See caption for Fig. 4.
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TABLE I. Experimental differential cross section results (in nb/sr) for ' B(y,m) at 8 =90' (lab). The uncertainties

quoted for the present results are statistical only (see text).

dQ (y, m.+) (g.s.)
dQ (y ~+)(E 3 37 MeV) (y ~ )(g s )

T =17 MeV T =29 MeV T =42 MeV T =29 MeV T =42 MeV T =29 MeV

Present Results
Yamazaki' (T =40 MeV)

254+13
256+65

117+10

'Reference 20.

data by a factor of between 2 and 3. These calcula-
tions are more complete than Maleki's in that they
include second-order terms in the pion optical po-
tential, but in the pion energy range of the experi-
ment these terms should not be important enough
to account for the cross section differences. We
note that the significant discrepancy between the
present data and the NU, ST, and DF results occurs
for ' B(y,m.+) leading to both the ground and
first excited states of ' Be, as well as for
' B(y,n )' C(g.s.). Table II lists the measured and
calculated values of the (y, rr )/(y, n.+) cross sec-
tion ratio for the ground state transition at 29 MeV;
we find agreement to =20% for this ratio which we
expect to be effectively independent of the nuclear
wave functions. It appears unlikely that the as-
sumptions made in the calculation with regard to
the elementary amplitude and pion final state in-

teractions can be markedly invalid. The effect of
pion distortion for ' B(y,m+)' Be(g.s.) can be seen

in Fig. 7 which shows the NU results for both plane
wave pions and fully distorted pions. Below 190
MeV, in the energy region of this experiment, the
effect of distortion is less than 30%. Thus we are
led to particularly examine the nuclear structure in-

put to the calculations. The Cohen-Kurath wave
functions used in the ST, DF, and Maleki calcula-
tions contain only p-shell configurations but have
been tested against inelastic electron scattering data
to the analog states at 1.74 and S.17 MeV in ' B.'
The agreement is quite satisfactory over the
momentum transfer range covered (0.7—1.8 fm ');
this includes the range appropriate to the present
experiment. The NU Helm. model calculation ob-
tains its nuclear structure input by a direct
parametrization of electron scattering data. This
procedure is not completely unambiguous, however.
As can be seen in Table II, both the NU and Maleki
calculations do a reasonable job of calculating the
ratio of the cross sections for (y,a+) leading to the

TABLE II. ' B(y,a ) differential cross section ratios at e =90' (lab).

(y, m.+ )(E„=3.37MeV)

dQ(y- ) (g')
T =29 MeV T =42 MeV

(y, m' ) (g.s. )
GO'

cfcT( +) ( )

T =29 MeV

Experiment:
Present results
Yamazaki' (T =40 MeV)

2.19+0.11 2.44+0.21
2.19+0.75

1.89+0.18

Theory:
Nagl-Uberall code "(NU)
Maleki' (M)
Decarlo-Freed (DF)

2.44
2.16
2.45

2.38
1.96
2.16

1.80
1.55

'Reference 20.
bReference 28.
'Reference 31.
~Reference 30.
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FIG. 7. Differential cross section for
' B(y, m.+)' Be(g.s.) at 90 as calculated using the Helm
model code of fully-distorted pions (D%'IA).

ground and first excited states of ' Be. Figure 8
shows that this measured ratio also appears to be
consistent with (n, y) (.Refs. 32 and 33) and (e,e')
(Ref. 18} data, and (y, ~) data taken at higher
momentum transfer. We conclude that any major
errors in the treatment of nuclear structure in the
calculations must be common to both ground and
first excited state transitions.

One special feature of the ' B transitions is that
they are either pure M3 (ground state transition} or
predominantly M3 (first excited state transition).
This should in fact make for a simple situation in
' B, since as Bergstrom' has shown, M3 transition
between pure p-shell configurations should involve

only a spin current contribution, with the convec-
tion current vanishing. Thus the (e,e') transition
density used in the Helm calculation should be quite
appropriate for the (y,n) case, to the extent that it is

FIG. 8. Ratio of ' B(y,n+) differential cross sections

to the 2+ 3.37 MeU and 0+ states of ' Be as a function of
momentum transfer. The solid circles are the present re-

sults and the solid squares are the results of Bosted et al.
(Ref. 34). Also shown is the form factor ratio for the
analogs of these two states in ' B obtained from (e,e')
(Ref. 18), and the ratio of ' B(y,n, y) branching ratios
for the two states (open circle: Ref. 33; open square:
Ref. 32).

dominated by the o.e term in the photoproduction
operator. However, there are differences between

(e,e') and (y, n ) calculations. Although most of the

(y, n ) cross section for T~ & 50 MeV is due to the
eoperato. r, which is identical to the (e,e') mag-

netic spin transition operation, the remaining terms
in the operator are more complicated.

