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Yields for the ''B(y, ) reaction have been measured between its threshold at 142.0 MeV and 169 MeV by
observing the residual ''C activity. The reaction was initiated by thin-radiator bremsstrahlung. Measurements
were made in 1 MeV steps up to 150 MeV, and in larger steps above this. The present results are consistent
with previous data for this reaction obtained at higher energies. The cross section values near threshold
deduced from the data are compared to recent preliminary theoretical values.

NUCLEAR REACTIONS !'B(y,7"); bremsstrahlung end-point energies to 169
MeV; measured yields by residual activity; deduced o(E,) for E, =Ey (142.0
MeV)-169 MeV.

I. INTRODUCTION

Photopion production from a complex nucleus de-
pends on: (1) the transition operator, (2) the nu-
clear wave functions, and (3) the pion-nucleus
final state interaction. The threshold energy re-
gion is of special interest because the transition
operator appropriate at these energies is expected*
to have a simple form proportional to 5+&, where
G is the nuclear spin operator and € is the photon
polarization vector. In addition, pion reabsorp-
tion in the final state is less important than at
higher energies. If these factors are sufficiently
well understood, one can hope to use photopion
production in the threshold region as a tool for
studying nuclear properties.?

Experimental measurements of pion photoproduc-
tion suffer, however, from inherently low yields
and relatively high backgrounds near threshold.
When bremsstrahlung photons are used, it is the
difference between two successive photopion yields
which essentially determines the cross section.
Therefore, threshold measurements are subject to
very stringent requirements on data reproducibility
and counting statistics. For this reason, most of
the earlier experimental work on photopion pro-
duction®7 did not provide any information near
threshold. More recently, however, as higher
intensity bremsstrahlung photons became available
from new electron linear accelerators at Saclay
and MIT, the first experimental measurements of
threshold photopion cross sections have been re-
ported.®** In parallel with this development, more
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complete theoretical calculations'?"'* have also be-
come available. .In a recent experiment Deutsch
et al.® measured the ®°Li(y, %) cross section near
threshold relative to the (y,n*) cross section for
hydrogen, and found the ®Li cross section to be
only about 60% of the theoretical values calcula-
ted by Koch and Donnelly.'*"'* However, Tzara,
in a later communication,® has indicated that fur-
ther experiments using improved techniques have
yielded higher cross sections. In addition, the
extraction of the nuclear form factors from elec-
tron scattering has been reexamined,'® !¢ with the
result that the theoretical cross section values
have been lowered by roughly 15%. Therefore,
the discrepancy between theory and experiment

in ®Li(y, 7*) appears to be less than was originally
reported, and is within the combined experimental
and theoretical uncertainties of about 20%.° In the
case of 2C(y, "), the experimental value'! for the
cross section at threshold is consistent with theo-
retical calculations,'* but rises somewhat more
rapidly with energy than predicted theoretically.

It is of considerable interest to examine other
cases, both (v, 7*) and (v, 77), in those light nuclei
for which the needed nuclear structure informa-
tion is known. One such case is "B(y,7")!'C, and
the present paper reports a measurement of the
total cross section near threshold for this reac-
tion by observing the residual ''C activity. The
reaction has been previously studied,®*:¢7:17 put
the emphasis in the earlier experiments was on
the general energy dependence of the cross section
over a broad energy interval rather than on the de-
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FIG. 1. Particle-stable states of !!C accessible in the
present !B(y,n") experiment.

tails near threshold. The nucleus !'B is an inter-
esting one to study because the 'C ground state is
the mirror of the 'B ground state and the first ex-
cited state in ''C is at a relatively high excitation
energy (2.0 MeV). As Fig. 1 indicates, the daugh-
ter nucleus ''C has a limited number of accessible
particle-stable excited states, and the four nega-
tive-parity excited states are well described'® by
intermediate-coupling wave functions with 1p con-
figurations. The ''C B* activity provides a con-
venient experimental signature for the reaction
studied. Finally, several theoretical calcula-
tions'®2! on B(y, n")''C near threshold exist.
Tzara® has examined the effect of Coulomb dis-
tortion of the pion wave function on the cross sec-
tion near threshold. Recently Koch and Donnelly®!
have carried out preliminary calculations of the
cross sections for threshold transitions to the
ground and first excited states of ''C, including
both the nuclear and Coulomb distortion of the
pion wave function.

