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High-resolution study of the 12C(γ, pγ ′)11B reaction using a HpGe detector
to resolve excited states of 11B through the observation of their γ -ray decays
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Relative populations of states in 11B following the 12C(γ, p)11B reaction have been measured with high
resolution using a 70% HpGe γ detector to observe decay γ rays from the residual nucleus. The triplet of states
near 7 MeV in 11B are resolved and the measured populations compared to previous data. The analysis includes
a consideration of γ -proton angular correlations, which was not made in the previous measurement. The new
and previous results corrected for angular correlation effects agree reasonably well with calculations that include
one- and two-body nuclear currents, pion exchange, and � currents, under the assumption that the photons are
mainly absorbed on exchanged pions.
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I. INTRODUCTION

Many experiments on single-proton knockout from nuclei
have been performed above the giant resonance region but
below the pion threshold with electromagnetic probes, using
both real and virtual photons (for example, Refs. [1–9]). In
quasielastic kinematics, the (e, e′p) reaction excites predomi-
nantly one-hole (1h) states relative to the target nucleus and the
cross sections are well described assuming a direct-knockout
(DKO) mechanism. However, the magnitudes of the (γ, p)
data are poorly described by nonrelativistic DKO calculations,
the experimental results being higher by a factor F = 2−10
than the DKO calculations for nuclei in the range A =
9–209 [6–9]. In addition, the (γ, p) reaction is observed
in some cases to excite more complicated states than 1h,
suggesting that the reaction mechanism is more complex than
DKO.

Numerous reaction mechanisms and kinematic effects have
been considered to explain the high (γ, p) reaction strength,
such as (i) photon absorption on p-n pairs, as parametrized by
the quasideuteron model (QDM) [10]; (ii) photon absorption
on T = 1 p-n pairs [11,12]; (iii) coupled-channels (two-step)
processes [13]; (iv) relativistic effects [14–18]; and (v) photon
absorption on a nucleon pair via meson exchange currents [19,
20]. The latter calculations appear to give the most successful
description of the data.

Tests of these models have been provided by studies of
the 12C(γ, p) reaction (Eγ = 40–100 MeV), which strongly
excites a group of one-particle two-hole (1p2h) states in
11B at ∼7 MeV excitation energy. [11,21–26]. The triplet
of states involved have excitation energies of 6.74 MeV
(Jπ = 7/2−), 6.79 MeV (1/2+), and 7.29 MeV (5/2+) in
11B [27]. Unfortunately, definite conclusions could not be
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reached for many years because the experiments did not have
sufficiently high energy resolutions to determine precisely
which members of the 7-MeV triplet are excited and in what
proportions. This problem was overcome in 1998 through a
pioneering experiment by Kuzin et al. [20], who used decay
γ rays to identify which states in 11B were excited. For their
measurement, protons were detected using plastic scintillator
�E detectors with CsI E detectors, and coincident 11B decay
γ rays were detected using NaI detectors. The result showed
that the 7/2− state carries most strength in the triplet in
agreement with the two-step calculations of Ref. [13] and the
predictions of the model [19,20], which assumes that photons
are mainly absorbed on exchange currents.

Although the validity of these results are not in doubt,
we noted that the resolution of the NaI detectors was barely
adequate to resolve the decay γ rays of interest and the relative
populations of the 11B states were by necessity based on a
consideration of the weaker γ cascades through intermediate
states. In view of the fact that a knowledge of the relative
populations of these 11B states appears to be important to
understanding the (γ, p) reaction mechanism, we considered
a further study of the 12C(γ, pγ ′)11B reaction was worthwhile.
For our new measurement we used double-sided Si strip �E
detectors (DSSDS) in conjunction with a HpGe E detector to
detect protons and a 70% HpGe to detect 11B decay γ rays.
The geometry was chosen to minimize the Doppler broadening
effects such that the strongest γ decays from the triplet of states
at ∼7 MeV to the 11B ground state could be resolved as well
as the γ rays from cascades through intermediate states. A
second aim of the experiment was to establish if decay γ rays
following a photonuclear reaction can be observed using a
HpGe γ detector in a close geometry, which has the potential
to allow very closely spaced levels in the residual system
to be resolved. The experiment and results are described in
the next two sections. This is followed by a comparison
with the measurement of Kuzin et al. [20] and a discussion
of all the results.
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FIG. 1. Schematic diagram showing the plan view of the experimental setup.

II. EXPERIMENTAL METHOD AND ANALYSIS

The 12C(γ, pγ ′)11B experiment was carried out using the
tagged photon facility of the MAX-lab [28]. The experimental
setup is shown schematically in Fig. 1. The bremsstrahlung
radiation γ beam was generated by a beam of Te = 92.3 MeV
electrons incident on 50-µm-thick Al radiators. The collimated
γ beam had a diameter of ∼32 mm at the target as measured
using Polaroid film placed behind a Pb converter. The focal
plane of the tagging spectrometer was instrumented with 64
plastic scintillators, which were used to tag photons in the
range 49.5–70.2 MeV with an energy resolution of ∼330 keV.
Typical tagged photon rates were ∼3 × 106 photons s−1. The
tagging efficiency was measured several times throughout the
experiment and remained roughly constant with an average
value of 23.9%.

