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Absolute differential cross sections for th&C(y,p)*'B reaction have been measured for low-lying regions
of residual excitation energy iftB. 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 if'B is presented. It is concluded that HF-RPA calculations with essential contribu-
tions of meson exchange curre@$EC) provide a qualitative description of the angular distributions obtained
for the negative parity states in the,{) reaction.[S0556-28186)04712-1

PACS numbdps): 25.20—x%, 27.20:+n

INTRODUCTION mechanism for high residual excitations to be highly un-
likely.

The combination of high-duty-factor electron beams and A tagging spectrometer with 50 keV energy resolution in
the tagging techniquEl] has led to a large number of pho- combination with silicon-germaniurtsi-Ge telescopes was
tonuclear experiments which are an improvement upon preused for the first time by Shottest al. [15,16. This setup
vious bremsstrahlung measurements. The data sets produd@yealed resolved low-lying excited states'f8 which had
with tagged photons and new product particle detectors haveot been accomplished before. A composite model including
brought about renewed interest in the study of the reactioa modified-quasideuteron mechanism in addition to the DKO
mechanisms within more microscopic models. The early asand the QD models was used in the interpretation of the
sumption of a direct-knock-outDKO) mechanisn2] was  results. Compared with the(e’p) reaction at lower missing
questioned when it was shown that the cross sections for th@omentum, the ¢,p) reaction has large cross sections for
(7,po) and (y,np) reactions were of similar magnitudes, and states at~ 7 MeV in 1B, The MQD mechanism was pro-
distorted-wave-impulse approximatig®WIA) calculations posed in order to explain the strongly populated states as a
could not describe both reactions simultaneoli8ky6]. The  photon interacting with two correlated nucleons, one being
proposed quasideuterd®D) model[7—9] was very success- ejected and the other absorbing momentum into the recoiling
ful in explaining the experimental cross sections and introfucleus. The peak at 7 MeV coincides with known levels
duced the concept of photoabsorption on a correlated protorin B at 6.743 MeV(7/27), 6.792 MeV(1/2*), and 7.286
neutron pair. The modified-quasideuteronNMQD) MeV (5/2%). Since there was no evidence of the population
interpretation was introduced in order to explain how theof the 4.445 Me\(5/27) state, it seemed improbable that the
momentum mismatch in they(p) and (y,n) reactions is (7/27) state would carry much strength, as both states are
overcome. The microscopic models that have been presentathserved simultaneously in hadron reactions. Instead, it was
recently[10—12 introduce a formal description of the previ- assumed that population of tti#/2*) state would be more
ous concepts. An attempt is made to incorporate shell moddikely as there was no evidence of excitation of {&&2")
contributions, nucleonic correlations, and meson-exchangstate. Another measurement using Si-Ge dete¢iofided to
currents(MEC) in a consistent manner. results where a sizable contribution to the7 MeV peak

Photons produced with a single-difference bremsstrahlungould be due to thé/2") state in addition to the-6.8 MeV
technique were used in an early experiment by Matthewstateq18].
et al. [13]. The cross sections were compared with a direct- Previous interpretations of the measured cross sections
knock-out model in which photons were assumed to interachave, to a large extent, been based on the quasideuteron
with protons both in thep ands shells in *2C. Contrary to  model. Although total cross sections have been described,
the (e,e’p) case, no clear evidence was found feshell  the model is not appropriate for angular distributions at for-
contributions which are instead believed to be part of thewvard angles. Recent work on the theoretical interpretation of
continuum region. (v,N) reactions has made it possible to calculate single-hole

