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High-resolution measurement of the12C„g,p…11B reaction to excited states forEg550– 70 MeV
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Relative population of states in11B following the 12C(g,p) reaction has been measured with high resolution
using the deexcitationg-ray technique. The states near 7 MeV in11B are clearly resolved and the measured
population clarifies earlier conflicting data. Comparison of the results with new calculations indicates the
importance of both one-nucleon and multinucleon processes.@S0556-2813~98!00410-5#

PACS number~s!: 25.20.2x, 27.20.1n
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I. INTRODUCTION

For photonuclear reactions in the intermediate energy
gion, several different models have been used to describe
transition process between the initialu i & and finalu f & nuclear
states induced by photoabsorption. These models
roughly into three categories: the direct knockout mo
~DKO!, the quasideuteron models~QD!, and microscopic
models.

One argument in favor of DKO has been the scaling
the (g,p) data with the missing momentumpm @1,2#. Re-
cently Owenset al. @3# have shown that scaling is consiste
with processes that involve both one- and two-nucleon co
ponents, and thus does not necessarily validate the D
model. An argument against the DKO derives from the la
momentum mismatch between the incoming photon and
outgoing nucleon in this model. This leads to a small cr
section resulting from the small high momentum compone
in the initial bound state wave function. The near equality
the experimental (g,p) and (g,n) cross sections is a natura
consequence of the QD model, but is hard to explain in
DKO framework ~because the neutron current is mu
smaller than the proton current!. Although final state interac
tions modify the simplest DKO predictions, distorted wa
impulse approximation~DWIA ! calculations@4–6# are un-
able to give a consistent description of both (g,p) and (g,n)
cross sections. In the more sophisticated microscopic mo
@7–9# a formal description of the concepts of the QD mod
are introduced in an attempt to include shell model contri
tions, nucleonic long-range correlations, and meson
change currents in a consistent manner.

Recently it has also been shown@10# that relativistic cal-
culations provide a fair description of the experimen
(g,p) data to states with a predominant 1h character for
missing momenta below;500 MeV/c. This might indicate
that the meson exchange contributions are not large when
mean-field properties are treated in a relativistic framewo
PRC 580556-2813/98/58~4!/2167~7!/$15.00
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With improved experimental techniques it became p
sible to determine the exclusive photoproton and pho
neutron cross sections to specific groups of final states; b
was only possible to determine the cross sections for po
lation of individual residual states in a few cases, where
states are well separated. For example in the most re
experiments@11–14# on the 12C(g,p)11B reaction, only the
ground state and the first excited state were clearly resol

Following the12C(g,p)11B reaction, the residual nucleu
of 11B can be left in an excited state. The level scheme of11B
up to 8 MeV is shown in Fig. 1. Of particular interest are t
three states near 7 MeV. These states all are predomina
2h-1p in nature with the two holes in the 1p3/2 shell, but
each has the neutron in a different orbit. The dominant c
figurations are@15,16# u1p1/2(1p3/2)

22& for the 7
2

2 ~6.74
MeV! state,u2s1/2(1p3/2)

22& for the 1
2

1 ~6.79 MeV! state,

FIG. 1. Level structure in11B.
2167 © 1998 The American Physical Society
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andu1d5/2(1p3/2)
22& for the 5

2
1 ~7.29 MeV! state. They may

also be considered as a particle coupled to a core of10B in its
ground state or in an excited state@17,18#.

Experiments have, so far, failed to adequately determ
the relative population of these three states near 7 M
which leads to ambiguity in interpretation of the data. F
example, Van Hoorebekeet al. @13# concluded that the main
strength near 7 MeV belongs to 7.29 MeV state, wh
Ruijter et al. @14# reported that the unresolved doublet at 6
MeV is dominant. All of the most recent measureme
achieved a resolution no better than 450–700 keV@11–14#,
so that it was not possible to unambiguously measure
population even of the state at 7.29 MeV, since it is n
resolved from the two states near 6.8 MeV. It is nearly i
possible to resolve the latter two states at 6.8 MeV in
single-arm experiment, because their energy separatio
only 50 keV. It is evident that in order to obtain more d
finitive results, better resolution is required, or a new exp
mental technique must be applied.