The target was a 100 × 100 mm rigid graphite slate (99.95%
purity) of physical thickness ∼2.5 mm (562.5 mg cm−2)
placed at 20.0◦ ± 0.5◦ to the photon beam direction as
shown in Fig. 1. An ∼1-mm (225 mg cm−2) target was used
for calibration of the proton telescope. Knocked-out protons
were detected in a solid-state detector telescope (right-hand
side of Fig. 1), which comprised two DSSSDs and a HpGe
detector, which measured proton emission angles and energies,
respectively. The DSSSDs were 50 × 50 mm and had 16
strips on each side. The HpGe had an active diameter of
49.5 mm and a thickness of ∼9 mm. The Be entrance
window had a thickness of ∼500 µm. This detector telescope
was placed at a mean angle of 70◦ to the beam direction
(see Fig. 1) to minimize proton energy losses in the target.

The total experimental proton energy resolution, which was
dominated by energy losses in the target, was estimated to be
∼6 MeV. Used in combination with the very much higher
resolution γ -ray data, this was adequate to determine the
11B excitation energy regions associated with a particular
γ ray. Because of the finite target spot, protons in the angular
range θp = 35◦−105◦ could be accepted and the telescope
subtended a solid angle of ∼300 msr. The full-width-half-
maximum (FWHM) angular resolution varied from ∼8◦ for
central angles to ∼11◦ at the extremes of the telescope
acceptance.

Coincident γ rays from the decay of excited states in
11B were observed using a coaxial HpGe detector (left-
hand side of Fig. 1) that had a relative peak efficiency of
70% for the detection of 1.33 MeV γ -rays compared to
a 7.62 × 7.62 cm Na(Tl) detector at 25 cm from a 60Co
source. This detector was placed with the front face 70 mm
from the target at an angle of 95◦ to the beam direction
(see Fig. 1) and subtended a solid angle of ∼700 msr.
The 95◦ angle was chosen because it corresponded to the mean
angle at which 11B nuclei in coincidence with protons detected
in the DSSSDs-HpGe telescope were calculated to recoil.
Although this choice resulted in the γ rays being significantly
Doppler shifted in energy, it resulted in minimum Doppler
broadenings of the peaks. Pb sheets of total thickness 6.2 mm
were placed in front of the 70% HpGe to reduce the counting
rate of low-energy γ rays. The gain of the γ -amplification
chain was carefully monitored using a strong γ peak at
511 keV from the annihilation of positrons near the detector
and pulses from a precision pulse generator set above the
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γ -pulse range of interest. The gain was found to be stable
within a few keV for the full period of the experiment, which
lasted 21 days.

The signals from the proton HpGe detector, the DSSSDs
and the HpGe γ detector were fed into CAMAC ADC modules.
Timing signals for the HpGe detectors were obtained using
constant fraction discriminators in conjunction with timing
filter amplifiers. Timing information between the tagger and
proton E detector and between the 70% HpGe γ detector and
the proton E detector were recorded in TDCs. The FWHM
time resolution obtained between the focal plane elements and
the proton E detector was 1–2 ns. Although the FWHM time
resolution obtained between the 70% HpGe γ detector and
the proton E detector was only ∼30 ns; this was adequate
because the TDC spectrum contained a very low background
from random coincidences.

The absolute efficiency of the 70% HpGe γ detector was
determined using standard calibrated γ sources up to an energy
Eγ ′ = 1.33 MeV. The efficiency curve was extrapolated to
Eγ ′ = 11 MeV using the results of measurements made for
a 32% relative efficiency Ge(Li) detector [29]. These results
were considered to be sufficiently accurate for the present
measurement, which was based primarily on the relative
numbers of counts in neighboring peaks corresponding to the
small γ -energy range Eγ = 6.7−7.3 MeV. Over this range,
the absolute efficiencies differ by only small amounts and
consequently it is reasonable to assume ratios of efficiencies
have small errors. It should also be noted that the abolute cross
sections presented in Sec. III were obtained by normalization
to the absolute cross sections published in Refs. [22,25] and
are not based on our HpGe γ -detector absolute efficiency
estimates.

