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Angular distributions for the 12C„g,p… 11B reaction
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Absolute differential cross sections for the12C(g,p)11B reaction have been measured for low-lying regions
of residual excitation energy in11B. Cross sections with low systematic uncertainties are presented for proton
detection angles ranging from 30° to 150°, measured with tagged photons of 25–75 MeV energy. The
experimental results resolve the discrepancies between the older data sets. In addition, a reinterpretation of the
low-lying states excited in11B is presented. It is concluded that HF-RPA calculations with essential contribu-
tions of meson exchange currents~MEC! provide a qualitative description of the angular distributions obtained
for the negative parity states in the (g,p) reaction.@S0556-2813~96!04712-7#

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

The combination of high-duty-factor electron beams a
the tagging technique@1# has led to a large number of pho
tonuclear experiments which are an improvement upon
vious bremsstrahlung measurements. The data sets prod
with tagged photons and new product particle detectors h
brought about renewed interest in the study of the reac
mechanisms within more microscopic models. The early
sumption of a direct-knock-out~DKO! mechanism@2# was
questioned when it was shown that the cross sections for
(g,p0) and (g,n0) reactions were of similar magnitudes, an
distorted-wave-impulse approximation~DWIA ! calculations
could not describe both reactions simultaneously@3–6#. The
proposed quasideuteron~QD! model@7–9# was very success
ful in explaining the experimental cross sections and int
duced the concept of photoabsorption on a correlated pro
neutron pair. The modified-quasideuteron~MQD!
interpretation was introduced in order to explain how t
momentum mismatch in the (g,p) and (g,n) reactions is
overcome. The microscopic models that have been prese
recently@10–12# introduce a formal description of the prev
ous concepts. An attempt is made to incorporate shell mo
contributions, nucleonic correlations, and meson-excha
currents~MEC! in a consistent manner.

Photons produced with a single-difference bremsstrahl
technique were used in an early experiment by Matthe
et al. @13#. The cross sections were compared with a dire
knock-out model in which photons were assumed to inte
with protons both in thep ands shells in 12C. Contrary to
the (e,e8p) case, no clear evidence was found fors-shell
contributions which are instead believed to be part of
continuum region.

The measured (g,p) cross sections were extended
higher excitation energies in the residual nucleus by M
Georgeet al. @14#. Although the kinetic energy resolution o
the protons was about the same as in the bremsstrah
measurements, the use of tagged photons allowed highe
citation energy regions to be measured. In agreement
Matthews et al., McGeorge et al. considered the DKO
540556-2813/96/54~6!/3076~12!/$10.00
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mechanism for high residual excitations to be highly u
likely.

A tagging spectrometer with 50 keV energy resolution
combination with silicon-germanium~Si-Ge! telescopes was
used for the first time by Shotteret al. @15,16#. This setup
revealed resolved low-lying excited states in11B which had
not been accomplished before. A composite model includ
a modified-quasideuteron mechanism in addition to the D
and the QD models was used in the interpretation of
results. Compared with the (e,e8p) reaction at lower missing
momentum, the (g,p) reaction has large cross sections f
states at; 7 MeV in 11B. The MQD mechanism was pro
posed in order to explain the strongly populated states a
photon interacting with two correlated nucleons, one be
ejected and the other absorbing momentum into the recoi
nucleus. The peak at; 7 MeV coincides with known levels
in 11B at 6.743 MeV~7/22), 6.792 MeV~1/21), and 7.286
MeV ~5/21). Since there was no evidence of the populati
of the 4.445 MeV~5/22) state, it seemed improbable that th
~7/22) state would carry much strength, as both states
observed simultaneously in hadron reactions. Instead, it
assumed that population of the~1/21) state would be more
likely as there was no evidence of excitation of the~5/21)
state. Another measurement using Si-Ge detectors@17# led to
results where a sizable contribution to the;7 MeV peak
could be due to the~5/21) state in addition to the;6.8 MeV
states@18#.

Previous interpretations of the measured cross sect
have, to a large extent, been based on the quasideut
model. Although total cross sections have been describ
the model is not appropriate for angular distributions at f
ward angles. Recent work on the theoretical interpretation
(g,N) reactions has made it possible to calculate single-h
~1h! transition matrix elements within the random phase
proximation with exchange current effects included@11,12#.
Transitions of two-hole–one-particle~2h1p! type are an ex-
tension in which one-pion exchange currents are explic
accounted for. In these 2h1p calculations, however, it has
been possible to reach the same level of complexity as
obtained for the 1h transition where one-step react
3076 © 1996 The American Physical Society
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54 3077ANGULAR DISTRIBUTIONS FOR THE12C(g,p)11B . . .
mechanisms are accounted for. Calculations within t
model @19# for 12C can describe part of the data presen
here.

In this paper, we present absolute differential cross s
tions for the 12C(g,p)11B reaction at incident photon ene
gies from 25 MeV to 78 MeV. Compared with previous me
surements, the systematic uncertainty has been red
considerably. An abundance of data has been available
higher systematic uncertainty. The data presented here s
to provide a mean value of previous measurements and
considered as a good constraint on theoretical predicti
Absolute differential cross sections for angular distributio
30°,up, 150°, with good energy resolution have been o
tained in experiments at mean photon energies of 60 an
MeV. Angular distributions, 30°,up, 90°, also are pre-
sented for photon energies in the range 42 to 56 MeV. Cr
sections also have been obtained in the giant dipole r
nance region, 40°,up,120°, for the ground-state transition

The aim of the experiments was to provide cross secti
for further investigations of the reaction mechanisms. Due
the relatively poor resolution obtained in previous expe
ments, there has been disagreement as to which state
actually excited in the reaction. Although the resolution
the excitation energy spectra presented here is of the s
order as for other recent measurements, the statistical sig
cance and the larger data set allowed a more systematic
tification method to be used.