The measured «,p) cross sections were extended to (1h) transition matrix elements within the random phase ap-
higher excitation energies in the residual nucleus by Mcroximation with exchange current effects includéd,12.
Georgeet al.[14]. Although the kinetic energy resolution of Transitions of two-hole—one-particl@hlp type are an ex-
the protons was about the same as in the bremsstrahlurignsion in which one-pion exchange currents are explicitly
measurements, the use of tagged photons allowed higher eaecounted for. In these 2h1p calculations, however, it has not
citation energy regions to be measured. In agreement witheen possible to reach the same level of complexity as that
Matthews et al, McGeorge et al. considered the DKO obtained for the 1h transition where one-step reaction
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mechanisms are accounted for. Calculations within thigphoton energy resolution is 220 keV with a mean incident
model[19] for *2C can describe part of the data presentedelectron energy of 75 MeV. At the same electron energies as
here. above, the tagged intervals are 14 and 20 MeV. A lead col-
In this paper, we present absolute differential cross sedimator with an aperture of 16 mm in diameter was used with
tions for the C(y,p)*'B reaction at incident photon ener- the spectrometer with inclined pole faces. The tagging effi-
gies from 25 MeV to 78 MeV. Compared with previous mea-ciency after collimation was measured with a Pb/SCIFI calo-
surements, the systematic uncertainty has been reducédneter[25] placed in the photon beam at low intensity. Ef-
considerably. An abundance of data has been available witficiencies from 23% to 34% were obtained at the different
higher systematic uncertainty. The data presented here sedfioton energies, determined by the angular divergence of the
to provide a mean value of previous measurements and aRemsstrahlung beam. A collimator with an aperture of 12
considered as a good constraint on theoretical predictiongnm was used for the Elbeck spectrometer and the efficiency
Absolute differential cross sections for angular distributions 0f the measurement in the 50 MeV photon region with this
30°< ¢,< 150°, with good energy resolution have been ob-Spectrometer was 17%. The experiment in the giant dipole
tained in experiments at mean photon energies of 60 and 8@sonance region was performed with a mean tagging effi-
MeV. Angular distributions, 30% ¢,< 90°, also are pre- ciency of 25%. .
sented for photon energies in the range 42 to 56 MeV. Cross The product detectors were placed in an evacuated cham-
sections also have been obtained in the giant dipole res®er with extending pipes sealed with m thick mylar
nance region, 40% §,<120°, for the ground-state transition. f0ilS. The entrance window was positioned 20 mm after the
The aim of the experiments was to provide cross Secti0n§0||lmat0r. This gave a distance between the collimator and
for further investigations of the reaction mechanisms. Due tdhe center of the chamber of 780 mm. With additional lead
the re|ati\/e|y poor resolution obtained in previous experi_Shielding, the background contribution from the interaction
ments, there has been disagreement as to which states &@tween the beam and the air became negligible. The target
actually excited in the reaction. Although the resolution forframe within the chamber is attached to a rod which can be
the excitation energy spectra presented here is of the sanfgtated 360 deg. The rod also can be raised and lowered
order as for other recent measurements, the statistical signifioviding an empty target area. Rectangul@@x60 mm

cance and the larger data set allowed a more systematic ideBolystyrene foils (CgHg), with areal densities of 26.30
tification method to be used. mg/cn? and 26.56 mg/crh were used in the quasideuteron

(QD) region measurements. The thickness of the polystyrene
target was chosen to be 16.50 mgfcior the GDR region
EXPERIMENTAL SETUP due to the higher-energy loss in the target material for low-

All measurements were performed at the MAX Iaboratoryenerget'.c. protqns. The chamber was lined up W'Fh Eolar0|d
Im positioned in frames at the entry and at the exit windows

in Lund, where a racetrack microtron and a pulse-stretchell ) ;
ring provide an almost continuous electron begf—23. of the pipes. Interp_olat|on from the photogra_p_hs gave a beam
The microtron accelerates a 100 keV electron beam to gp(')l:[h(()efclhlei?nlrzjner?'gIfjig]setire3ttthct§(;?ner;{128:tzon. 10 six Si-Ge
maximum energy of 100 MeV which is injected by multiturn telescopes at d'flferentlgan les. as shown in F.up 1 Tlf)w(e tlele-
injection into the pulse-stretcher ring. With Qw4 pulses of P ! gies, wn In F1g. L.

5 mA, and a repetition rate of 50 Hz, the maximum extractedsco'ges used dct?]nsll(st of S]!“5CQNE de'Eje(r:]tors with a 900
current is 100 nA. The chromaticity is the same for electron !N aréa and thickness o 4om, an yperpure germa-
um E detectors with an area of 800 nfnand a thickness

beams of 75 and 95 MeV, but the synchrotron losses increa ) : - .
from 0.44 MeV to 1.12 MeV during the 20 ms extraction of 15 mm. With this system, it is possible to detect protons
with a maximum kinetic energy of- 60 MeV, which is suf-

resulting in difficulties in keeping the ring filled for the entire fici for th . Each Si d is 105
period at the higher beam energy. A duty factor close to ficient for the present experiments. Each Si detector Is
m away from the center of the target, with an additional

thus can be obtained at 75 MeV, whereas a factor of 0.5 ig? £15 he Ge d ' lid | ¢
normal at 95 MeV. istance o mm to the Ge detector, giving solid angles o

Two different magnetic spectrometers were used to detetﬁrder 55 msr per telescope. The G € dgtectors are c.ooled with
cold fingers connected to liquid nitrogen containers. A

residual electrons following bremsstrahlung radiation in alu-zngh source attached to the target frame is used for energy

minium foils 50 um thick. In the first spectrometer with L = . 4
inclined pole face$23], the focal plane was equipped with a calibrations for all detectors. This is possible because the Si
22-channel hodoscope consisting of NE102A plastic scintil-deteRCtors. arglﬁvertg:?lly mr?bner.] The mc_aasuremgr;lt n thde
lation detectors placed inside the same vacuum chamber %Dh reglodn ! gre romtl e ot der (;,\xplerlments WA'ft regarl]r' K
the radiator. The energy resolution of each detector was 276.’.t e product detectors. ”?‘ea of telescopes, 4-mm-thic
silicon E detectors, each with an area of 113 fmwere

keV at an incident electron energy of 75 MeV, resulting in a )
tagged energy range of 6 MeV. With 95 MeV electrons, theused. A distance of 106 mm from the center of the target to

corresponding tagged interval was 9 MeV. The spectrometetlhe back of the detectors resultgd in a point source solid
used at present is an Elbeck spectrometer and is similar (3"9!€ Of 10 msr. The reduced solid angle was compensated
the one used in Mainf24]. This spectrometer is equipped or by_ the considerably higher cross sections in this energy
with 64 nonoverlapping scintillation detectors in the focal domain.
plane, grouped as 2 times 32, located on a rail outside the

vacuum chamber. The two hodoscopes of this spectrometer

can be moved independently and can be located anywhere When using tagging spectrometers, each individual focal-
from E,=0.1-0.8 times the incoming electron energy. Theplane detector defines a photo-nuclear experiment uncorre-