One possibility involves detection of the deexcitationg
rays from the decay of the excited states in the resid
nucleus, as a measure of their population following
(g,p) reaction. In this case even if the resolution for t
protons is poor, the better resolution associated with
g-ray detector, and particularly the observation of casc
g-ray decays, can allow separation of the different resid
states. Theg-ray detection reduces the count rate but, b
cause the resolution is determined by theg-ray detector, this
can be partly offset by using a thicker target than in conv
tional (g,p) experiments. However, it is important that th
proton resolution is adequate to determine the excitation
gion in the residual nucleus associated with a particular
excitationg ray. Our preliminary analysis@19# of the present
experiment showed that this new technique is practical
the 12C(g,p) reaction, and that the population of the 7.
MeV state is considerably weaker than the states at 6.8 M
Here we give the results of a more sophisticated anal
which confirms the previous conclusion and leads to qua
tative results for all states below 7.5 MeV in11B.

II. EXPERIMENTAL APPARATUS

The goal of the experiment was a measurement of
12C(g,pg8)11B reaction with the aim of investigating th
population of the excited states in11B, particularly near 7
MeV. The experiment was performed at the tagged pho
facility at the MAX lab, University of Lund.

A 95-MeV electron beam was incident on a 50-mm-thick
Al radiator, producing a flux of bremsstrahlung photons.
the range from 50 to 70 MeV these photons were tag
using a magnetic spectrometer@20# equipped with two arrays
of focal-plane detectors, each consisting of 32 plastic scin
lators of individual width about 7 mm. This gave a phot
energy resolution better than 300 keV. The beam of tag
photons was collimated to a diameter of;2 cm at the
graphite-carbon target with the dimensions of 10310 cm,
2-mm thick (235 mg cm22). The target was placed at 25° t
the beam as shown in Fig. 2.

Two of the three proton telescopes were placed above
target at a distance of 15 cm from its center, at angles of
and 125°. These two proton telescopes were based on
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cm-diameter by 7.5-cm-deep CsI crystals coupled to pho
multiplier tubes giving an intrinsic resolution of about 1
@21# ~300–500 keV for 30–50 MeV protons!. Each telescope
was equipped with three semioverlapping 0.5-mm-th
NE102 plasticDE detectors. The third proton telescope, wi
an overall area of 10312.5 cm, was placed at an angle
70° below the target at a distance of 15 cm from its cente
was based on an array of the CsI crystals, each of
25325330 mm read out by photodiodes@22#. The intrinsic
resolution of a single crystal element was measured
;300 keV for proton energies of;45 MeV.

The deexcitationg-ray arm consisted of two 25-cm
diameter, 30-cm-deep NaI detectors. These were shielde
10 cm of Pb with a collimator window of 15 cm in diamete
and were placed on either side of the target at a distanc
20 cm. The resolution of both NaI detectors varied from 1
to 270 keV forg-ray energies from 2 to 6.3 MeV.

The total experimental proton energy resolution, det
mined mostly by the target thickness, was estimated to
between 2 and 2.6 MeV for the proton telescopes. This w
adequate to determine the excitation region associated w
particular deexcitationg ray.

The signals from the proton full-E andDE detectors, and
the NaI detectors were fed into CAMAC ADC modules. Th
timing information from the tagger,DE, and NaI detectors
was recorded in corresponding TDCs. A coincidence sig
from a pair ofDE detectors from any proton telescope tri
gered the electronics to provide a start pulse for all TD
and a gate pulse for all ADCs, which initiated conversion
these modules. However, the final decision as to the acc
ability of an event was determined by a requirement t
signals from one CsI detector and the correspondingDE de-
tector were coincident in time, and both exceeded pre
thresholds. These threshold values were chosen usingDE-E
scatter plots for each proton telescope. Because of the s
ing in the amplifiers this condition took 5–10ms. If it was
satisfied, readout of ADC and TDC modules was initiated
not, the ADCs and TDCs were ‘‘fast cleared,’’ thus grea
reducing the number of events triggered by electrons in
raw data.