EXPERIMENTAL SETUP

All measurements were performed at the MAX laborato
in Lund, where a racetrack microtron and a pulse-stretc
ring provide an almost continuous electron beam@20–22#.
The microtron accelerates a 100 keV electron beam t
maximum energy of 100 MeV which is injected by multitu
injection into the pulse-stretcher ring. With 0.4ms pulses of
5 mA, and a repetition rate of 50 Hz, the maximum extrac
current is 100 nA. The chromaticity is the same for electr
beams of 75 and 95 MeV, but the synchrotron losses incre
from 0.44 MeV to 1.12 MeV during the 20 ms extractio
resulting in difficulties in keeping the ring filled for the entir
period at the higher beam energy. A duty factor close t
thus can be obtained at 75 MeV, whereas a factor of 0.
normal at 95 MeV.

Two different magnetic spectrometers were used to de
residual electrons following bremsstrahlung radiation in a
minium foils 50 mm thick. In the first spectrometer with
inclined pole faces@23#, the focal plane was equipped with
22-channel hodoscope consisting of NE102A plastic scin
lation detectors placed inside the same vacuum chambe
the radiator. The energy resolution of each detector was
keV at an incident electron energy of 75 MeV, resulting in
tagged energy range of 6 MeV. With 95 MeV electrons,
corresponding tagged interval was 9 MeV. The spectrom
used at present is an Elbeck spectrometer and is simila
the one used in Mainz@24#. This spectrometer is equippe
with 64 nonoverlapping scintillation detectors in the foc
plane, grouped as 2 times 32, located on a rail outside
vacuum chamber. The two hodoscopes of this spectrom
can be moved independently and can be located anyw
from Eg50.1–0.8 times the incoming electron energy. T
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photon energy resolution is 220 keV with a mean incide
electron energy of 75 MeV. At the same electron energies
above, the tagged intervals are 14 and 20 MeV. A lead c
limator with an aperture of 16 mm in diameter was used w
the spectrometer with inclined pole faces. The tagging e
ciency after collimation was measured with a Pb/SCIFI ca
rimeter @25# placed in the photon beam at low intensity. E
ficiencies from 23% to 34% were obtained at the differe
photon energies, determined by the angular divergence o
bremsstrahlung beam. A collimator with an aperture of
mm was used for the Elbeck spectrometer and the efficie
of the measurement in the 50 MeV photon region with t
spectrometer was 17%. The experiment in the giant dip
resonance region was performed with a mean tagging
ciency of 25%.

The product detectors were placed in an evacuated ch
ber with extending pipes sealed with 50mm thick mylar
foils. The entrance window was positioned 20 mm after
collimator. This gave a distance between the collimator a
the center of the chamber of 780 mm. With additional le
shielding, the background contribution from the interacti
between the beam and the air became negligible. The ta
frame within the chamber is attached to a rod which can
rotated 360 deg. The rod also can be raised and lowe
providing an empty target area. Rectangular~80360 mm!
polystyrene foils ~C8H8) n with areal densities of 26.30
mg/cm2 and 26.56 mg/cm2 were used in the quasideutero
~QD! region measurements. The thickness of the polystyr
target was chosen to be 16.50 mg/cm2 for the GDR region
due to the higher-energy loss in the target material for lo
energetic protons. The chamber was lined up with Polar
film positioned in frames at the entry and at the exit windo
of the pipes. Interpolation from the photographs gave a be
spot of 11.5 mm diameter at the target position.

The chamber is designed to accommodate up to six Si
telescopes at different angles, as shown in Fig. 1. The t
scopes used consist of siliconDE detectors with a 900
mm2 area and thickness of 500mm, and hyperpure germa
nium E detectors with an area of 800 mm2 and a thickness
of 15 mm. With this system, it is possible to detect proto
with a maximum kinetic energy of;60 MeV, which is suf-
ficient for the present experiments. Each Si detector is
mm away from the center of the target, with an addition
distance of 15 mm to the Ge detector, giving solid angles
order 55 msr per telescope. The Ge detectors are cooled
cold fingers connected to liquid nitrogen containers.
228Th source attached to the target frame is used for ene
calibrations for all detectors. This is possible because the
detectors are vertically mobile. The measurement in
GDR region differed from the other experiments with rega
to the product detectors. Instead of telescopes, 4-mm-t
silicon E detectors, each with an area of 113 mm2 were
used. A distance of 106 mm from the center of the targe
the back of the detectors resulted in a point source s
angle of 10 msr. The reduced solid angle was compens
for by the considerably higher cross sections in this ene
domain.

DATA ANALYSIS

When using tagging spectrometers, each individual foc
plane detector defines a photo-nuclear experiment unco
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3078 54H. RUIJTERet al.
lated with the others. The analysis thus can be divided in
two parts. The first consists of obtaining the kinetic energy
the reaction product at a defined detection angle, and
second of identifying the energy of the photon inducing th
reaction.