DATA ANALYSIS
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where E,, is the photon energy, and@i, and Tg+ are the
| kinetic energies of the ejectile, and residual nucleus, respec-
i tively. The masses of the residual nucleus, the ejectile and
1 the target nucleus are denotetss, m,, and m¢ respec-
tively. Since the missing energy is invariant with respect to
| the photon energy, it allows summation of the spectra from
| several focal plane detectors. Considering the low cross sec-
| tions, this is necessary in order to obtain statistically signifi-
| cant results.
o Coincidences between product particles and residual elec-
! 150 trons in the spectrometer are established to distinguish be-
|
|
|
I

tween protons with a correlated photon and those with un-
correlated residual electrons causing a background
distribution. The proton starts the time measurement for all
focal-plane detectors. With a suitable delay for the focal-
plane detector signals, each individual coincidence measure-
ment is stopped by the first residual electron detected in each
detector. Correlated events will be centered around the cho-
sen delay time in a time spectrum, superimposed on a back-
ground distribution, as shown in Fig(. The background
distribution of accidental coincidences in the time interval
containing correlated events is hatched in Fig).2

With appropriate time windows in Fig.(®, events be-
longing to the interval 51-63 ns may be selected. The miss-
ing energy is calculated for each proton resulting in a miss-
ing energy spectrum, Fig(&, proportional to the number of
events defined by the interval in the time spectrum. The
hatched background distribution in the missing energy spec-
trum, corresponding to the hatched area in Fig),ds to be
estimated.

Time intervals are chosen in the linear region on both
sides of the peak area in the time spectrum in order to obtain
a missing energy spectrum containing background contribu-
tions. An additional contribution of events due to noncorre-

FIG. 1. One of the possible setups of the Gent-Lund-University- . ,
Experiments(GLUE) chamber is depicted from a top view. The lated electrons stopping the time measurement too early,

target is set at 150° and the maximum number of Si-Ge telescope¥hen the photon actually had a correlated residual electron

is mounted. No support frames are shown for the detectors. On bof@fTiving later, will be included from the left of the peak area.

sides, the detectors are connected through the support frames 1d1is effect is dependent on the count rate of residual elec-

base plates with cold fingers extending into two liquid-nitrogentrons and may be compensated fa7].

containers below the chamber. With one missing energy spectrum for the interval be-
tween 51 and 63 ns, and another one for the linear regions on

lated with the others. The analysis thus can be divided int&0th sides, a normalization of the proton yield may be car-
two parts. The first consists of obtaining the kinetic energy of €d out by the proportionality between the time spectrum
the reaction product at a defined detection angle, and thitervals and the content of the missing energy spectra.

second of identifying the energy of the photon inducing the 1he background on either side of the peak in Fig) I
reaction. described by two linear functions obtained through least

In the calibrations of the reaction product detectors, theauare fits. Intervals of 24 ns are used both to the left and to

highesta-particle energy emitted from the source was 8.784ih€ right, excluding the nonlinear regions of 10 ns width in
MeV. The maximum energy that could be detected in thdn€ Immediate vicinity of the peak.
silicon detectors was 12 MeV whereas for the germanium Once the extrapolated fitted functions have been summed

detectors, the highest energy that could be measured was 6 the area below the peak, and the background events have
MeV. For the silicon detectors the calibrations were ex-2€€n summed for the time windows used, a normalization

tremely stable when compared over a week. The extrapolefaCtor can be obtained as the ratio of the areas which are
tion for the germanium detectors introduced an uncertainyfoPortional to the missing energy spectra. Events generating

of less than 1% in the detected energy. Different particle®Verflows in the time spectrum were included in the missing
can be identified from the\E-E information by theT/a  €N€rgy spectrum in order to obtain a well-defined back-

method[26] separating protons, deuterons, and tritons fromg_round. This was motivated by the_ iqlentical energy distribu-
electrons. tions for uncorrelated protons within the time scale, and

The missing energ§,, of the reaction is defined as those generating overflows. The final normalization factor
m was calculated as the ratio between the number of events
EmEEy—TB*—Tp:(mB*+mp—mC)cz, integrated below the peak interval, and the sum of events
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FIG. 2. The results in the figure were obtained
with E,,.=75 MeV at a proton detection angle of
75°. The two discrete states B that can be