γ -ray line shapes were determined at 2.61 and 4.44 MeV
using 228Th and Am(Be) sources, respectively. Additional line
shapes at 6.128 and 7.117 MeV were obtained by using the
Am(Be) source inside a cylindrical Teflon holder [30,31]. Line
shapes used to fit the 12C(γ, pγ ′)11B γ spectra were derived
from these data by first decomposing each of the spectra
into components corresponding to the photopeak, 1st escape
peak, 2nd escape peak, a Compton continuum appropriate to
the full energy of the γ ray, and Compton continua above
the escape peaks arising from Compton scattering of the
511-keV annihilation quanta. The peaks were fitted using
Gaussian functions, which were considerably wider than the
intrinsic resolution of the detector for the 4.44 MeV line shape
because of Doppler broadening. The Compton continua were
calculated using a formula based on the Klein-Nishina theory
[31,32]. An example of a decomposed line shape is shown in
Fig. 2 and the fit to the 4.44 MeV γ -ray spectrum obtained
using the Am(Be) source is shown in Fig. 3. Overall fits to these
calibration spectra were good except in the regions close to the
end points of the Compton continua, as can been seen in Fig. 2.
This is thought to be because of multiple Compton scattering
and considered not to be detrimental to the analysis presented
in Sec. III because the spectra to be fitted mostly included
events from γ rays with similar energies. The line shapes used
in the fits were generated by summing all the components
adjusted and weighted according to the observed trends in the
calibration data and applying appropriate constraints such as
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FIG. 2. Example of the γ -ray line shape used to fit the deexcita-
tion γ -ray spectra.

keeping the ratio of areas under the 1st and 2nd escape peaks
at the experimentally determined value.

III. ANALYSIS AND RESULTS

The data were analyzed to produce spectra showing 11B
excitation (Eex) by analyzing each event according to the
equation Eex = Eγ − Tp − Tr + Qgs , where Eγ is the energy
of the tagged photon, Tp is the kinetic energy of the detected
proton, Tr is the kinetic energy of the recoiling 11B calculated
using two-body kinematics, and Qgs is the Q value for the
reaction leading to the 11B ground state. The higher histogram
shown in the upper part of Fig. 4 was obtained by selecting
events which gave counts within a narrow window centered
around the sharp time peak in the proton-tagger TDC spectrum.

Eγ′ (MeV)

C
ou

nt
s

0

20

40

60

80

100

120

140

160

3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6

FIG. 3. Fit to the 4.439-MeV γ -ray spectrum obtained using an
Am(Be) source inside a Teflon cylinder [30]. The poor resolution
arises because the reaction 9Be(α, n)12C∗ results in Doppler broaden-
ing of the 12C decay γ -ray spectrum. The exponential curve is used
to simulate the background from detecting higher energy γ -rays, etc.
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FIG. 4. Excitation energy spectrum for the 12C(γ, p)11B reaction
obtained using a ∼2.5-mm-thick C target. The upper figure shows the
true plus random coincidences spectrum together with a normalized
random coincidences spectrum (hatched). The lower figure shows
the result of subtracting the random coincidences spectrum. The
resolution is �Eex ∼6 MeV.

The hatched area (appropriately weighted) was obtained by
considering events that gave rise to the flat portions of the
proton-tagger TDC spectrum above and below the time peak.
The lower part of Fig. 4 shows result of subtracting the hatched
region from the higher histogram. The peaks at Eex ∼0.0 MeV
and ∼7.0 MeV correspond to strong excitation of the ground
plus 2.12 MeV pair of states and the triplet of states at ∼7 MeV
consistent with a resolution of ∼6 MeV. In the following, the
events used to generate the higher histogram shown in upper
part of Fig. 4 are referred to as the tagged data and correspond
to incident photons in the energy range Eγ = 49.5−70.3 MeV.
The events used to generate the hatched region of Fig. 4 are
referred to as the random data. For the analysis based on all
recorded events, which include those that give rise to the time
peak and the flat backgound of the proton-tagger TDC random
spectrum, we refer to the events as untagged data. In this case,
the data correspond to incident photons in the approximate
energy range Eγ = 40–90 MeV, which arises from the lower
Ep detection threshold of the DSSSD/HpGe telescope and the
bremsstrahlung end-point energy.

Doppler-shift-corrected spectra were determined for decay
γ s observed in coincidence with protons for both the untagged
and tagged data. For the untagged data, each event was
analyzed as follows. The DSSSD/HpGe proton telescope
information was used to determine the position on the target

where the tagged photon interacted, the kinetic energy of the
proton and the direction of emission. Because the tagged
photon energies were not available for individual events, a
weighted mean Eγ = 59.9 MeV and a constant excitation
energy of Eex = 6.8 MeV was used for all events to calculate
a 11B recoil velocity and direction. A direction for the decay
γ was obtained by assuming the interaction with the 70%
HpGe detector occured on the axis at a distance from the
front face of 2.3 cm, which corresponds to the γ -attenuation
length at Eγ = 7 MeV [33]. Using these data, the projection
of the recoiling 11B velocity along the decay-γ direction was
determined and hence the fractional Doppler shift. The digital
address corresponding to the decay γ was reduced by this
fraction before being used to increment the spectrum. For
decay γ s observed in the tagged data, a similar procedure was
used except that the tagged photon energy, proton emission
angle, and excitation energy information were used to calculate
the 11B recoil velocity and direction. No selection on regions
of the excitation energy spectrum were applied because the
base width of the peak because of the ∼7 MeV triplet
was very poorly defined. However, it should be noted that
very few γ s were observed in coincidence with events that
gave rise to Eex ∼11 MeV, which is approximately the
upper limit expected for the broadened peak from the
∼7-MeV triplet. Examples showing the effects of applying
the Doppler-shift corrections using tagged data are shown
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correction procedure to the 2.12- and 5.02-MeV γ rays observed using
the 12C(γ, pγ ′)11B tagged data. The data are presented in 5-keV bins.
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FIG. 6. Section of the Doppler-corrected γ