In the calibrations of the reaction product detectors, t
highesta-particle energy emitted from the source was 8.78
MeV. The maximum energy that could be detected in th
silicon detectors was 12 MeV whereas for the germaniu
detectors, the highest energy that could be measured was
MeV. For the silicon detectors the calibrations were e
tremely stable when compared over a week. The extrapo
tion for the germanium detectors introduced an uncertain
of less than 1% in the detected energy. Different particl
can be identified from theDE-E information by theT/a
method@26# separating protons, deuterons, and tritons fro
electrons.

The missing energyEm of the reaction is defined as

Em[Eg2TB*2Tp5~mB*1mp2mC!c2,

FIG. 1. One of the possible setups of the Gent-Lund-Universit
Experiments~GLUE! chamber is depicted from a top view. The
target is set at 150° and the maximum number of Si-Ge telesco
is mounted. No support frames are shown for the detectors. On b
sides, the detectors are connected through the support frame
base plates with cold fingers extending into two liquid-nitroge
containers below the chamber.
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where Eg is the photon energy, andTp and TB* are the
kinetic energies of the ejectile, and residual nucleus, resp
tively. The masses of the residual nucleus, the ejectile
the target nucleus are denotedmB* , mp , andmC respec-
tively. Since the missing energy is invariant with respect
the photon energy, it allows summation of the spectra fr
several focal plane detectors. Considering the low cross
tions, this is necessary in order to obtain statistically sign
cant results.

Coincidences between product particles and residual e
trons in the spectrometer are established to distinguish
tween protons with a correlated photon and those with
correlated residual electrons causing a backgro
distribution. The proton starts the time measurement for
focal-plane detectors. With a suitable delay for the foc
plane detector signals, each individual coincidence meas
ment is stopped by the first residual electron detected in e
detector. Correlated events will be centered around the c
sen delay time in a time spectrum, superimposed on a b
ground distribution, as shown in Fig. 2~c!. The background
distribution of accidental coincidences in the time interv
containing correlated events is hatched in Fig. 2~c!.

With appropriate time windows in Fig. 2~c!, events be-
longing to the interval 51–63 ns may be selected. The m
ing energy is calculated for each proton resulting in a mi
ing energy spectrum, Fig. 2~a!, proportional to the number o
events defined by the interval in the time spectrum. T
hatched background distribution in the missing energy sp
trum, corresponding to the hatched area in Fig. 2~c!, is to be
estimated.

Time intervals are chosen in the linear region on bo
sides of the peak area in the time spectrum in order to ob
a missing energy spectrum containing background contr
tions. An additional contribution of events due to noncor
lated electrons stopping the time measurement too ea
when the photon actually had a correlated residual elec
arriving later, will be included from the left of the peak are
This effect is dependent on the count rate of residual e
trons and may be compensated for@27#.

With one missing energy spectrum for the interval b
tween 51 and 63 ns, and another one for the linear region
both sides, a normalization of the proton yield may be c
ried out by the proportionality between the time spectru
intervals and the content of the missing energy spectra.

The background on either side of the peak in Fig. 2~c! is
described by two linear functions obtained through le
square fits. Intervals of 24 ns are used both to the left an
the right, excluding the nonlinear regions of 10 ns width
the immediate vicinity of the peak.

Once the extrapolated fitted functions have been summ
for the area below the peak, and the background events h
been summed for the time windows used, a normalizat
factor can be obtained as the ratio of the areas which
proportional to the missing energy spectra. Events genera
overflows in the time spectrum were included in the miss
energy spectrum in order to obtain a well-defined ba
ground. This was motivated by the identical energy distrib
tions for uncorrelated protons within the time scale, a
those generating overflows. The final normalization fac
was calculated as the ratio between the number of ev
integrated below the peak interval, and the sum of eve
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54 3079ANGULAR DISTRIBUTIONS FOR THE12C(g,p)11B . . .
FIG. 2. The results in the figure were obtaine
with Eg575 MeV at a proton detection angle o
75°. The two discrete states in11B that can be
resolved are shown. Two further states arou
; 5 MeV and two unresolved states at;7 MeV
excitation energy also can be distinguished. T
hatched area of Fig. 2~a! shows the contribution
from uncorrelated events, and the correspond
area is shown in the TOF spectrum, 2~c!. Corre-
lated and random events must be normaliz
based on the TOF spectrum, to give absolute d
ferential cross sections as shown in 2~b!. An es-
timate of the background contribution obtaine
from least-squares fits in 2~c! has been subtracte
in 2~d!. The FWHM of the individual states is
approximately 1 MeV. Statistical uncertaintie
(;3%! are shown.
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from both sides of the peak including all events with
overflow in the time spectrum. The normalized missing e
ergy spectrum is shown in Fig. 2~b!, together with the cor-
responding coincidence spectrum subtracted by the y
from the fitted functions, Fig. 2~d!.

Figure 2~d! shows nonlinearities on both sides in the v
cinity of the peak. An estimate of the systematic uncertai
was obtained by scaling the normalization factor from
calculated value with factors of 10 and 0.1, followed by a
other calculation of absolute differential cross sections. Si
the uncertainty was of the order of 2%, the nonlinearit
were not considered as important in the final results.