2.125 MeV
4.445 MeV
5.020 MeV
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150 resolved are shown. Two further states around
40 100 ~ 5 MeV and two unresolved states-af7 MeV
20 =0 excitation energy also can be distinguished. The
hatched area of Fig.(2) shows the contribution
o 148 from uncorrelated events, and the corresponding
06 <b> (d) area is shown in the TOF spectrum{cR Corre-_
‘ 120 lated and random events must be normalized
a5 100 based on the TOF spectrum, to give absolute dif-

ferential cross sections as shown ifb2 An es-
timate of the background contribution obtained
from least-squares fits in(@ has been subtracted
in 2(d). The FWHM of the individual states is
approximately 1 MeV. Statistical uncertainties
(~3%) are shown.
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from both sides of the peak including all events with anrelative yields by normalizing the data to the results of Ref.
overflow in the time spectrum. The normalized missing en{13]. The data presented ji3,14,29,31-3Bare all absolute
ergy spectrum is shown in Fig(l®, together with the cor- measurements. The comparison for the ground state at 90°
responding coincidence spectrum subtracted by the yielgroton detection angle shows that, when plotted logarithmi-
from the fitted functions, Fig. @). cally against the incident photon energy, the cross section
Figure 2d) shows nonlinearities on both sides in the vi- decreases in the well-known linear fashion for photon ener-
cinity of the peak. An estimate of the systematic uncertaintygies below 100 MeV. No systematic difference can be seen
was obtained by scaling the normalization factor from thefor the results presented here, although the data were ob-
calculated value with factors of 10 and 0.1, followed by an-tained in experiments performed over a three-year period
other calculation of absolute differential cross sections. Sinc&vith two different tagging spectrometers.
the uncertainty was of the order of 2%, the nonlinearities Simulation of the energy resolution that can be expected
were not considered as important in the final results. in the experiment has also been performed. Sources of un-
A Monte Carlo simulation was performed to obtain the certainty that were taken into account are the energy of the
solid angles of the telescopes. To obtain an estimate of sy®remsstrahlung electron with respect to synchrotron losses,
tematic uncertainty, several random generators were usdfie width of the focal plane detectors measuring the rest
and a comparison with tabl¢28] showed that the total un- electron energy, the target thickness, the angular uncertainty
certainty was less than 3%. When the tagging efficiency oflue to the solid angles of the telescolesematic broaden-
the spectrometer was measured before and after the expeititg), and the intrinsic resolution of the solid-state detectors.
ment, the results differed at most by 5%, having negligibleAt a mean electron energy of 95 MeV, the major contribu-
statistical uncertainty. The target angle is known within 3%tions come from the synchrotron radiation losses in the ring
and the polystyrene film used as target is manufactured withnd the uncertainty in proton detection angle due to the solid
a tolerance of 2%. Assuming that the systematic uncertainangle of the telescopes. At 75 MeV the uncertainty in target
ties are independent, the root mean square is less than 8%osses becomes comparable to the contributions from the ex-
In Fig. 3, absolute cross sections at 90° detection angléension of the detectors and the losses in the stretcher ring.
are compared with measuremefit8,14,16,29-3Bquoting  Without corrections for synchrotron radiation in the ring, the
overall systematic uncertainties around 20%. The abundanaehievable experimental FWHM for the measured kinetic en-
of data at photon energies between 52 and 63 MeV is showergy is ~650 keV at 75 MeV and~1 MeV at 95 MeV,
as an inset in the upper-right panel of the figure. Apart fromwhich agrees very well with the results of the simulation.
the measurements of Matthewsal. [13], all data were ob- With the FWHM for the ground state it'B taken from a
tained with tagged photons. Different techniques were useGaussian fit, as shown in Fig. 4, a comparison can be made
to detect protons. Similar detectoSi-strip AE and GeE with Gaussians for the excitation energy regions of interest.
detectory were used in Refd.16,30,31, however, in Refs. The 2.125 MeV state has a FWHM that compares well with
[16,30 absolute cross sections were determined from theéhe ground state, but the distribution-att MeV has twice
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FIG. 3. All cross sections shown are for the
sum of the ground state and the first excited state
at a proton detection angle of 90°. The filled
circles are data reported here. Open squares have
been taken from Refl13]. The sets shown with
open triangleg16] and open circle§30] were
normalized to the results of Rdf13]. The data
represented by open diamonds are from R29)
and were obtained with the same detectors as in
the present experiment. The data shown as open
crosses are from Reff14] and also represent ab-
solute differential cross sections. The open stars
represent data taken from Rdf31]. The data
shown with line crosses are from R¢82] and
the line crosses within open circles from Ref.
[33]. Statistical uncertainties are only shown.

the width. An attempt to resolve the two known states withthe same FWHM as the ground state. This indicates that
fixed mean values and standard deviations taken from theither the two states at 6.8 MeV or the state at 7.3 MeV
ground state, results in approximately 30% of the strengtltould be present. If all three states would be observed as one
for the unresolved 4.445 MeV state. Another interesting aspeak, its FWHM would be comparable with the width of the

pect is that the Gaussian at7 MeV excitation energy has
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~5 MeV states. The fits for the-7 MeV region in the