spectrum obtained using the 70% HpGe detector
in coincidence with protons to observe decay γ s
from the 12C(γ, pγ ′)11B reaction. This spectrum
was obtained using untagged data. The range
of proton energies used in the analysis corre-
sponded to a range of incident photon energies
of approximately Eγ = 40–90 MeV.

in Fig. 5. Although these procedures only gave approximate
Doppler-shift corrections for each event, they gave corrected
spectra that on average corresponded approximately to a
zero Doppler shift measurement and significantly reduced the
Doppler broadening of the γ peaks. To have reduced the
Doppler broadening further would have required a large
position sensitive HpGe γ detector, which was not available
at the time of the experiment. We note that such detectors
are currently being developed and their use could significantly
improve measurements of the type presented here.

The full energy spectra of decay γ s in coincidence
with protons based on the untagged and tagged data using
15-keV-wide Eγ ′ bins are shown in Figs. 6 and 7, respectively.
Subtraction of random events on an event-by-event basis from
the tagged spectrum shown in Fig. 7 gave rise to increased
statistical uncertainties in the contents of each channel, which
made it difficult to produce a meaningful fit to the data.

We therefore produced and analyzed a separate appropriately
normalized γ ′ spectrum from the random events to determine
the contribution to Fig. 7 from random events. The distribution
of counts in the randoms spectrum, which was produced using
the same procedure as for the spectrum shown in Fig. 7,
is almost identical to that for Fig. 6, as would be expected
because the untagged data contain ∼98% random events.
Selected regions of Fig. 6 are shown in Figs. 8 and 9, whereas
Figs. 10 and 11 show the corresponding spectra from Fig. 7.
These spectra show peaks corresponding to the decay γ s of
interest as can be deduced from Table I. Peaks at 6.74, 6.79, and
7.29 MeV are from events where a member of the triplet
decayed directly to the ground state. Peaks at 2.29 and
4.45 MeV from the cascade of the 6.74-MeV state through
the 4.45-MeV state, which was used in the analysis of Kuzin
et al. are clearly seen in Figs. 6 and 7. However, the 4.67-MeV
decay γ from the cascade of the 6.79-MeV state through the
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FIG. 7. Section of the Doppler-corrected γ

spectrum obtained using the 70% HpGe detector
in coincidence with protons to observe decay γ s
from the 12C(γ, pγ ′)11B reaction. This spectrum
was obtained using tagged data in coincidence
with photons in the range Eγ = 49.5–70.2 MeV.
This spectrum has not been corrected for random
events included in the narrow proton-tagger time
window.
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TABLE I. Electromagnetic transitions in 11B showing γ -branching ratios to the final states [27].

Initial state
(MeV)

J π Branching ratios (%) to the final state

g.s. 2.12 MeV 4.45 MeV 5.02 MeV 6.74 MeV 6.79 MeV 7.29 MeV

2.12 1/2− 100.0
4.45 5/2− 100.0
5.02 3/2− 85.6 ± 0.6 14.4 ± 0.6
6.74 7/2− 70.0 ± 2.0 �3.0 30.0 ± 2.0 �1.0
6.79 1/2+ 67.5 ± 1.1 28.5 ± 1.1 �0.04 4.0 ± 0.3
7.29 5/2+ 87.0 ± 2.0 �1 5.5 ± 1.0 7.5 ± 1.0
7.98 3/2+ 46.2 ± 1.1 53.2 ± 1.2 �0.06 �0.09 �0.1 �1.0
8.56 (3/2−) 56.0 ± 2.0 30.0 ± 2.0 5.0 ± 1.0 9.0 ± 1.0
8.92 5/2− 95.0 ± 1.0 �1.0 4.5 ± 0.5 �1.0 �1.0 �1.0
9.19 7/2+ 0.9 ± 0.3 86.0 ± 2.3 12.5 ± 1.1 �1.3
9.27 5/2+ 18.4 ± 0.9 69.7 ± 1.4 11.9 ± 0.6 �0.6

2.12-MeV state, also used in the analysis of Kuzin et al. is
not observed to any significant extent within the statistical
accuracy of our measurement. The peaks at 2.12, 4.45, and
5.02 MeV are because of ground-state transitions from the
levels at these energies, these being fed by a combination of
transitions from the higher levels and direct feeding through
the 12C(γ, p)11B reaction.