A Monte Carlo simulation was performed to obtain t
solid angles of the telescopes. To obtain an estimate of
tematic uncertainty, several random generators were u
and a comparison with tables@28# showed that the total un
certainty was less than 3%. When the tagging efficiency
the spectrometer was measured before and after the ex
ment, the results differed at most by 5%, having negligi
statistical uncertainty. The target angle is known within 3
and the polystyrene film used as target is manufactured
a tolerance of 2%. Assuming that the systematic uncert
ties are independent, the root mean square is less than

In Fig. 3, absolute cross sections at 90° detection an
are compared with measurements@13,14,16,29–33# quoting
overall systematic uncertainties around 20%. The abunda
of data at photon energies between 52 and 63 MeV is sh
as an inset in the upper-right panel of the figure. Apart fr
the measurements of Matthewset al. @13#, all data were ob-
tained with tagged photons. Different techniques were u
to detect protons. Similar detectors~Si-strip DE and GeE
detectors! were used in Refs.@16,30,31#, however, in Refs.
@16,30# absolute cross sections were determined from
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relative yields by normalizing the data to the results of R
@13#. The data presented in@13,14,29,31–33# are all absolute
measurements. The comparison for the ground state at
proton detection angle shows that, when plotted logarith
cally against the incident photon energy, the cross sec
decreases in the well-known linear fashion for photon en
gies below 100 MeV. No systematic difference can be s
for the results presented here, although the data were
tained in experiments performed over a three-year pe
with two different tagging spectrometers.

Simulation of the energy resolution that can be expec
in the experiment has also been performed. Sources of
certainty that were taken into account are the energy of
bremsstrahlung electron with respect to synchrotron los
the width of the focal plane detectors measuring the r
electron energy, the target thickness, the angular uncerta
due to the solid angles of the telescopes~kinematic broaden-
ing!, and the intrinsic resolution of the solid-state detecto
At a mean electron energy of 95 MeV, the major contrib
tions come from the synchrotron radiation losses in the r
and the uncertainty in proton detection angle due to the s
angle of the telescopes. At 75 MeV the uncertainty in tar
losses becomes comparable to the contributions from the
tension of the detectors and the losses in the stretcher
Without corrections for synchrotron radiation in the ring, t
achievable experimental FWHM for the measured kinetic
ergy is ;650 keV at 75 MeV and;1 MeV at 95 MeV,
which agrees very well with the results of the simulation.

With the FWHM for the ground state in11B taken from a
Gaussian fit, as shown in Fig. 4, a comparison can be m
with Gaussians for the excitation energy regions of intere
The 2.125 MeV state has a FWHM that compares well w
the ground state, but the distribution at;5 MeV has twice
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FIG. 3. All cross sections shown are for th
sum of the ground state and the first excited st
at a proton detection angle of 90°. The fille
circles are data reported here. Open squares h
been taken from Ref.@13#. The sets shown with
open triangles@16# and open circles@30# were
normalized to the results of Ref.@13#. The data
represented by open diamonds are from Ref.@29#
and were obtained with the same detectors as
the present experiment. The data shown as o
crosses are from Ref.@14# and also represent ab
solute differential cross sections. The open st
represent data taken from Ref.@31#. The data
shown with line crosses are from Ref.@32# and
the line crosses within open circles from Re
@33#. Statistical uncertainties are only shown.
ith
th
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that

one
e

the width. An attempt to resolve the two known states w
fixed mean values and standard deviations taken from
ground state, results in approximately 30% of the stren
for the unresolved 4.445 MeV state. Another interesting
pect is that the Gaussian at;7 MeV excitation energy has
e
th
s-

the same FWHM as the ground state. This indicates
either the two states at;6.8 MeV or the state at 7.3 MeV
could be present. If all three states would be observed as
peak, its FWHM would be comparable with the width of th
;5 MeV states. The fits for the;7 MeV region in the
he
FIG. 4. Excitation energy spectra for11B: ~a!
Eg560 MeV, up5 90°; ~b! Eg560 MeV, up5
120°; ~c! Eg575 MeV, up560°; and ~d!
Eg575 MeV,up5 90°. The FWHM’s are similar
for the ground state, the 2.125 MeV state, and t
;7 MeV states. At;5 MeV the FWHM indi-
cates excitation of two states.
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missing energy spectra at the lower photon energies resu
expectation values of the mean clearly indicating the pr
ence of either the~7/22) or ~1/21) state or both. At a photon
energy of about 45 MeV, the 7-MeV peak is centered at
MeV with an uncertainty of about650 keV. A slight non-
linearity in the energy calibration results in a shift upwar
of the energies of excited states. At 75 MeV the peak
centered around 7 MeV with an uncertainty of6100 keV.
The width of the 7-MeV states is equal to that of the grou
state in the entire energy range investigated. The analysis
led to the conclusion that the;7 MeV contribution is domi-
nated by the~7/22) and/or~1/21) states.

RESULTS AND DISCUSSION

The measured cross sections with statistical uncertain
only are compiled in Tables I and II. Results for th
~3/22) ground state, the first excited state at 2.125 M
~1/22), the two unresolved states at 4.445 MeV~5/22) and
5.020 MeV ~3/22), and the two unresolved states at 6.7
MeV ~7/22) and 6.792 MeV~1/21), are presented in Tabl
I as a function of mean photon energy and detection an
Depending on the statistical significance, the averaging o
focal-plane detectors giving the mean incident photon ene
was different for forward and backward detection angles.
the measurements reported, the overall systematic un
tainty is lower than 8%. A mean was calculated for the ov
lapping cross sections from two data sets at 56.4 MeV m
photon energy. These data sets were obtained during
different experiments in 1990 and 1993, using two differe
tagging spectrometers. The difference in absolute cross
tions was less than 4%, indicating that the systematic un
tainty is low. Table II presents the measured cross sect
for the ~3/22) ground state with statistical uncertainties on
for the giant dipole resonance~GDR! region. The systematic
uncertainty for this data set was estimated to be 11%.