II. EXPERIMENT

The experiment was performed at the MIT Bates
linear accelerator. Yields were measured at
bremsstrahlung end-point energies ranging from
about 120 to 170 MeV. A special effort was made
to measure the yields in detail, in energy steps of

1 MeV, at energies within 10 MeV of the threshold
at 142.0 MeV.

In the experiment, the 'B(y,77)''C yield from
high purity boron samples was measured relative
to the 2C(y,n)''C yield from polyethylene monitor
foils. This was done by observing the induced
20.4 min C B* activity in both boron and poly-
ethylene following bremsstrahlung irradiation.
2C(y,n) was used as the monitor reaction since it
leads to the same residual activity as "'B(y, 77),
and its yield is known and varies slowly with en-
ergy at these energies.

The irradiation geometry is shown in Fig. 2. The
electron beam from the Bates linac was delivered
to the irradiation area with the beam switchyard
slit system set to limit the fractional momentum
width of the beam to 2.5% 10™%, The beam repeti-
tion rate was 60 Hz, pulse duration was 12 us, and
peak current typically 12 mA. Bremsstrahlung was
produced when the electron beam passed through a
tungsten radiator foil [0.014 radiation lengths
(r.1.)], an aluminum vacuum window (0.004 r.1.)
and a beryllium oxide viewing screen (0.001 r.l.).
The emergent electron beam was then magnetical-
ly deflected into a shielded beam dump.

Three boron samples were used in the experi-
ment, each being approximately cylindrical (about
0.95 cm in diameter and 1.27 c¢m long), of ultra-
high purity (99.9995%) polycrystalline boron.?? At
each energy each of the three samples was ir-
radiated, in turn, for 30 min, together with two
0.0025 cm polyethylene monitor foils, which were
cut to match the boron sample shape and were af-
fixed to the front and rear faces of the sample.

In order to maximize reproducibility, the elec-
tron beam was centered in a nonintercepting posi-
tion monitor located 60 cm upstream from the
radiator, and the bremsstrahlung beam was kept in
the same spatial position relative to the sample

Beam Deflection
Magnet Bremsstrahlung Beam
Boron Sample

Radiator
Monitor

Electron

Polyethylene Monitor
Beam Foils

FIG. 2. Schematic plan of the irradiation geometry.
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by centering it on a beam position monitor located
about 30 cm downstream from the sample. The
beam centering was further checked in each run
by irradiating and counting a 19 cm square poly-
ethylene sheet and comparing its activity to that of
the small monitor foils. There was no need to
compensate for variations of beam intensity with
time during each run, since the same activity was
measured in samples and monitors.

A set of four independent scintillation counter
systems, each with a 7.62 X 7.62 cm crystal, was
used for activity counting. Two counters were
used for the boron samples and two for the poly-
ethylene monitors. In each system a single chan-
nel analyzer selected those pulses corresponding
to the 511 keV positron annihilation photon peak.

A printing scaler system recorded the number of
pulses received in successive 100 s intervals.

Counting the residual activity in the sample and
monitor foils was started within a few minutes of
the end of each irradiation. Each sample-monitor
pair was counted first in one detector array (“early
counters”) for about 3 h, then transferred to the
other system (“late counters”) and counted for
another 3 h. Every time the samples were moved,
brief checks of electronic stability were made with
standard **Na sources. Special care was taken to
insure reproducibility of positioning of the samples
relative to the detector. The absolute efficiency of
each counter system for detecting the radiations
from sample or monitors was determined using
standard ??Na sources in the same counter geom-
etry, suitably averaging over the finite sample
size and correcting for sample self-absorption.

III. DATA ANALYSIS AND RESULTS

The boron activity data were corrected for both
time-independent background (typically 0.5% for
the early counters) and for the 53.3 day 478 keV y
ray activity from photon-induced production of
"Be in the boron sample (in the range from 3% to
3% for the early counter data for most runs, with
highest values for the later runs due to buildup of
"Be in the boron samples). Counting losses due to
system dead time and background corrections for
HC activity produced in earlier runs were negligi-
ble. After these corrections, both boron and poly-
ethylene decay data showed no deviation from the
20.4 min half-life characteristic of *'C. The
summed boron and polyethylene counts from each
run were also corrected for small electronic drifts
from run to run as determined by the ?*Na source
checks (typically 0.3% for successive runs). The
boron/carbon yield ratio R for each run was ob-
tained from these values by correcting for the
number of ''B and '2C nuclei in samples and moni-

tors and for the sample- and monitor-detector ef-
ficiencies as experimentally determined. Separate
R values were obtained from the early and late
counter data for individual runs. Counting statis-
tics were 0.25% for early counter data from a typi-
cal run and 0.4% for late counter data.