FIG. 4. Excitation energy spectra fotB: (a)
E,=60 MeV, 6,= 90°; (b) E,=60 MeV, §,=
120°; (¢) E,=75 MeV, 6,=60°; and (d)
E,=75MeV, 0,= 90°. The FWHM's are similar
for the ground state, the 2.125 MeV state, and the
~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 result imissing momenta[36]. Parameters which describe the
expectation values of the mean clearly indicating the presfte,e’p) reaction as a DKO process are not applicable with
ence of either thé7/27) or (1/2%) state or both. At a photon respect to the ¢,p) reaction. Instead, it is suggested that
energy of about 45 MeV, the 7-MeV peak is centered at 6.8VIEC contribute to the ¢,p) cross section at the missing
MeV with an uncertainty of about-50 keV. A slight non- momenta probed. DKO calculations constrained by param-
linearity in the energy calibration results in a shift upwardseters deduced in a CDWIA analysis underestimate the
of the energies of excited states. At 75 MeV the peak i y,p) cross sections by a factor of about3®]. The discrep-
centered around 7 MeV with an uncertainty ©fl00 keV. ancy is largely removed by including meson exchange cur-
The width of the 7-MeV states is equal to that of the groundrents in a phenomenological way.
state in the entire energy range investigated. The analysis has A direct evaluation of the exchange currents in the
led to the conclusion that the 7 MeV contribution is domi-  (y,p) reaction was introduced by Gari and HebddB] in
nated by thg7/27) and/or(1/2*) states. the 1970’s. They used explicitly the complete Siegert opera-
tor in the evaluation of the transition matrix elements. The
results implied important contributions from MEC to the
(y,p) cross section. Another method following the same
The measured cross sections with statistical uncertaintigdfinciples of applying the Siegert theorem has been em-
0n|y are Comp“ed in Tables | and Il. Results for the ployed through self-consistent HF-RPA calculations with an
(3/27) ground state, the first excited state at 2.125 MeVeffective Skyrme interaction by the Bologna gro{ipl].
(1/27), the two unresolved states at 4.445 M&/2) and W|th|r_1 this model, the calculated cross sections for the target
5.020 MeV (3/27), and the two unresolved states at 6.743nuclei *°O and “®Ca also showed the importance of MEC
MeV (7/27) and 6.792 MeM(1/2"), are presented in Table contributions in e>_<p|a|n|ng the exper_|m_ental re;ults._
| as a function of mean photon energy and detection angle. In order to avoid the low-energy-limit approximation, the
Depending on the statistical significance, the averaging ovepi€gert operator is not used in the HF-RPA calculations of
focal-plane detectors giving the mean incident photon energ$€ Gent group. The exchange current contributions are de-
was different for forward and backward detection angles. Fopcribed in terms of the momentum dependence of the effec-
the measurements reported’ the overall Systematic uncetllye nUCleOﬂ-nUCleO.n Interaction -Used in the calculations.
tainty is lower than 8%. A mean was calculated for the overl-0ng-range correlations and multistep processes are treated
lapping cross sections from two data sets at 56.4 MeV mealithin a continuum RPA framework. Collective properties of
photon energy. These data sets were obtained during twi§e target nucleus and rescattering effects thus were ac-
different experiments in 1990 and 1993, using two differentcounted for by the HF-RPA contribution whereas the contri-
tagging spectrometers. The difference in absolute cross sebution of MEC was added explicitly. With a different
tions was less than 4%, indicating that the systematic unceSkyrme force, having a stronger momentum dependence
tainty is low. Table Il presents the measured cross section§an the one used by RdfL1], it was possible to r?ach_ the
for the (3/2~) ground state with statistical uncertainties only Same agreement fory(po) and (y,no) reactions on*°o in
for the giant dipole resonan¢&DR) region. The systematic the Gent mode]12,37. _
uncertainty for this data set was estimated to be 11%. In this paper, the new?“C(y,p) data will be compared
Figure 5 shows the cross sections determined in our exWith calculations performed in a spherical continuum RPA
periments at 90° proton angle for the GDR and QD regioniramewofk- A spherical des_cnpt_u_)n qf thg target and residual
(left pane). The results for photon energies between 25 Mevnucleus is, of course, a simplification in théc(y, P)HB.
and 30 MeV agree with previous measurements by the Gergaction, but as it is the_ overlap of nuclear wave functions
group [34,35. A steep decrease in the cross sections as ghat is to be.calc.ulated, it has been assumed to be an accept-
function of photon energy can be seen in the spectrum. Thable approximation as bottC and *'B are deformed.
right upper panel shows some representative angular distri- The structure of the low-lying, odd-parity states'tB of
butions for the GDR region. A peaking is apparent at abouthe Gent model are assumed to be of the following fp19]
80° detection angle and the distributions are symmetric. Aquncoupled version
almost flat plateau is observed in the photon energy interval
between 37 MeV and 42 MeV, followed by a slower de- (MB®Kp|Jp) + Iz M°Clg.8))
crease in the cross sections in the QD region. The angular
distribution is completely different for this region, as shown - a(lZC(g.S.)|CLCpW(J[1] +Jp2))|*C(98))
in the right lower panel of Fig. 5. A combination of data
measured with photon energies at 37 MeV and 42 MeV scale
quite well and the peak of the distribution is shifted towards
60° detection angle. where the one-bodyand two-body current operators are
The (y,p) reaction in the GDR region has been explaineddenoted byl;;; (andJ;;) andh,, (andh,) refer to the quan-
as a collective process dominated by 1-particle—1-holéum numbers of a protofneutron state. In the actual calcu-
(1p1h states. However, the transition into the QD region hadations, only the leading-term contributions to the wave func-
caused much debate concerning the possible reaction chatiens were considered. Accordingly, the hole states are
nels that contribute to the cross section. The direct couplingreated exclusively in thegy, shell (h,=h,=1p3,). In the
of the photon to the proton through the DKO mechanism inphotoabsorption process described by the first term, the pro-
the QD region is contradicted by a recent comparison ofon is removed from the {3, shell and is excited into a
(e,e’p) and (y,p) momentum distributions at equivalent continuum state. In the second term, both nucleons are re-