Figures 8–11 and the corresponding regions of the randoms
spectrum were fitted using line shapes generated using the
procedure described in Sec. II. An exponential background was
used to account for tails on the γ -ray line shapes, incomplete
containment of the γ energy deposited in the 70% HpGe
detector from electron and bremsstrahlung losses, γ rays
scattered into the detector from surrounding material, neutron
detection, pile-up, random γ -proton coincidences, etc. These
backgrounds were fixed using regions free of peaks above and
below the fitted regions and interpolated into the fitted regions.
An exponential shape was chosen to describe the backgrounds

because plots of all γ spectra (data and calibrations) made
using a logarithmic scale for the counts per channel had
the appearence of a straight line with peaks and Compton
backgrounds superimposed on top. For the untagged spectra
shown in Figs. 8 and 9, the positions of the γ line shapes,
peak widths, and line-shape areas were allowed to vary within
reasonable limits. To reduce the number of free parameters,
the separation between the 6.74- and 6.79-MeV line shapes
was fixed at 50 keV. The fits were obtained by searching for
a minimum in χ2 by considering all channels in the spectra as
shown in Figs. 8–11. This procedure gave resolutions for peaks
in the ∼5-MeV and ∼7-MeV regions of the spectra of 47.1 and
48.6 keV, respectively, which are consistent with our estimates
of the residual Doppler broadenings. A similar procedure
was used to fit the lower statistics tagged spectra shown in
Figs. 10 and 11 except the line-shape positions and peak
widths were fixed at the values obtained from the fits to the
untagged data. This reduced the number of free parameters
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FIG. 8. Doppler-corrected γ spectrum for
the Eγ ′ ∼5-MeV region obtained in coincidence
with protons using untagged data from the
12C(γ, pγ ′)11B reaction. The range of proton
energies used in the analysis corresponded to
a range of incident photon energies of ap-
proximately Eγ = 40–90 MeV. The exponential
curve is used to simulate the background from
detecting γ -ray tails, etc.
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FIG. 9. Doppler-corrected γ spectrum for
the Eγ ′ ∼7-MeV region obtained in coincidence
with protons using untagged data from the
12C(γ, pγ ′)11B reaction. The range of proton
energies used in the analysis corresponded to
a range of incident photon energies of approxi-
mately Eγ = 40–90 MeV. The exponential curve
is used to simulate the background from detecting
γ -ray tails, etc.

used in the fitting procedure and can be justified because
the tagged data are a subset of the untagged data. However,
because the initial fits based on considering all channels in
Figs. 10 and 11 gave shallow χ2 minima and unconvincing
fits, the intensities of the individual γ s were modified starting
with the initial values to give the best fits to all channels
within ±75 keV of the main peaks.

The dashed, dotted, and dash-dot lines shown in Figs. 8 and
11 show the line shapes for the individual γ s and the solid
lines are the sums of the exponential curve and individual γ

line shapes. The poor fits to some regions of the Compton
continua may be because of the effects of multiple Compton
scattering considered in Sec. II. The areas under the individual
line shapes, corrected by small amounts to account for the
variations in γ -detection efficiency, were used to determine
the relative intensities of the γ s in the spectra.

The analysis described as follows depends on the levels
of interest being populated directly by the 12C(γ, p)11B
reaction and not fed by γ s from more highly excited states.
In considering this we noted that the untagged spectrum
(Fig. 6), which includes events from a wider range of 11B
excitation energies, looks similar to the tagged spectrum
(Fig. 7). We also produced the spectrum shown in Fig. 12
using tagged events from the range Eγ = 60.7–70.2 MeV and
gated around the broad 7-MeV triplet peak in the missing
energy spectrum. Tagged photons from the higher energy
half of the focal plane detector array were chosen to ensure
that protons leading to states above ∼10 MeV, for which
the γ -decay strengths are expected to be small but not well
established, were well above the threshold energy for detecting
protons. From a comparison of Figs. 12 and 11 it is evident
that, within the statistical accuracy of the measurement, the
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FIG. 10. Doppler-corrected γ spectrum for
the Eγ ′ ∼5-MeV region obtained in coinci-
dence with protons using tagged data from the
12C(γ, pγ ′)11B reaction. The tagged photons
covered the range Eγ = 49.5–70.2 MeV. The
exponential curve is used to simulate the back-
ground from detecting γ -ray tails, etc. This
spectrum has not been corrected for random
events included in the narrow proton-tagger time
window.
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FIG. 11. Doppler-corrected γ spectrum for
the Eγ ′ ∼ 7-MeV region obtained in coinci-
dence with protons using tagged data from the
12C(γ, pγ ′)11B reaction. The tagged photons
covered the range Eγ = 49.5–70.2 MeV. The
exponential curve is used to simulate the back-
ground from detecting γ -ray tails, etc. This
spectrum has not been corrected for random
events included in the narrow proton-tagger time
window.