III. DATA ANALYSIS AND RESULTS

A. Proton data analysis

For proton events the tagger TDC spectra exhibit th
separate ‘‘prompt’’ peaks~one for each telescope! on a ran-

FIG. 2. Schematic layout of the experimental setup.
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dom background, see Fig. 3. The prompt timing region w
determined for every TDC spectrum of each tagging elect
detector. Using scatter plots ofDE signals versus full-E sig-
nals for each proton telescope, proton events were sepa
from those triggered by electrons. For each tagged ene
peaks in the corresponding proton spectra were used to
brate the ADCs.

For each proton detector the missing-energy spectrum
prompt events was generated. The missing energy is defi
asEmiss5Eg2Tp2TR , whereTR is the kinetic energy of the
recoil nucleus11B, andTp is the kinetic energy of the emit
ted proton. The excitation energy is related to the miss
energyEmiss, asEex5Emiss2Q, whereQ is the separation
energy for the12C(g,p)11B reaction. The missing-energ
spectra produced by photons of different tagged energy w
summed to produce spectra with good statistics at angle
70° and 125°.

The spectra for events in the prompt region of the prot
tagger time spectra also contained random background.
contribution was deduced using events whose timing w
outside the prompt region in the tagger TDC spectra. T
missing-energy spectrum at 70°, corrected for the rand
background, is presented in Fig. 4.

B. Deexcitation g-ray spectra analysis

The deexcitationg-ray spectra were produced by cuttin
on particular regions of the missing energy spectra. S
prompt deexcitationg rays associated with selected proto
all have the same timing relative to the protons, and w
easily identified in a NaI TDC spectrum triggered by t
protons. The requirement of a timing coincidence redu
the level of uncorrelated backgroundg rays. For 11B, the
region of particular interest is the excitation-energy reg
around 7 MeV, where the unresolved states form the br
bump seen in the missing-energy spectrum. The energy
gion from 5 to 9 MeV was therefore used to produce
associated deexcitation spectrum~labeled 5–9!. This spec-
trum includes the cascadeg rays from the states near 7 Me
but not the direct decay of the 2.12 MeV state@23#.

Since the 2.12 MeV state is the only excited state in11B
below 4 MeV, the deexcitationg-ray spectrum for events

FIG. 3. Timing spectrum between signals from the three pro
telescopes and the focal plane detectors~summed together!. The
peaks indicated are the prompt peaks.
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with excitation energy between 0 and 3 MeV~0–3 spectrum!
should show onlyg rays of this energy. The measured spe
trum ~see Fig. 5! indeed shows a strong peak at 2.12 Me
while the 5–9 spectrum shows the presence of both 2.12
2.30 MeV cascade lines from the decay of 6.79 and 6
MeV states, respectively.

Several corrections were made to the 5–9 deexcita
g-ray spectrum before it was unfolded. First, theg-ray con-
tribution resulting from the random-coincidence backgrou
proton data was subtracted from the promptg-ray spectrum,
which reduced the number of counts by;30%. Also the
5–9 spectrum was corrected for the presence ofg rays asso-
ciated with photoproton reactions with the air~;5 – 10 %
contribution!, and the presence of direct 2.12 MeVg rays
(;10%) due to protons populating this state directly, b
which are present in the 5–9 MeV missing-energy reg
because of relatively poor proton energy resolution.

To determine the relative strengths of the variousg rays
in the experimental spectrum, it was necessary to allow

n

FIG. 4. The missing-energy spectrum for the12C(g,p)11B reac-
tion ~up;70°, Eg550– 70 MeV! obtained for one of the CsI ele
ments of the array detector. The excitation-energy scale is
shown on the upper axis. Background has been subtracted.