RESULTS AND DISCUSSION

+B(**C(gs)|c} cf cp.Cp Ip2)/C(g.5))
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TABLE I. The measured cross sectionski/sn with statistical uncertainties only for the low-lying states
in the residual*B nucleus. The systematic uncertainties are approximately 8%.

E, Op g.s. 2.125 MeV 5.020 MeV ~7 MeV

42.5 30.0 50.981.46 15.05-0.79 15.55-0.81 13.42:0.75
60.0 66.56-1.68 12.46:0.73 12.0:0.71 11.45-0.70

90.0 40.68-1.30 9.75-0.64 10.0%0.65 11.13-0.68

44.3 30.0 46.181.47 13.990.81 11.42-0.73 12.68-0.77
60.0 60.32-1.69 16.68-0.89 7.43-0.59 14.230.82

90.0 37.82:1.33 8.56-0.63 7.30:0.58 11.54-0.73

46.3 30.0 45.6£1.58 12.42:0.82 10.950.77 11.280.78
60.0 55.8%1.75 11.3&0.79 8.45-0.68 19.5%1.04

90.0 32.721.33 6.72£0.60 7.31+0.63 11.81%0.80

48.2 30.0 44.381.50 11.84:0.77 11.94-0.78 11.4%0.76
60.0 50.0%-1.59 12.64-0.80 8.42-0.65 11.06:0.75

90.0 25.14-1.12 6.46-0.57 5.61-0.53 11.220.75

52.7 30.0 35.221.45 11.08-0.81 11.26:0.82 9.65-0.76
60.0 39.731.54 9.96-0.77 5.88-0.59 10.62-0.80

90.0 16.82-1.00 5.92-0.59 5.69-0.58 8.95-0.73

53.4 30.0 32.36:1.63 9.53-0.88 8.29-0.83 9.94-0.90
60.0 33.581.67 9.76:0.90 4.470.61 11.330.97

90.0 16.251.15 4.33£0.59 1.88-0.39 8.49-0.83

56.4 30.0 27.86:1.68 8.62-0.93 7.710.88 6.80:0.76
60.0 31.981.64 8.20:0.84 6.26:0.73 8.25-0.83

90.0 13.56:1.23 3.48-0.63 3.61-0.63 6.13:0.83

120.0 2.870.48 1.06:0.30 1.72:0.38 3.69-0.55

56.5 30.0 28.881.35 8.01-0.71 9.27-0.76 6.49-0.64
60.0 31.06:1.40 8.51-0.74 4.95-0.56 8.06:0.71

90.0 13.54-0.92 4.070.51 3.64-0.48 6.14-0.62

57.9 30.0 22.5%1.59 6.83-0.87 12.42-1.18 7.66-0.81
60.0 30.74-1.55 6.94-0.75 6.22£0.75 9.32£0.86

90.0 10.581.12 2.98-0.60 3.1%0.61 6.470.88

120.0 1.950.39 1.87-0.38 1.32:0.32 3.1%+0.49

50.1 120.0 2.130.26 1.36:0.21 1.48-0.22 3.43:0.34
150.0 0.45-0.09 0.47-0.09 1.69-0.17 1.56-0.16

59.7 30.0 19.76:1.44 6.36-0.82 6.77-0.85 5.29-0.66
60.0 27.0x1.42 6.84-0.72 4.45-0.58 8.54-0.80

90.0 9.33:1.02 1.86:0.44 1.99-0.48 5.79:-0.81

120.0 1.770.36 0.66-0.22 1.25-0.30 3.68-0.52

61.8 30.0 16.821.21 4.48-0.62 5.69-0.70 5.37-0.60
60.0 23.64-1.20 6.52-0.63 3.810.49 6.910.65