It is of interest to examine the experimental and
theoretical results on the closely-related radiative
pion capture reaction ' B(m, y) connecting the
same states as (y, m.+). This process occurs at a
fixed momentum transfer (q=0.7 fm '} somewhat
lower than the range of q covered by the present

(y, n.+ ) experiment. Table III summarizes the
values obtained for the branching ratio in experi-
ments at Berkeley and Schweizerisches Institut fur
Nuklearforschung and in two independent im-

TABLE III. ' B(vr, y)' Be branching ratios for transitions to the lowest two states of
Be. The uncertainties in the theoretical values reflect the uncertainties in the pionlc x-ray

data used.

' Be final
state

Experiment )& 10
Baer et al. ' Alder et al."

Theory X10
Baer et al. ' Dogotar et al. '

0+ ground state
2+3.37 MeV

2.5+0.4
4 4+0.7

2.31+0.15
4.88+0.2

3.6+0.7
8.5+1.7

2.3+0.5
5.7+1.1

' Reference 33.
Reference 32.' Reference 35.
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pulse approximation calculations. ' lt can be
seen that the results of the two experiments and the
calculation of Dogotar et al. are all in good agree-
ment but the results of the calculation of Baer
et al. 3 are higher. The differences in branching ra-
tio values from the two calculations primarily re-
flect differences in the calculated values for the
basic transition rates, especially the dominant cap-
ture rate from the 2p orbit. These calculated rate
differences probably reflect differences in the wave
functions used. %e note that Dogotar et al. use
Cohen-Kurath wave functions, ' which are in good
agreement with (e,e') form factor data. " The wave
functions used by Baer et al. are also p-shell inter-
mediate coupling wave functions, but they have not
been tested against (e,e') data.

Finally, we point out that all four calculations for
the ' B(y,n+) ground state transition have been ex-
tended up to a photon energy of about 340 MeV
and compared to the higher energy data of Bosted
et al. (Fig. 9). There are major discrepancies
among the calculations, but all four show a broad
peak centered near 200 MeV. The low energy rise
and peak region reflects nuclear structure factors as
contained to some extent in the M3 factor. Howev-
er the peak is shifted by some 30 MeV from the
place where the form factor peaks. The pion final
state interactions are relatively weak in this energy
region and the energy dependence of the elementary
amplitude is not so important. The falloff at higher
energies refiects the form factor falloff, strongly ac-
centuated by pion interactions. The cross section
here is particularly sensitive to the situation at the
nuclear surface and to the pion-nucleus interaction,
and relatively insensitive to the nuclear wave func-
tions in the nuclear interior. All four calculations
disagree in the peak region. The DF and ST calcu-
lations are consistent with the high energy data, but
NU and M are not. It is not clear what differences
in the calculations give rise to these differences.

To summarize our results, the present experiment
is in agreement with independent measurements at

TED=12 and 40 MeV, but there are significant
discrepancies between experiment and the NU, ST,
and DF calculations and among the several calcula-
tions. The reasons for these surprising discrepan-
cies in this important test case for the (y, m ) reaction
are not yet evident. Certainly the DULIA theory
should be constrained well for this case, with weak
pion distortions and the nuclear structure informa-
tion well determined. In fact, three of the four cal-
culations use the same nuclear structure input and

400—
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lOg (~ 77+) lOgg(g s)
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FIG. 9. Differential cross section at 90'
for' B(y,m+)' Be(g.s.) at photon energies up to 340 MeV.
The solid circles are the present results and the solid

squares are the higher energy results of Bosted et al.
(Ref. 34). The curves are the results of four different
theoretical calculations as described in the text.

all four use structure information which fits the
(e,e') data. Certainly further theoretical work is
needed and is in fact in progress. In any case we
plan further experimental work on ' B which will
include angular distribution measurements over a
wider range of pion energies.
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