Figure 5 shows the cross sections determined in our
periments at 90° proton angle for the GDR and QD regio
~left panel!. The results for photon energies between 25 M
and 30 MeV agree with previous measurements by the G
group @34,35#. A steep decrease in the cross sections a
function of photon energy can be seen in the spectrum.
right upper panel shows some representative angular d
butions for the GDR region. A peaking is apparent at ab
80° detection angle and the distributions are symmetric.
almost flat plateau is observed in the photon energy inte
between 37 MeV and 42 MeV, followed by a slower d
crease in the cross sections in the QD region. The ang
distribution is completely different for this region, as show
in the right lower panel of Fig. 5. A combination of da
measured with photon energies at 37 MeV and 42 MeV sc
quite well and the peak of the distribution is shifted towar
60° detection angle.

The (g,p) reaction in the GDR region has been explain
as a collective process dominated by 1-particle–1-h
~1p1h! states. However, the transition into the QD region h
caused much debate concerning the possible reaction c
nels that contribute to the cross section. The direct coup
of the photon to the proton through the DKO mechanism
the QD region is contradicted by a recent comparison
(e,e8p) and (g,p) momentum distributions at equivalen
in
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missing momenta@36#. Parameters which describe th
(e,e8p) reaction as a DKO process are not applicable w
respect to the (g,p) reaction. Instead, it is suggested th
MEC contribute to the (g,p) cross section at the missin
momenta probed. DKO calculations constrained by para
eters deduced in a CDWIA analysis underestimate
(g,p) cross sections by a factor of about 6@36#. The discrep-
ancy is largely removed by including meson exchange c
rents in a phenomenological way.

A direct evaluation of the exchange currents in t
(g,p) reaction was introduced by Gari and Hebach@10# in
the 1970’s. They used explicitly the complete Siegert ope
tor in the evaluation of the transition matrix elements. T
results implied important contributions from MEC to th
(g,p) cross section. Another method following the sam
principles of applying the Siegert theorem has been e
ployed through self-consistent HF-RPA calculations with
effective Skyrme interaction by the Bologna group@11#.
Within this model, the calculated cross sections for the tar
nuclei 16O and 40Ca also showed the importance of ME
contributions in explaining the experimental results.

In order to avoid the low-energy-limit approximation, th
Siegert operator is not used in the HF-RPA calculations
the Gent group. The exchange current contributions are
scribed in terms of the momentum dependence of the ef
tive nucleon-nucleon interaction used in the calculatio
Long-range correlations and multistep processes are tre
within a continuum RPA framework. Collective properties
the target nucleus and rescattering effects thus were
counted for by the HF-RPA contribution whereas the con
bution of MEC was added explicitly. With a differen
Skyrme force, having a stronger momentum depende
than the one used by Ref.@11#, it was possible to reach th
same agreement for (g,p0) and (g,n0) reactions on

16O in
the Gent model@12,37#.

In this paper, the new12C(g,p) data will be compared
with calculations performed in a spherical continuum RP
framework. A spherical description of the target and resid
nucleus is, of course, a simplification in the12C(g,p)11B
reaction, but as it is the overlap of nuclear wave functio
that is to be calculated, it has been assumed to be an ac
able approximation as both12C and 11B are deformed.

The structure of the low-lying, odd-parity states in11B of
the Gent model are assumed to be of the following form@19#
~uncoupled version!

^11B^kpuJ[1]1J[2] u12C~g.s.!&

5a^12C~g.s.!uchp

† cpp
~J[1]1J[2] !u12C~g.s.!&

1b^12C~g.s.!uchp

† chn

† cpn
cpp

J[2] u12C~g.s.!&

where the one-body~and two-body! current operators are
denoted byJ[1] ~andJ[2] ) andhp ~andhn) refer to the quan-
tum numbers of a proton~neutron! state. In the actual calcu
lations, only the leading-term contributions to the wave fun
tions were considered. Accordingly, the hole states
created exclusively in the 1p3/2 shell (hp5hn51p3/2). In the
photoabsorption process described by the first term, the
ton is removed from the 1p3/2 shell and is excited into a
continuum state. In the second term, both nucleons are



s

3082 54H. RUIJTERet al.
TABLE I. The measured cross sections (mb/sr! with statistical uncertainties only for the low-lying state
in the residual11B nucleus. The systematic uncertainties are approximately 8%.

Eg up g.s. 2.125 MeV 5.020 MeV ;7 MeV

42.5 30.0 50.9861.46 15.0560.79 15.5560.81 13.4260.75
60.0 66.5661.68 12.4660.73 12.0060.71 11.4560.70
90.0 40.6861.30 9.7560.64 10.0960.65 11.1360.68

44.3 30.0 46.1861.47 13.9960.81 11.4260.73 12.6860.77
60.0 60.3261.69 16.6860.89 7.4960.59 14.2360.82
90.0 37.8261.33 8.5660.63 7.3060.58 11.5460.73

46.3 30.0 45.6161.58 12.4260.82 10.9560.77 11.2860.78
60.0 55.8161.75 11.3060.79 8.4560.68 19.5961.04
90.0 32.7261.33 6.7260.60 7.3160.63 11.8160.80