It was found that the variation in R values from
different runs at the same energy was generally
larger than counting statistics alone would produce
and could not be accounted for by uncertainties in
the "Be background correction. It thus appears
that despite careful control of the irradiation and
counting conditions there were one or more sources
of significant uncontrolled variations in the experi-
ment. One possible source of these variations may
have involved fluctuations in the electron-beam in-
tensity distribution, within the fixed-position beam
spot on the bremsstrahlung radiator. The data are
consistent with these additional random errors
having constant variance throughout the experi-
ment and contributing about 0.4% to the standard
deviation of the mean for each three-sample set
of R values from the early or late counter data.
The spread of R values in the different three-
sample sets is consistent with a value of 0.5% for
the overall standard deviation of the mean for R
from three-sample early counter data sets and
0.7% for sets of late counter data. We therefore
used these values for the standard deviation of R
for each three-sample set, and combined early and
late counter R values to obtain weighted R values
for each set of runs. These are plotted versus en-
ergy in Fig. 3, where R values from repeated run
sets at a given energy have been combined.

The sizable R values below the ''B photopion
threshold at 142.0 MeV constitute a background
whose magnitude and slow variation with energy
are consistent with an origin in the two-step pro-
cess in which the 'B(y, p) reaction produces
protons which then, inside the boron sample,
cause the 'B(p,n)"'C reaction. Some contribution
from carbon impurity in the boron sample via the
12C(y,n)''C reaction, may also be present despite
efforts to obtain samples with extremely low car-
bon content. The experiment is very sensitive to
such impurities since the cross section for *C(y,n)
is much higher than the boron photopion cross sec-
tion and is largest at energies (20-30 MeV) where
the photon intensity in the bremsstrahlung beam is
much larger than at the energies (140-150 MeV)
used for the photopion reaction. To obtain the best
estimate of the background from these sources
underlying the data above the photopion threshold,
the below-threshold data were fitted by a straight
line using weighted least squares, and the line was
extrapolated above threshold, as shown in Fig. 3.

Absolute 'B(y, ") yields were obtained by multi-
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FIG. 3. The measured boron/carbon yield ratio R as a
function of electron energy. Error bars on the points
were determined as discussed in the text, The arrow
indicates the location of the !B(y,n”) threshold. The
solid straight line is a weighted least squares fit to the
below-threshold background data points.

plying the background-subtracted net R values by
the corresponding absolute yield for the reaction
2C(y,n). The latter was obtained by evaluating
published values®*~?" and was taken to vary linearly
from 2.70 mb per equivalent quantum at 140 MeV
to 2.79 mb/Q at 170 MeV. The absolute accuracy
of these values is probably about +10%. The re-
sultant net yield points near threshold are shown
in Fig. 4. It can be seen that because of the large
background subtraction the yield points near
threshold have large fractional uncertainties, and
therefore admit of a fairly broad range of yield
curve fits and corresponding cross section values,
especially within a few MeV of threshold.

The photopion yield Y(7,) obtained with brems-
strahlung photons at an electron energy T, is re-
lated to the photopion cross section o(k) via

Y(T,) = CfToo(k)N(k, T,)dk, (1)

Etn

where E,, is the threshold energy, N(%,T,) is the
number of photons per unit energy of energy % in-
cident on the sample, and C is a constant which
includes sample-dependent factors. Various un-
folding techniques®®'?® have been used to effectively
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FIG. 4. Low-energy absolute !'B(y,n") yield data.
The insert shows the three-step cross section model
used to fit the data. The solid yield curve represents
the best fit of this model to the data, and corresponds
toA=4pub, B=8pub, and C=15ub.

solve this integral equation to obtain the cross sec-
tion o(k). In a procedure which is straightforward
in principle, the integral in (1) is approximated by
a sum

Y{(T)=C 3 Nyo,, 2)
j=1

where o, is the average value of o(%) in the jth pho-
ton energy interval and N;; is the number of photons
in the same interval with electron energy 7,. In
matrix notation