FIG. 5. Deexcitationg-ray spectra for the12C(g,p)11B reaction
~Eg550– 70 MeV, up'70°! for events within 0–3 MeV~dashed
line! and 5–9 MeV~solid line! regions of the11B excitation energy
spectrum. Theseg-ray spectra are referred to as 0–3 and 5–9 sp
tra.
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2170 PRC 58A. KUZIN et al.
the g-ray detector response function~RFN!. This was calcu-
lated for a number ofg-ray energies using theGEANT @24#
software. Such a RFN comprised a full-energy peak, a sin
escape peak, a rather small double escape peak and Com
contribution ~Compton ‘‘tail’’ !. The RFNs were param
etrized as a function of energy. However, the calcula
RFNs had to be modified to conform to the experimen
situation. The experimental resolution forg rays up to 5
MeV was determined from the spectra taken with radioac
sources. The deexcitationg rays from sufficiently resolved
states in11B at 5.02 and 7.29 MeV were used to estimate
resolution in the 5–7 MeV region. This experimental reso
tion was found to be;50% worse than the calculated on
and the Compton contribution was found to be between
and 50 % larger than calculated for photon energies fr
between 2 and 7 MeV. This was partly due to addingg-ray
spectra from the two NaI detectors, both of which mig
have slight uncertainties in their calibration. The RFN w
modified to reflect these experimental corrections.

The fit to theg-ray spectrum was performed with thePAW

@25# software. The fitting routine was optimized using t
forward angle data with better statistics. After the fit a
RFN parameters~such as exact peak positions, resolutio
Compton contribution, single- and double-escape streng
etc.! were adjusted by minimizing thex2 values of the fit, the
only varying parameters were the heights of the full-ene
peak. The fit was performed for spectra containing depend
g lines, so self consistency of the data was maintained. T
was achieved by knowing that the strength of the popula
of a given state must be the same, whether it is determ
from the g-ray decay strength direct to the ground state
the cascadeg-ray decay strength, using the known branchi
ratios@23# ~see also Fig. 1!. For the 5–9 spectrum this give
the following constraints:~i! The strength at 2.12 MeV is
determined by the cascade decays from the 5.02 and
MeV states@i.e., the number of 2.12 MeV to ground sta
transitions~2.12-0! should be equal to the sum of 5.02-2.1
and 6.79-2.12 transitions#, ~ii ! the strength at;2.3 MeV is
determined by the cascade decays from the 6.74 and
MeV states,~iii ! the strength at;2.90 MeV is determined by
the cascade decays from 5.02 and 7.29 MeV states,~iv! the
strength at;4.5 MeV includes contributions at 4.67 Me
due to the cascadeg rays from the 6.79 MeV state, and from
the 4.44 MeV cascadeg rays from the 6.74 MeV state. Afte
accounting for these, the remaining strength is due to di
population of the 4.44 MeV state following the12C(g,p)11B
reaction.

C. Results

1. Forward angle

The final corrected 5–9 deexcitationg-ray spectrum from
the 70° data was obtained from data from both forward an
telescopes and both NaI detectors, and it was unfolded u
the response functions for all theg lines mentioned above to
produce the fit presented in Fig. 6. This confirms the preli
nary result@19# that the population of the 7.29 MeV state
considerably weaker than the states at 6.9 MeV, know
that these states decay predominantly to the ground s
@23#. There seems to be an unaccounted peak below
MeV, however, there are no known sources of 1.9–2.0 M
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g rays from11B and no deexcitationg rays with this energy
from 10B following a (g,pn) reaction.

From the fit the number of counts included in each fu
energy peak was determined. The relative population of
relevant states in11B was then determined using these nu
bers corrected for the energy-dependent efficiency of the
detectors calculated using theGEANT code and using the
g-ray branching ratios@23#.

As a result of these procedures, it was possible to de
mine the relative strengths of the two states at 6.74 and 6
MeV; the major advance in the present work. The relat
strength of these two states was used in the following fi
stage of the data analysis.

The deexcitationg-ray spectrum derived from the regio
of 5–9 MeV of the excitation energy spectrum of11B, pro-
vided only the relative populations of the states near 7 M
in 11B. It was also necessary to obtain information about
population of the other states in11B, which was done using
all (g,p) events in the missing-energy spectrum from 0 to
MeV. No noticeable population of states above the 7
MeV state was observed. Since the relative strengths of
6.74 and 6.79 MeV states were now known, the strength
the corresponding cascadeg-rays was deduced in order t
correct for their contribution to the spectrum.