ratios of the peak areas for the 6.74 to 7.29 MeV γ s are
similar. Based on these results, it was concluded that significant
feeding of the triplet of states by γ decays from higher lying
states is unlikely. This conclusion is strengthened by other
considerations as follows. The 6.74-MeV state is the only
member of the ∼7-MeV triplet that could be significantly fed
by known γ decays from higher states. The higher states
involved are at 9.19 and 9.27 MeV, which if populated
would decay to the 6.74-MeV state by γ s at Eγ ′ = 2.45 and
2.53 MeV, respectively [27]. However, these states also decay
to the 4.45-MeV level with higher branching ratios, which
would give γ s at Eγ ′ = 4.75 and 4.83 MeV, respectively.
Spectra 6 and 7 show no evidence for γ peaks at any of these
four energies. Also, previous high-resolution 12C(γ, p)11B
data [26,34] show that levels at Eex ∼ 9 MeV are populated
very weakly. It was concluded, therefore, that although the
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FIG. 12. Doppler-corrected γ spectrum for the Eγ ′ ∼ 7-MeV
region obtained in coincidence with protons from the
12C(γ, pγ ′)11B reaction corresponding to the excitation energy
range Eex = 3.3−10.6 MeV. The tagged photons covered the range
Eγ = 60.7–70.2 MeV. This spectrum has not been corrected for
random events included in the narrow proton-tagger time window.

missing energy resolution was only ∼6 MeV, reliable relative
populations of the triplet states could be obtained through an
analysis of the tagged data shown in Figs. 10 and 11, under
the assumption that the populations are in proportion to the
observed γ intensities.

The intensities of the individual γ s shown in Figs. 10 and
11 were reduced to account for the contribution of random
coincidences to the spectrum using results from the fits to the
randoms spectrum. The average reduction in counts was 42%.
The randoms corrected intensities divided by the detection
efficiency and the branching ratio (see Table I) are presented
as RU

i in Table II. In keeping with the analysis of Kuzin
et al., the results are normalized to the yield of the 6.74-MeV
state. The error in each RU

i includes a statistical component
obtained from the fitting procedures, combined in quadrature
with the error in the branching ratio as shown in Table I. Our
results are based on the strong ground-state transitions with the
exception of the result shown as 6.79∗ MeV, which is based on
the transition to the 2.12-MeV (1/2+) state. The result for the
5.02-MeV state was reduced by a calculated small amount to
account for feeding from the 6.79- and 7.29-MeV states shown
in Table I.

Table II also shows in column 5 the data of Kuzin
et al. [20], which were obtained using a tagged photon range of
Eγ = 50–70 MeV. From a comparison of our results with these
data, it is evident that both measurements show the 6.74-MeV
state to be the most strongly excited member of the ∼7-MeV
triplet. However, our RU

i result for the 7.29-MeV state does
not agree with the result taken from Kuzin et al. A most likely
explanation is that the differences arise from γ -proton angular
correlations. To consider this possibility, we investigated the
effects that γ -proton angular correlations could have on our
measurement and that of Kuzin et al. The chosen axis of
quantization was the recoiling 11B nucleus direction, which for
our measurement was on average parallel to the central axis of
the 70% HpGe detector. For the measurement of Kuzin et al.
the axis of symmetry of the cone of recoiling 11B nuclei was at
an angle of 90◦ to the γ detectors. Because calculations on the
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TABLE II. Relative populations of levels in 11B following the 12C(γ, p)11B reaction, including the effects of angular correlations. The RC
i

populations shown in columns 5 and 7, which are corrected for angular correlation effects, are renormalized relative to the population of the
6.74 MeV state. The results labelled 6.79∗ were derived from the transition to the 2.12 MeV J π = 1/2− state.

Level
MeV

J π Pi/P6.74 = RU
i

(uncorrected)
W (θγ ′ = 0◦) Pi/P6.74 = RC

i

(corrected)
RU

i Kuzin et al.
(uncorrected)

W (θγ ′ = 90◦) RC
i Kuzin et al.
(corrected)

5.02 3/2− 0.73 ± 0.22 1.279 ± 0.078 1.01 ± 0.29 0.92 ± 0.10 0.880 ± 0.039 0.75 ± 0.09
6.74 7/2− 1.00 1.797 ± 0.206 1.00 1.00 0.717 ± 0.053 1.00
6.79 1/2+ 0.15 ± 0.13 1.00 0.27 ± 0.23 1.00
6.79∗ 1/2+ 0.08 ± 0.11 1.00 0.14 ± 0.19 0.23 ± 0.03 1.00 0.16 ± 0.03
7.29 5/2+ 0.06 ± 0.06 0.750 ± 0.097 0.14 ± 0.14 0.35 ± 0.05 1.136 ± 0.048 0.22 ± 0.04