48.2 30.0 44.3861.50 11.8460.77 11.9460.78 11.4960.76
60.0 50.0961.59 12.6460.80 8.4260.65 11.0660.75
90.0 25.1461.12 6.4660.57 5.6160.53 11.2760.75

52.7 30.0 35.2261.45 11.0860.81 11.2060.82 9.6560.76
60.0 39.7361.54 9.9660.77 5.8860.59 10.6260.80
90.0 16.8261.00 5.9260.59 5.6960.58 8.9560.73

53.4 30.0 32.3661.63 9.5360.88 8.2960.83 9.9460.90
60.0 33.5861.67 9.7660.90 4.4760.61 11.3360.97
90.0 16.2561.15 4.3360.59 1.8860.39 8.4960.83

56.4 30.0 27.8061.68 8.6260.93 7.7160.88 6.8060.76
60.0 31.9861.64 8.2060.84 6.2660.73 8.2560.83
90.0 13.5661.23 3.4860.63 3.6160.63 6.1360.83
120.0 2.8760.48 1.0660.30 1.7260.38 3.6960.55

56.5 30.0 28.8861.35 8.0160.71 9.2760.76 6.4960.64
60.0 31.0661.40 8.5160.74 4.9560.56 8.0060.71
90.0 13.5460.92 4.0760.51 3.6460.48 6.1460.62

57.9 30.0 22.5961.59 6.8360.87 12.4261.18 7.6660.81
60.0 30.7461.55 6.9460.75 6.2260.75 9.3260.86
90.0 10.5861.12 2.9860.60 3.1160.61 6.4760.88
120.0 1.9560.39 1.8760.38 1.3260.32 3.1160.49

59.1 120.0 2.1360.26 1.3660.21 1.4860.22 3.4360.34
150.0 0.4560.09 0.4760.09 1.6960.17 1.5660.16

59.7 30.0 19.7061.44 6.3660.82 6.7760.85 5.2960.66
60.0 27.0361.42 6.8460.72 4.4560.58 8.5460.80
90.0 9.3361.02 1.8060.44 1.9960.48 5.7960.81
120.0 1.7760.36 0.6660.22 1.2560.30 3.6860.52

61.8 30.0 16.8261.21 4.4860.62 5.6960.70 5.3760.60
60.0 23.6461.20 6.5260.63 3.8160.49 6.9160.65
90.0 7.7560.85 2.0360.43 1.6160.39 3.7760.59
120.0 1.2660.28 0.9060.23 1.9860.35 2.3460.38

71.6 30.0 9.1060.38 2.9060.22 1.5760.16 2.9160.22
60.0 10.1960.63 3.1660.35 1.3060.23 3.6760.38
75.0 7.4760.34 1.5760.16 1.2260.14 4.5260.27
90.0 3.3460.23 0.7660.11 0.9660.12 2.8060.21
120.0 0.4360.09 0.2260.06 0.2660.07 1.5560.16

73.9 30.0 8.3260.39 2.4060.21 2.3460.21 3.0360.23
60.0 8.6260.62 1.8060.28 0.8560.20 3.7760.41
75.0 7.3360.36 1.4960.16 1.3360.15 3.9460.27
90.0 2.7660.23 0.6460.11 0.6160.11 2.6160.22
120.0 0.1560.05 0.2560.07 0.5460.10 1.1860.15

74.7 150.0 0.0760.04 0.2760.07 0.8060.12 1.7460.18
75.9 30.0 6.8160.35 1.6160.17 1.6560.17 2.6960.22

60.0 7.7860.59 1.4760.26 1.5660.26 4.3260.44
75.0 5.3160.31 1.1760.14 1.2260.15 4.0660.27
90.0 2.3660.21 0.6560.11 0.3360.08 2.1960.20
120.0 0.3460.08 0.0460.03 0.4260.09 0.9360.13

78.1 30.0 6.0960.32 1.4860.16 0.9360.12 1.6360.12
60.0 7.7760.57 1.5060.25 0.6760.17 2.5560.33
75.0 4.4060.27 1.1360.14 0.5360.09 2.8060.22
90.0 1.7460.17 0.6060.10 0.4160.08 2.5660.21
120.0 0.2960.07 0.1460.05 0.1860.06 0.7360.11
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moved from the 1p3/2 orbit. The neutron then is excited int
the 1p1/2 orbit and the proton is excited into the continuum
The potential for the shell model calculations is defined
spherically symmetric and the wave functions are genera
in a shell model for theA-nucleon system@38#. Ground-state
correlations are effectively included in the first term in t
RPA calculation.

The first term in the expression above refers to the o
hole components of the (A-1) nucleus. This component ca
be reached through both the one-body (IA) and the two-
body ~MEC! currents. The two-body part of the current al
can feed 2h1p components~second term in the above expre
sion! in the wave function of the final nucleus. As the co
tributions from the different wave function components a
coherently when computing the squared transition matrix
ements, the predicted cross section depends strongly on
values and the relative signs of the wave function amplitu
a andb. It is clear that in order to obtain a complete d
scription of the final state, several 2h1p components mus

TABLE II. The measured cross sections (mb/sr! with statistical
uncertainties only for the ground state in the residual11B nucleus.
The systematic uncertainties are approximately 11%.

up

Eg 40.0 60.0 80.0 100.0 120.0

25.1 312627 495625 553626 514626 381622
27.5 224625 291622 323623 250621 172617
29.9 124616 221616 228616 199615 118612
37.2 5267 6865 5765 3063 1663
.
s
d