The results for the relative population of the states in11B
following the 12C(g,p)11B reaction at an angle of 70° ar
presented in Table I. The errors include statistical uncerta
ties, fitting errors, uncertainties in NaI detector efficienc
and uncertainties in the branching ratios.

FIG. 6. Forward angle deexcitation 5–9g-ray spectrum fitted
with the response functions~solid line!.

TABLE I. Relative population of the states in11B following the
12C(g,p)11B reaction~Eg550– 70 MeV,up'70°!.

Energy, MeV Jp
Populationpi

~arb. units!

Pi

P6.74

2.12 1
2

2 86466 400 0.8960.10
4.44 5

2
2 ,36916 400 0.3860.06

5.02 3
2

2 89796 400 0.9260.10
6.74 7

2
2 972661000 1.00

6.79 1
2

1 22036 200 0.2360.03
7.29 5

2
1 33986 150 0.3560.05
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2. Backward angle

A similar analysis was carried out on the de-excitati
spectra recorded with the proton detector at 125°. The fi
deexcitationg-ray spectrum is presented in Fig. 7.

The cross section for the12C(g,p)11B reaction depends
strongly on the proton emission angle, decreasing with
creasing angle. This angular dependence, and the use of
one proton detector at the backward angle, reduced the
ton count rate significantly. The statistics are therefore s
nificantly poorer than for the forward-angle data, but ag
the main features are clearly evident, and the rela
strengths could be extracted, see Table II. Comparing Fig
and 7 ~and Tables I and II! it is quite evident that at the
backward angle, the population of the 7.29 MeV state
dropped significantly, relative to the population of the do
blet at 6.8 MeV. It may be noted that though the fit might
visibly improved by possibly reducing the intensity of th
6.8 MeV peak, this would probably make the fit wor
around 5.8 MeV and definitely violate the constraints i
posed by the decay schemes.

3. Cross sections

Although the present measurement gives the rela
population of excited states in11B, including those resolved
near 7 MeV, it does not allow the absolute cross section
be obtained. Conversely, earlier measurement of
12C(g,p) reaction, e.g., by Springhamet al. @12# and Ruijter
et al. @14# which failed to resolve the states near 7 Me
were nonetheless able to assign absolute cross section
was thus possible to normalize the present results and de
an absolute cross section scale for all the observed st
including those at 7 MeV. This normalization used the av
age values of the cross sections from the measurements
tioned above@12,14#. The cross sections to the three sta
near 7 MeV are listed in Table III.

Table IV shows the cross sections to the states in11B at
similar angles, as reported in all three experiments. To al
comparison the cross sections to the states near 7 MeV
ported here have been added together. The overall co
tency is good considering the errors and the difference
angles and photon energy bins.

FIG. 7. The deexcitation 5–9g-ray spectrum at 125° fitted with
the response functions~solid line!.
al

-
nly
ro-
-

n
e
. 6

s
-

-

e

to
e

,
. It
ive
es,
-
en-
s

w
re-
is-
in

IV. DISCUSSION

As outlined in Sec. I, several modern theories exist wh
are used to calculate the cross sections to different resi
states in photonuclear reactions. These theories have
evolving as new high quality data became available. Inf
mation as to which particular final state is populated, p
vides restrictions on the predictions of the models of
magnitude and angular distribution of these cross sectio
However, in addition to final-state properties, the initial-sta
wave function is equally important in such calculation
since it provides the description of all the charges and c
rents in the nucleus.

Several groups@7,26,8,9,27# have ascribed a considerab
fraction of the observed photoproton strength to mu
nucleon mechanisms that manifest themselves both in
photoabsorption~meson-exchange currents!, and the final-
state interaction~multistep or coupled-channel effects!. In
this paper the present results are compared with the calc
tions in the shell-model framework. Earlier Ryckebus
et al. @15# suggested that the relatively strong population
states with a 2h-1p character in the photoproton reaction
was a proof for the importance of photoabsorption on me
exchange currents. It is worth remarking that the latter
predominantly of proton-neutron nature, so that the calcu
tions @15# are essentially a microscopic formulation of th
QD picture. Above the two-nucleon emission threshold,
dominant role of the meson exchange currents is a nat
explanation for the dominance of the (g,pn) channel in the
total photoabsorption strength. Two-body currents natura
lead to excitation of states with a predominant 2h-1p char-
acter, even when a one-step reaction mechanism is con
ered. The early calculation of the differential cross sect
for the population of the states near 7 MeV@15# included
two-body currents involving exchange of one pion only. Th
calculation also predicted that at forward angles, and
Eg;60 MeV, the 5