12C(γ, p)11B showing 11B spin alignments were not available,
we made estimates of the γ -proton angular correlation effects
as follows. Assuming the reaction proceeds by a direct reaction
mechanism, the angular momentum transferred to the residual
nucleus is, from semiclassical arguments, L = r × p, where r is
the interaction point relative to the center of the target nucleus
and p is the transferred (recoil) momentum. It follows therefore
that the projection of L onto the recoil direction p is M ∼ 0 [35].
Because the incident tagged photon, which is spin aligned
with the M = ±1 projections along its direction of motion,
moves in a direction that is approximately perpendicular to
the recoil direction, the projection of the spin on the recoil
direction will also lead to an L-magnetic substate population
of M ∼ 0. However, the proton carries a spin of S = 1/2
and moves in the opposite direction to the recoiling nucleus.
Hence, assuming the reaction does not lead to significant
proton spin polarization, it is reasonable to expect from spin
conservation arguments that the spin J of the recoiling 11B
nuclei will be mainly aligned in the M = ±1/2 substates
relative to the recoil direction. Based on this assumption,
we calculated the expected angular correlation [36] functions
W (θγ ′ ) = �kakQkPk(cos θγ ′) relative to the recoil direction,
where k are even, Pk[cos(θγ ′)] are Legendre polynomials, and
the Qk account for the finite size of the detector. The ak

coefficients were calculated using tables presented in Ref. [36]
and information on the multipolarities taken from Ref. [27].
Reasonable values for the Qk for both our measurement and
that of Kuzin et al. were taken as Q2 = 0.80, Q4 = 0.40, and
Q6 = 0.05, based on the work of Refs. [37,38]. Errors arising
from the experimental errors in the multipole mixing ratios
[27] and an estimated ±10% error in the dominant angular
correlation attenuation coefficient Q2 were included in these
calculations. Values of W (θγ ′ = 0◦) and W (θγ ′ = 90◦) were
calculated and divided into the RU

i results of this measurement
and those of Kuzin et al. respectively, to give the RC

i data as
shown in Table II. It is interesting to note that the normalized
results for the 7.29-MeV state are in much closer agreement
following application of the angular correlation factors.

Absolute cross sections at θp = 70◦ were obtained in exactly
the same way as described by Kuzin et al. by normalization
to the data of Refs. [22,25], which give an average value of
7.52 µb sr−1 for the 12C(γ, p)11B ∼ 7-MeV triplet cross
section over the range Eγ = 50–70 MeV. Hence the two data
sets, which are presented in Table III, can be directly compared.
It should be noted though that the errors do not include system-

atic errors of approximately ±20% associated with the mea-
surements of Refs. [22,25]. Based on either the uncorrected or
corrected data, it can be concluded that both our experiment
and that of Kuzin et al. show the 6.74 (7/2−) to be the most
strongly excited member of the ∼7-MeV triplet. Good agree-
ment is also observed between the corrected cross sections for
populating the 7.29-MeV (5/2+) and 6.79 (1/2+) states.

The results presented in Table II suggest that the inclusion
of γ -proton angular correlation effects is a necessary step in the
analysis. Clearly, it would be desirable to have measurements
of these effects or better estimates of the alignments expected
for the residual nuclei than the semiclassical method described
here. Regarding the M = ±1/2 assumptions made in our
analysis, we point out that in an unpublished trial measurement
of the 16O(γ, pγ ′)15N reaction immediately following the
12C(γ, pγ ′)11B study, the known strongly populated 6.32 MeV
(3/2−) state [39] gave rise to relatively few counts in the spec-
trum observed using the 70% HpGe detector. However, Kuzin
et al. observed a strong 6.32-MeV peak in the γ ′ spectrum
using their geometry [40]. These results are consistent with
the assumption that the J of the 15N nuclei were aligned in
the M = ±1/2 substates relative to the recoil direction, which
would give W (θγ ′ = 0◦) = 0 and W (θγ ′ = 90◦) = 1.5 for the
3/2− → 1/2+ ground-state E1 transition relative to the 15N
recoil direction. It was these results that alerted us to the
possibility of strong angular correlation effects. In view of
this, we assume the corrected results of Table III to be more
appropriate than the uncorrected results for comparison with
theoretical models.

TABLE III. Normalized cross sections at θp = 70◦ for exciting
resolved members of the triplet of states in 11B at ∼7 MeV determined
using the 12C(γ, pγ ′)11B reaction. The data shown in the columns
marked Uncorrected and Corrected were derived using the RU

i and
RC

i results of Table II, respectively. Our results for the 6.79-MeV
state are based on the averages of the results labeled 6.79 and 6.79∗

in Table II.