-

l-
the
s

be

considered. In the approach of Ref.@19#, however, only the
leading 2h1p component in the final state has been retai
For the higher unresolved negative-parity states, the exc
tions generally will be of 2h1p type, or result in more com
plicatednh(n-1!p configurations which are not included i
the model at present. These higher-ordernh(n-1!p configu-
rations (n>3) can be reached only throughn-body (n>3)
absorption mechanisms or through complicated FSI effec

A comparison between the Gent model results and
data presented here for the~3/22) ground state and the sec
ond ~3/22) state shows for the first time that the cross s
tions have different signatures for backward angles in
(g,p) reaction. Compared with the (e,e8p) reaction, where
the results are similar for the two~3/22) states, an interest
ing property of the results plotted in Figs. 6 and 7 is t
qualitative behavior of the angular distributions for the tw
states. While the ground state angular cross section@Fig.
6~a!# decreases strongly with increasing proton detect
angle, the;5 MeV states@Fig. 6~b!# exhibit a different
structure with a possible increase at the highest meas
angle partly due to the contribution from the~5/22) state.
The observed difference between the angular behavior
the two~3/22) states is reasonably reproduced in the mo
calculations.

In Fig. 7~a!, calculations for the ground state which
known to be of mainly 1h character are compared with m
surements at photon energies of 75 MeV. The general sh
of the data is not fully reproduced at backward angles wh
the experimental cross sections indicate a steep dec
whereas the theoretical cross sections overestimate the
sections. For the first excited state in11B shown in Fig. 7~b!,
e

he
e
ar
e
is
FIG. 5. Cross sections for transitions to th
~3/22) ground state in11B are shown with only
statistical uncertainties. The left panel shows t
data collected in this study from the GDR and th
QD region. In the upper-right panel the angul
distribution for the GDR region is shown and th
corresponding distribution for the QD region
shown in the lower-right panel.



n
ed
-
ed
ted
In
e-

nd

e.
th
u-

ef.
m
ed
or

3084 54H. RUIJTERet al.
FIG. 6. Calculations for an incident photo
energy of 60 MeV are compared with measur
data. Panel~a! shows the ground state with con
tributions from 1h matrix elements as a dash
line, the 2h1p exchange-current part as a dot
line, and their coherent sum as a solid line.
panel~b! the measured data are for the two unr
solved states~3/22) and~5/22) at;5 MeV. The
equivalent line types are used for the seco
~3/22) state. In addition, the contribution from
the ~5/22) state is shown with a dot-dashed lin
The incoherent sum of the contributions for bo
states is shown with a thick solid line. The ang
lar distributions shown as filled circles are from
the present work, open diamonds are from R
@13#, and the open triangles have been taken fro
@16#. The statistical uncertainties are compris
within the data points for those not showing err
bars. Refer to the text for further details.
on
th
20
-
th

de
the
the coherent sum of mainly 1h and weak 2h1p contributi
gives a good description of the data with regard both to
amplitude and the distribution. Calculations for the 5.0
MeV state in Fig. 7~c! show the growing importance of one
pion exchange currents at higher excitation energies in
s
e

e

residual nucleus. The squared wave function amplitu
uau2, describing the hole state contributions, is large in
computation for the ground state@a50.69 taken from QE
(e,e8p) results in Refs.@39,40## whereas it is comparatively
small for the second~3/22) state (a50.22). This part of the
n
s
g
nel

l

re
the
FIG. 7. Calculations for an incident photo
energy of 75 MeV showing the contribution
from the different states with line types accordin
to Fig. 6 are compared with measured data. Pa
~a! shows the~3/22) ground state, panel~b! the
first excited state~1/22) at 2.125 MeV, and pane
~c! the second~3/22) and the~5/22) states at
;5 MeV. The experimental cross sections a
from the same references as in Fig. 6. Refer to
text for further details.
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squared matrix element~dashed lines in Fig. 7! generates
most of the cross section for the ground state and prov
the shape of the angular distribution in the forward ang
As opposed to the ground state, only a weak contribut
from the same shape is seen for the second~3/22) state.
Furthermore,ubu2 is small for the ground state and large f
the second~3/22) state and the squared matrix element~dot-
ted lines in Fig. 7!, in general, contributes via a consta
magnitude over the proton angular range. As the contri
tions are coherently summed~solid lines in Fig. 7! the result-
ing distributions are largely due to interference effects. Th
the rise in the theoretical cross section for backward an
shown in Fig. 7~c! is mainly due to interference effects b
tween the 1h and 2h1p components of the squared m
elements. This contribution is computed with regard to
sign of the wave function amplitude 2ab.

In a previous section, it was indicated that approximat
30% of the measured cross section for the;5 MeV excita-
tion energy region was due to the 4.445 MeV state. T
~5/22) state in11B at 4.445 MeV has not been identified
the previous (g,p) experiments. As large admixtures of 1f
components in the wave function for the ground state
12C can be ruled out, it cannot be explained with a one-s
reaction process. Previous (e,e8p) experiments have no
shown any observable strength for the~5/22) state either,
but in a recent measurement under nonparallel conditio
the first observation was reported@41#. Already at a missing
momentum of 182.5 MeV/c in the (e,e8p) reaction in non-
parallel kinematics, the increased similarity to the (g,p) re-
action is claimed to be seen. The two-step contribution
ceeds the DKO component by two orders of magnitude
the calculations for the~5/22) state. Also, pickup reaction
such as (p,2p), (d,3He!, and (t,4He! @42–44# show excita-
tion of the~5/22) state. Two-step processes within a DWI
or DWBA model is the suggested explanation of the exc
tion in the hadron reactions.