90.0 7.75-0.85 2.03:0.43 1.61%+0.39 3.77#0.59

120.0 1.26:0.28 0.96:0.23 1.98-0.35 2.34-0.38

71.6 30.0 9.160.38 2.90:-0.22 1.570.16 2.910.22
60.0 10.190.63 3.16:0.35 1.36-0.23 3.67:0.38

75.0 7.47-0.34 1.570.16 1.22:0.14 4.52:0.27

90.0 3.34-0.23 0.76:0.11 0.96-0.12 2.80:0.21

120.0 0.430.09 0.22-0.06 0.26-0.07 1.55£0.16

73.9 30.0 8.320.39 2.40:0.21 2.34-0.21 3.03:0.23
60.0 8.62-0.62 1.8G:0.28 0.85-0.20 3.720.41

75.0 7.33:0.36 1.49-0.16 1.33:0.15 3.94£0.27

90.0 2.76:0.23 0.64£0.11 0.6x0.11 2.610.22

120.0 0.15-0.05 0.25:0.07 0.54£0.10 1.18-0.15

74.7 150.0 0.0%0.04 0.270.07 0.86:0.12 1.74-0.18
75.9 30.0 6.8%0.35 1.610.17 1.65-0.17 2.6%-0.22
60.0 7.78-0.59 1.47-0.26 1.56-0.26 4.32:0.44

75.0 5.31-0.31 1.170.14 1.22:0.15 4.06-0.27

90.0 2.36:0.21 0.65-0.11 0.33:0.08 2.19-0.20

120.0 0.34-0.08 0.04-0.03 0.42-0.09 0.93:0.13

78.1 30.0 6.09:0.32 1.48-0.16 0.93:0.12 1.63£0.12
60.0 7.7#0.57 1.56-0.25 0.670.17 2.55-0.33

75.0 4.46:0.27 1.13:0.14 0.53:0.09 2.80:-0.22

90.0 1.74-0.17 0.6G:0.10 0.4x0.08 2.56-0.21

120.0 0.2%0.07 0.14£0.05 0.18-0.06 0.73:0.11
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TABLE Il. The measured cross sectiongl{/sn with statistical  considered. In the approach of Rgf9], however, only the
uncertainties only for the ground state in the residtil nucleus. leading 2h1p component in the final state has been retained.
The systematic uncertainties are approximately 11%. For the higher unresolved negative-parity states, the excita-
tions generally will be of 2h1p type, or result in more com-
plicatednh(n-1)p configurations which are not included in
the model at present. These higher-ordb(n-1)p configu-

25.1 312:27 495+25 553t26 514+26  381+22 rations 1=3) can be reached only throughbody (h=3)
27.5 224+25  291+22 323+23  250+21 17217 absorption mechanisms or through complicated FSI effects.
29.9 12416  221+16 228+16 199+15 118+12 A comparison between the Gent model results and the
37.2 52¢7 68+5 57+5 30=3 16+3 data presented here for t&2~) ground state and the sec-
ond (3/27) state shows for the first time that the cross sec-
tions have different signatures for backward angles in the
moved from the p4, orbit. The neutron then is excited into (vy,p) reaction. Compared with thee(e’p) reaction, where
the 1p,,, orbit and the proton is excited into the continuum. the results are similar for the tw@/27) states, an interest-
The potential for the shell model calculations is defined asng property of the results plotted in Figs. 6 and 7 is the
spherically symmetric and the wave functions are generatedqualitative behavior of the angular distributions for the two
in a shell model for thé\-nucleon systeri38]. Ground-state states. While the ground state angular cross sedtiog.
correlations are effectively included in the first term in the6(a)] decreases strongly with increasing proton detection
RPA calculation. angle, the~5 MeV states[Fig. 6(b)] exhibit a different

The first term in the expression above refers to the onestructure with a possible increase at the highest measured
hole components of theAt 1) nucleus. This component can angle partly due to the contribution from ti6/27) state.
be reached through both the one-bodp) and the two- The observed difference between the angular behavior for
body (MEC) currents. The two-body part of the current alsothe two(3/27) states is reasonably reproduced in the model
can feed 2h1p componer(second term in the above expres- calculations.
sion) in the wave function of the final nucleus. As the con- In Fig. 7(a), calculations for the ground state which is
tributions from the different wave function components addknown to be of mainly 1h character are compared with mea-
coherently when computing the squared transition matrix elsurements at photon energies of 75 MeV. The general shape
ements, the predicted cross section depends strongly on tloé the data is not fully reproduced at backward angles where
values and the relative signs of the wave function amplitudethe experimental cross sections indicate a steep decline,
a and B. It is clear that in order to obtain a complete de- whereas the theoretical cross sections overestimate the cross
scription of the final state, several 2h1p components must bgections. For the first excited state’itB shown in Fig. Tb),
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FIG. 6. Calculations for an incident photon
energy of 60 MeV are compared with measured
data. Pane{a) shows the ground state with con-
tributions from 1h matrix elements as a dashed
line, the 2h1p exchange-current part as a dotted
line, and their coherent sum as a solid line. In
panel(b) the measured data are for the two unre-
solved state§3/27) and(5/27) at~5 MeV. The
equivalent line types are used for the second
(3/27) state. In addition, the contribution from
the (5/27) state is shown with a dot-dashed line.
The incoherent sum of the contributions for both
states is shown with a thick solid line. The angu-
lar distributions shown as filled circles are from
the present work, open diamonds are from Ref.
[13], and the open triangles have been taken from
[16]. The statistical uncertainties are comprised
within the data points for those not showing error
bars. Refer to the text for further details.