2
1 ~7.29 MeV! state would dominate

TABLE II. Relative population of the states in11B following the
12C(g,p)11B reaction~Eg550– 70 MeV,up'125°!.

Energy, MeV Jp
PopulationPi

~arb. units!

Pi

P6.74

2.12 1
2

2 4046 40 0.2660.06
4.44 5

2
2 ,7806 90 0.5160.11

5.02 3
2

2 12536120 0.8260.18
6.74 7

2
2 15266300 1.00

6.79 1
2

1 4006120 0.2660.09
7.29 5

2
1 2706 30 0.1860.04

TABLE III. Cross sections to the7
2

2 ~6.74 MeV!, 1
2

1 ~6.79
MeV!, and 5

2
1 ~7.29 MeV! states in11B following the 12C(g,p)11B

reaction forEg560 MeV.

State s(70°), mb/sr s(125°), mb/sr

7
2

2 ~6.74 MeV! 4.7660.82 2.2561.04
1
2

1 ~6.79 MeV! 1.0860.19 0.5960.30
5
2

1 ~7.29 MeV! 1.6660.29 0.4060.17
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TABLE IV. Comparison of the present results from Tables I and II with the previous measurements of the12C(g,p)11B reaction
~* : corrected for the solid angle, see Sec. II for detectors setup!.

Data
Eex,
MeV s(mb/sr)fwd up

s(2.12)
s(;7)

s(mb/sr)bkwd up

s(2.12)
s(;7)

s(fwd)
s(bkwd)

HR @14# 2.12 6.8460.72 0.6660.22 10.463.6
60° 0.7960.11 120° 0.1860.06

Eg559.7 MeV ;7 8.5460.80 3.6860.52 2.3260.39

SPR@12# 2.12 5.160.5 0.860.8 6.466.4
70° 0.7860.11 115° 0.2960.31

Eg559.7 MeV ;7 6.560.6 2.861.1 2.3260.94

~PopulationsPi! ~PopulationsPi!

Present 2.12 86466400 404640 5.8660.64*
70° 0.5660.05 125° 0.1860.04

Eg560 MeV S7 1532761300 21966450 1.960.42*
r
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while the 7
2

2 ~6.74 MeV! would become dominant only fo
u.120°. It also predicted that the12

1 ~6.79 MeV! state
would not contribute significantly to the strength around
MeV. The results of these calculations agreed well with
data by Springhamet al. @12# where the limited experimenta
resolution did not allow the relative population of the ind
vidual states near 7 MeV to be determined.

The present results clearly indicate that population of
7
2

2 ~6.74 MeV! state dominates over that of the positi
parity states at both forward and backward angles~see pre-
vious section!. This contrasts with the theoretical predictio
@15# that the 5

2
1 ~7.29 MeV! state is dominant at forward

angles. The present data also show that while the rela
strength of the1

2
1 ~6.79 MeV! state compared to the streng

of the 7
2

2 ~6.74 MeV! state remains approximately the sam
at forward and backward angles, the relative population
the 5

2
1 ~7.29 MeV! state is significantly reduced at 120

implying a quite different angular dependence.
The superior resolution of the present experiment make

clear that the assumptions which were at the basis of
calculations of Ryckebuschet al. @15# needed to be reconsid
ered. The calculation presented here is based on the s
assumptions as far as the excitation of the 2h-1p compo-
nents in the final state is concerned. However, two impor
additions were made. First,D currents were added to th
two-body part of the nuclear current operator. The effect
those, however, was found to be relatively small for the p
ton energies considered here. Second, it was observed
quasielastic 12C(e,e8p) measurements pointed toward
small but measurable single-hole components for each o
states near 7 MeV@28#. This was interpreted as direct ev
dence for the existence of ground-state correlations in12C,

and for the occupation of the 1f 7/2 ( 7
2

2), 1d5/2 ( 5
2

1), and

2s1/2 ( 1
2

1) single-particle orbits in the ground state: the
orbits would remain unoccupied in an independent-part
picture.