Y=N-3, (3)

where Y and }; are column matrices with elements
Y; and o;, and N is a square matrix with elements
CN;;. The solution of (3) is then

G=N1Y. (4)

Equation (4) can be used to directly extract cross
sections from the higher energy yield data in the
present experiment. However, the near-threshold
yield values have uncertainties which are too large
for a direct point-by-point unfolding using (4) to
yield meaningful cross section values. Near
threshold we have instead chosen to assume spe-
cific cross section shapes with a limited number
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of adjustable parameters. Acceptable ranges of
the parameters were obtained by using (2) to cal-
culate yields corresponding to various cross sec-
tion parameter values and using the x® test to com-
pare these computed yields with the experimental
yield values.

The bremsstrahlung spectra N(k, T;) used
throughout these calculations were obtained from
the formulas of Matthews and Owens® which are
based on the Bethe-Heitler theory with end-point
shape corrections added, and which include effects
of finite radiator thickness and incident electron
energy spread. The spectrum took into account
radiation from the tantalum radiator, the aluminum
end window, and the beryllium oxide viewing
screen. The end window and viewing screen to-
gether only accounted for about 11% of the total
bremsstrahlung incident on the sample because of
angle broadening of their radiation arising from
the prior multiple electron scattering in the tan-
talum radiator.

We assumed a constant cross section of value A
between 142.0 and 144.0 MeV and a constant cross
section of value B between 144.0 and 146.5 MeV.
As can be seen in Fig. 1, the thresholds for the
first three excited states in ''C are at 144.0,
146.3, and 146.8 MeV, so that the cross section
A in the first interval is due only to ground state
transitions, and the cross section B in the second
interval is due essentially to ground and first ex-
cited state transitions. This assumption of an
abrupt step in the cross section at the threshold
for each final state is expected theoretically as a
result of the interaction of the negative pion with
the Coulomb field of the nucleus.?* The assump-
tion of a constant cross section to each state in
the energy region near its threshold is taken to
represent an average cross section near thresh-
old.

The range of acceptable A and B cross section
values resulting from a fit of this model to the five
experimental points below 146.5 MeV is shown in
Fig. 5, where the curves are constant x? contours.
The figure shows the expected strong correlation
between A and B values.

In the energy range between 146.5 and 153.2 MeV,
we have assumed a constant cross section of value
C. We have determined the range of C values con-
sistent with the yield data by making a three-pa-
rameter fit to the ten yield points up to 153.2 MeV,
and the results are summarized in Fig. 6. As ex-
pected, the C values are correlated much less
strongly with A and B than are A and B with each
other. The calculated yield curve for the best
three-parameter fit (A =4pb, B=8 pb, C=15 pub)
is plotted in Fig. 4 along with the experimental
yield points.
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FIG. 5. Contours of constant x? probability for fits
of the experimental yield data below 146.5 MeV with a
two-step cross section model (cross section A between
142.0 and 144.0 MeV, and cross section B between 144.0
and 146.5 MeV). The indicated percentage values on
each contour are percentages of the x? probability for
the best fit to the yield data.

If the three-step model (parameters A, B, and
C) is fitted to the ten yield points up to 153.2 MeV
and the additional physically plausible restriction
that A < B< C is made, the uncertainties in A and
B are decreased from those shown in Fig. 5, and
are given in Fig. 7. The best-fit A and B values
are not significantly different from the earlier
values. The requirement A < B<C is consistent
with theoretical expectations of a positive step in
the cross section at the onset of each new final
state and a positive cross section slope between
steps.

To see how much these results for A and B de-
pend on the assumption of a constant C cross sec-
tion in the energy range 146.5-153.2 MeV, the
three-parameter fit of the data up to 153.2 MeV
was repeated assuming that the cross section in
the C region had a constant positive slope. The
overall quality of fit varies little for C slope val-
ues ranging from 0 to 2.5 ub/MeV. The best-fit
value for A remains between 4 and 5 pb and that
for B between 8 and 10 pb for this range of C
slopes, and their uncertainties do not vary sig-
nificantly from those shown in Fig. 7 for zero C
slope. In addition, the best-fit cross section value
at the midpoint of the C interval (E=149.85 MeV)
remains near 15 ub (between 14.9 and 16.3 ub)