Level J π dσ/d	 dσ/d	 dσ/d	 dσ/d	

MeV Uncorrected Corrected (Kuz.) (Kuz.)
µb sr−1 µb sr−1 Uncorrected Corrected

µb sr−1 µb sr−1

6.74 7/2− 6.37 ± 0.70 5.61 ± 1.18 4.76 ± 0.82 5.41 ± 0.93
6.79 1/2+ 0.76 ± 0.51 1.12 ± 0.75 1.08 ± 0.19 0.92 ± 0.23
7.29 5/2+ 0.38 ± 0.38 0.78 ± 0.78 1.66 ± 0.29 1.19 ± 0.32
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Kuzin et al. compared their results to a revised calculation
by Ryckebusch, which is based on a model described in
an earlier article [19]. In this model, it is assumed that
ground-state correlations are present in 12C and excitation
via the two-body part of the nuclear current operator takes
place through photon absorption on meson exchange currents.
This gives a natural explanation for the strong excitation of
2p-1h states by photonuclear reactions. The revised calculation
included the addition of � currents to the two-body part
of the nuclear current operator, although this was found to
be relatively unimportant at the photon energies used. Also,
1h excitations were included, which were assumed to arise
from a small occupation of the 1f7/2(7/2−), 1d5/2(5/2+),
and 2s1/2(1/2+) single-particle orbits in the 12C ground
state. Spectroscopic factors of S = 0.017, 0.010, and 0.0038,
associated respectively with each of these components, were
taken from 12C(e, e′p)11B measurements [41]. In spite of the
small spectroscopic factors, the calculations indicated that the
inclusion of 1h excitation is important because the two-body
terms were found to strongly interfere both constructively
and destructively with the one-body term. The results of this
calculation are shown in Fig. 13 where they are compared to
the corrected results of Table III. The points at θp ∼ 120◦ are
taken directly from Kuzin et al. and have not been corrected
for angular correlation effects because it is not clear how to
estimate the 11B spin alignment in this case.

From Fig. 13, it is evident that the angular-correlation
corrected new results and those of Kuzin et al. are all in
reasonable agreement with the 12C(γ, p)11B calculations at
θp ∼ 70◦. All experimental results and the calculation show the
6.74-MeV 7/2− state of the Eex ∼7-MeV triplet as having the
highest cross section. Also both sets of experimental results for
the 7.29-MeV 5/2+ and 6.79-MeV 1/2+ states indicate that the
cross sections are ∼1 µb sr−1, which agree with the calculated
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FIG. 13. Average differential cross sections for members of the
∼7-MeV triplet of states populated by the 12C(γ, p)11B reaction over
the energy range Eγ = 50–70 MeV compared to theoretical results
calculated by Ryckebusch for an average Eγ = 60 MeV and presented
in Kuzin et al. [20]. Filled and open symbols are results from this
experiment and that of Kuzin et al., respectively. The theory curves
are based on the model of Ryckebusch et al. [19], and include one-
and two-body nuclear currents, pion exchange, and � currents.

results. In view of these considerations, we conclude that our
new measurement provides valuable complementary data to
that of Kuzin et al. and gives further support to the model
of Ryckebusch, which includes nuclear terms from both one-
and two-body currents and assumes the photon is absorbed on
meson exchange currents [19].

A final point to note is that the sum of the theory curves
for populating all members of the triplet of states at θp ∼ 70◦
gives a smaller value than the sum of the experimental cross
sections. Although scaling of the calculations by a common
factor cannot be justified because of the interference effects,
it is evident that multiplying the theory curves by a factor of
approximately 1.5 would give good overall agreement with
our data and most points of Kuzin et al. This suggests that it
would be worthwhile to revisit this problem theoretically and
investigate if a better overall theoretical fit can be achieved.

IV. CONCLUSIONS

The 12C(γ, pγ ′)11B measurement reported here shows that
residual nucleus states separated in energy by ∼50 keV
can be resolved by observing decay γ rays using a HpGe
γ detector in close proximity to the target. However, the
resolution that can be obtained is very much limited by Doppler
broadening effects, which for our measurement was minimized
by using an experimental setup in which the central axis of the
HpGe detector was along the mean 11B recoil direction. A
more versatile setup would require position-sensitive HpGe
γ detectors, which are currently available. Using such detec-
tors, it should be possible to resolve states separated by a few
keV. A disadvantage of both the geometry used here and that
of Kuzin et al. is that the results can be biased by γ -proton
angular correlations. Arguments presented here suggest that
residual nuclei recoiling at θ ∼ 90◦ following a (γ, p) reaction
on a Jπ = 0+ target nucleus will give rise to the J of the
residual nuclei being approximately aligned relative to the
recoil direction in the M =±1/2 substates. Corrections were
made to both the results presented here and those of Kuzin
et al. based on this assumption. Clearly this assumption should
be checked in future, both experimentally and using theoretical
models, especially as it is anticipated that the observation of
decay γ s to resolve the final states of photonuclear reactions
will become more widely used.

The results presented here provide valuable complementary
data to the measurement of Kuzin et al. and confirm the
main conclusion that the 6.74-MeV 7/2− state is the most
strongly excited member of the ∼7-MeV triplet observed using
the 12C(γ, p)11B reaction at photon energies above the giant
dipole resonance region. A comparison of the combined data
to the calculations of Ryckebusch presented by Kuzin et al.
gives further support to the model [19], which assumes that
the reaction takes place on both one- and two-body nuclear
currents and the photons are predominantly absorbed on meson
exchange currents. It is pointed out that a simple scaling up of
the calculations would bring the results into closer agreement
with the new experimental data. In view of this, it is suggested
that it may be worthwhile to revisit the the theoretical model
to investigate if a better overall fit to the data can be achieved.
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