For the revised calculations presented here, the sin
hole component in the72

2, 5
2

1, and 1
2

1 states was consid
ered. The corresponding spectroscopic factors were ta
from the 12C(e,e8p) measurements reported by van d
e

e

ve

f

it
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me

nt

f
-
hat

he

e

e-

en
r

Steenhovenet al. @28#. These spectroscopic factors are 0.0

(1d5/2, 5
2

1), 0.010 (2s1/2, 1
2

1), and 0.0038 (1f 7/2, 7
2

2).
In spite of the small values of the spectroscopic factors

the single-hole components in the predominantly 2h-1p
states, the most significant conclusion was that the one-b
component was important, since the two-body compone
interfere~destructively or constructively! with the one-body
term. Note that both one-body and two-body currents c
excite the single-hole components in the final state, and
both contributions were considered in calculations. As a m
ter of fact, after including the one-body term the total pr
dicted strength for the states near 7 MeV was not very m
affected, the major effect of the one-hole components be
redistribution of the strength over the different states.

The outlined additions appear to be quite important, sin
after including the single-hole component, the calculatio
predict the relative strengths of population of the states n
7 MeV to be in quite good agreement with the present da
The cross sections to the three states near 7 MeV in11B as

FIG. 8. Differential (g,p) cross sections atĒg560 MeV for
population of the three states near 7 MeV in11B after including
both 1h and 2h-1p components in the final state. The calculatio
include one-body, pion-exchange, andD currents.
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calculated, are presented in Fig. 8 together with the exp
mental values.

It is evident that these calculations correctly predict
dominance of the7

2
2 ~6.74 MeV! state over the two positive

parity states. Considering the experimental errors, espec
at backward angles, and the fact that the theoretical cu
involve a number of interfering mechanisms, the agreem
with the experimental data is reasonable. We conclude
the basic premises of the calculations model the reaction
sonably well.

V. CONCLUSIONS

The present data provide the first reliable estimates of
population strengths of the three states near 7 MeV in11B
following the 12C(g,p)11B reaction. This in turn has
prompted an improved calculation involving a more realis
picture of the reaction.

The 12C(g,p) calculations used the same procedu
adopted earlier for the excitation of the positive parity sta
in 16O(g,p) @29#. Both the excitation of the states near

MeV in 11B and the (12
1, 5

2
1) positive parity states in15N

could be reasonably described by considering a cohe
mixing of the small 1h and large 2h-1p components. The
amplitude for the 1h components are constrained by t
(e,e8p) spectroscopic factors. For the ‘‘spectroscopic fa
tors’’ corresponding to the 2h-1p components in the fina
wave function @that are almost unexcited in quasielas
(e,e8p) reaction# one has to rely on shell-model calcul

tions. The strong excitation of the (1
2

1, 5
2

1) doublet in 15N
s

ys

s.

ch
ri-

e

lly
es
nt
at
a-

e

s

nt

-

and the three states near 7 MeV in11B in (g,p) reactions
points towards occupation of 2h-1p states that would be
unoccupied in an independent-particle model@confirming the
(e,e8p) results# and a substantial role for the meso
exchange currents~or multinucleon effects! in (g,p) reac-
tions ~as this is the mechanism that can excite the 2h-1p
components!.

All of these dynamic ingredients were necessary in or
to reach a reasonable description of the cross section to
different residual states. Considering the complexity of
interaction of a photon with nucleons and nuclear current
a complex nuclei, this microscopic calculation gives a re
sonable account of the data.

The deexcitationg-ray technique used in photonucle
physics has advanced the quality of the experimen
12C(g,p)11B data. This technique is going to be utilized
future (g,p), (g,n), and (g,pn) experiments to provide im-
proved resolution and complementary information to furth
constrain theoretical calculations.
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