’
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FIG. 6. Contours of constant x2 probability for fits
of the experimental yield data below 153.2 MeV with
the three-step cross section model shown in Fig. 4. The
contours represent projections on the BC plane of sur-
faces of constant probability in ABC space. The indi-
cated percentage values on each contour are percen-
tages of the x% probability for the best fit to the yield
data.
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FIG. 7. See caption for Fig. 6. The contours repre-
sent projections on the AB plane of surfaces of constant
probability in ABC space under the requirement that
A=B=C(C.
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FIG. 8. The solid curve is the best-fit three-step
cross section taking the same slope per unit height as
that measured Ref, 11) for the 2C(y, ") ground state
transition. The vertical bars are the preliminary theo-
retical results of Koch and Donnelly (Ref. 21). The
dashed curve is the best-fit three-step cross section
with horizontal steps.

over this range of slopes.

If the A and B regions are also permitted to have
positive slopes, the quality of fit for the three-
step model is effectively unchanged from the zero
slope case provided the cross section values at the
midpoints of the A and B regions are kept equal to
their zero slope values. This is true for the full
range of slopes for which the cross section steps
remain positive. Figure 8 shows the best-fit three-
step cross section resulting from assuming the
same slope per unit step height for each step as
that experimentally measured'* for the 2C(y, 7")
ground state transition.

There are two additional experimental yield
points above 153.2 MeV which were not included
in the above analysis. Because the yield is rapidly
rising with energy in this energy region, it is pos-
sible to perform a direct unfolding using (4) to ob-
tain average cross section values for the energy
regions between 153.2 and 159.2 MeV, and between
159.2 and 169.2 MeV. This involves in effect fit-
ting one parameter (the cross section value) to
each data point. The cross sections thus obtained
are shown in Fig. 9 together with the best-fit lower
energy cross section curve of Fig. 8. As Eq. (4)
indicates, these two higher energy cross section
values depend on all lower energy yield values,
but they do not depend on any assumptions made in
extracting the lower energy cross section values
(A, B, and C), nor do the lower energy cross sec-
tion values depend at all on the cross section values
assigned to these two higher energy points.

The effects of electron beam energy scale un-
certainties, estimated to be +300 keV, have not
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been included in the above analysis. The param-
eters A and B are particularly sensitive to energy
scale shifts; a 300 keV scale shift will raise or
lower both A and B by about 0.7 ub.

IV. DISCUSSION

Along with the recently reported *C(y,7") mea-
surement, this experiment represents the first
attempt to measure the (y,7") cross section for a
complex nucleus at energies within 10 MeV of
threshold. The 'B(y, ") reaction has however
been previously studied experimentally at energies
of 160 MeV and above.3**6:7:17 The earlier results
below 185 MeV are displayed in Fig. 9. It appears
that there is satisfactory agreement in cross sec-
tion values between our highest energy points and
these previous measurements.

Of greater interest is a comparison of the pres-
ent cross section values near threshold with theo-
retical predictions. Unfortunately, complete cal-
culations of the cross section to the several low-
lying states in '!C as a function of energy in the
threshold region have not yet been performed.
Koch and Donnelly?*! have made preliminary calcu-
lations of the 'B(y, ") cross section at threshold
leading to the ground and first excited states of
1C, using the same procedure as with their earlier
calculations'?®'*? of °Li and '2C. These calculations
include both nuclear and Coulomb distortion of the
outgoing pion wave function but are restricted to
s-wave pions. They obtain a value for the thresh-
old cross section step of about 2 pb for the ground
state of ''C and a value of about 3 pb for the
threshold step in the cross section to the first ex-
cited state. These values are shown as the vertical
bars on Fig. 8. When the uncertainties in the pres-
ent experimental cross section data as given in
Fig. 7 are taken into account, it is evident that
there is no significant disagreement between ex-
periment and theory.

The cross section to the second excited and high-
er states has not been calculated by Koch and Don-
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FIG. 9. The solid line and solid points are the present
cross section results. The two open circle points are
the results of Hughes and March (Ref. 3), the two open
triangle points are the results of Dyal and Hummel (Ref.
4), the dashed curve is from the work of Nydahl and
Forkman Ref. 6), while the open square point is due
to Noga et al . (Ref. 7).

nelly. These states were included, however, in
the plane wave calculation at 160 MeV by Janecek,*
who found significant strength only to the first
three excited states, but with an overall cross sec-
tion to all three comparable to the ground state
cross section. Calculations of the cross sections
to the higher excited states in the threshold region
are needed.
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