An alternative explanation for the excitation of th
~5/22) state in reactions induced by real photons is s
gested in the Gent model. As the 1h component is extrem
small, it is assumed to be of mainly 2h1p character. A fe
ing of the ~5/22) state may be obtained by photoabsorpti
on a two-body MEC operator. Calculated cross sections
the ~5/22) state are shown in Figs. 6 and 7. The predic
magnitude of the angular cross section~dot-dashed line! is
relatively independent of the detection angle for the prot
in agreement with the 2h1p contributions to the~3/22)
states. The thick solid lines in Figs. 6~b! and 7~c! show the
incoherent sum of the calculated cross sections for the
ond ~3/22) and the~5/22) states. In line with the conclu
sions from the analysis of the spectra, the~5/22) contribu-
tion constitutes a considerable fraction of the total stren
measured for the two states.

In the Gent model, the even-parity states in11B are de-
scribed by 2h1p contributions only

b^12C~g.s.!uchp

† chn

† cpn
cpp

J[2] u12C~g.s.!&.

In this matrix element, the neutron is propagated into
1d5/2 or the 2s1/2 orbit. As for the odd-parity states, only th
leading terms in the final state wave function are included
the actual computation.
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A previous experiment@29# for the (g,p) experiment at
incident photon energies of 61 and 77 MeV indicated t
three unresolved states at;7 MeV excitation energy in
11B contributed to the cross section@18#. Since the states a
;7 MeV excitation energy were unresolved, it was difficu
to predict cross sections as the relative importance of
states was difficult to estimate. Also, it is generally believ
that the reaction mechanism is different from that of t
lower-lying excited states. Theoretical curves from calcu
tions @19# including 2h1p contributions are shown only
Fig. 8. Figure 8~a! shows a comparison atEg;75 MeV, 8~b!
atEg;60 MeV, and 8~c! atEg;50 MeV. An increase in the
importance of the higher-order electric multipole operat
as the transferred impulse of the photon becomes larger
be seen for forward angles in the calculated distributio
However, the data indicate that the peak of the distributio
is fairly constant, around 60° proton detection angle as
incident photon energy increases, in contradiction to
theoretical results. The magnitude of the cross sections
well as the general shape of the data at a lower photon
ergy, are, however, quite well reproduced. In Ref.@19# the
calculated cross section is presented as the incoherent su
the cross sections to each of the three states. The agree
seen in Figs. 8~b! and 8~c! seems to be fortunate as the Ge
model predicts a dominance of the~5/21) state for this re-
gion of photon energy. The contributions to the calcula
cross sections from the two states that we observe exp
mentally, i.e., the~7/22) and ~1/21) states, result in a fla
angular distribution at, e.g., 60 MeV. A reinterpretation

FIG. 8. The calculated angular distributions for the excit
states at;7 MeV, based on two-body absorption only@19#, are
compared to experimental results. The symbols used for the
points are the same as in Fig. 6. Panel~a! is a comparison at
Eg;75 MeV, panel~b! at Eg;60 MeV, and panel~c! at Eg;50
MeV. Refer to the text for further details.
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3086 54H. RUIJTERet al.
the calculations presented in Ref.@19# thus is required.
From the present data, we conclude that the 7-MeV p

is dominated by contributions from the~7/22, 1/21) dou-
blet. The fact that the~5/22) state also contributes to th
excitation energy spectra points to the importance of tw
step processes in this reaction in a similar way as in
(e,e8p) reaction@40#. The effects of deformation also shou
be considered as both12C and 11B are deformed@45–47#.

CONCLUSIONS

The systematic measurements of the12C(g,p)11B reac-
tion presented here have revealed that the~5/22) state is
excited in contrast to previous results. A reinterpretation
the results obtained in Ref.@19# has led to the inclusion o
the ~5/22) state in the model calculations in the present
per. For the states at;7 MeV excitation energy, it is shown
that the cross sections obtained are due to the unreso
~7/22) and ~1/21) states. It is, at present, impossible to e
plain the strong excitation of the;7 MeV excitation region
without including the~5/21) state in the model. Other dis
crepancies remain, especially at forward angles for the e
ted proton. A comparison with the12C(g,n) reaction@48#
shows that there is a close similarity to the (g,p) reaction in
the cross sections obtained, and this supports the argume
one-pion exchange currents as an important effect in pho
induced reactions below the pion threshold. The agreem
of the model calculations by the Gent group with t
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12C(g,n) measurements is rather poor, and it is clear t
further theoretical work is necessary in order to describe
measured data.

An experimental contribution would be to resolve th
three states around 7 MeV in excitation energy in the
sidual 11B nucleus with new (g,pg8) coincident experi-
ments@49# as it is difficult to obtain higher-energy resolutio
with the present (g,p) and (g,n) experiments. Measure
ments at higher missing momenta for the (e,e8p) reaction
would be of great interest, as they would allow a more dir
comparison of the reaction mechanisms involved. As it
well known that the DKO reaction dominates at the availa
pm,200 MeV/c, comparisons with the available (e,e8p)
data are hampered by the fact that real photon-induced r
tions are performed atpm. 300 MeV/c.
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