the coherent sum of mainly 1h and weak 2h1p contributionsesidual nucleus. The squared wave function amplitude
gives a good description of the data with regard both to thé«|2, describing the hole state contributions, is large in the
amplitude and the distribution. Calculations for the 5.020computation for the ground stafer=0.69 taken from QE
MeV state in Fig. 7c) show the growing importance of one- (e,e’p) results in Refs[39,4(]] whereas it is comparatively
pion exchange currents at higher excitation energies in themall for the secon@3/27) state ¢=0.22). This part of the

dG/dQ(ub/sﬂ

IR R

T

e b e b b b b b e b e b e by

20 40 60 80 100 120 140 160 180
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FIG. 7. Calculations for an incident photon
energy of 75 MeV showing the contributions
from the different states with line types according
to Fig. 6 are compared with measured data. Panel
(a) shows the(3/27) ground state, paneb) the
first excited staté1/2™) at 2.125 MeV, and panel
(c) the second(3/27) and the(5/27) states at
~5 MeV. The experimental cross sections are
from the same references as in Fig. 6. Refer to the
text for further details.
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squared matrix elemer(dashed lines in Fig. )7generates 5
most of the cross section for the ground state and provides
the shape of the angular distribution in the forward angles.
As opposed to the ground state, only a weak contribution 3
from the same shape is seen for the sec@i@~) state.
Furthermore| 8|2 is small for the ground state and large for
the second3/27) state and the squared matrix elemut- !
ted lines in Fig. 7, in general, contributes via a constant 0 bl bon b b b Lo L
magnitude over the proton angular range. As the contribu- ¢ % (b)
tions are coherently summésblid lines in Fig. 7 the result- > z}
ing distributions are largely due to interference effects. Thus, >
the rise in the theoretical cross section for backward angles f
~
o)

T T

RN RRRRE

shown in Fig. Tc) is mainly due to interference effects be-

tween the 1h and 2hlp components of the squared matrix A °
elements. This contribution is computed with regard to the PO SPITIT I BT IPPITE AR Y ‘%\ A
sign of the wave function amplitudeag3.

LB L IR U B R

. cuon ruc _ 125 (c)
In a previous section, it was indicated that approximately g
30% of the measured cross section for th6 MeV excita- 0
tion energy region was due to the 4.445 MeV state. The 75 L
(5/27) state in1!B at 4.445 MeV has not been identified in g %
the previous {,p) experiments. As large admixtures of 1 ° 3
components in the wave function for the ground state of 25 Bl b b e e
12C can be ruled out, it cannot be explained with a one-step ¢ 20 40 60 8O 100 120 140 160 180
reaction process. Previou®,é’'p) experiments have not Detection Angle (deg)

shown any observable strength for tt®2~) state either,
but in a recent measurement under nonparallel conditions, FIG. 8. The calculated angular distributions for the excited
the first observation was reportdil]. Already at a missing states at~7 MeV, based on two-body absorption orly9], are
momentum of 182.5 Me\¢/in the (e,e’p) reaction in non- compared to experimental results. The symbols used for the data
parallel kinematics, the increased similarity to the{) re-  points are the same as in Fig. 6. Paf@l is a comparison at
action is claimed to be seen. The two-step contribution exE,~75 MeV, panel(b) at E,~60 MeV, and panelc) at E,~50
ceeds the DKO component by two orders of magnitude irMeV. Refer to the text for further details.
the calculations for th€5/27) state. Also, pickup reactions
such as p,2p), (d,3He), and ¢,*He) [42—44 show excita- A previous experimenf29] for the (y,p) experiment at
tion of the(5/27) state. Two-step processes within a DWIA incident photon energies of 61 and 77 MeV indicated that
or DWBA model is the suggested explanation of the excitathree unresolved states at7 MeV excitation energy in
tion in the hadron reactions. 1B contributed to the cross sectiph8]. Since the states at
An alternative explanation for the excitation of the ~7 MeV excitation energy were unresolved, it was difficult
(5/27) state in reactions induced by real photons is sugto predict cross sections as the relative importance of the
gested in the Gent model. As the 1h component is extremelgtates was difficult to estimate. Also, it is generally believed
small, it is assumed to be of mainly 2hlp character. A feedthat the reaction mechanism is different from that of the
ing of the (5/27) state may be obtained by photoabsorptionlower-lying excited states. Theoretical curves from calcula-
on a two-body MEC operator. Calculated cross sections fotions [19] including 2h1p contributions are shown only in
the (5/27) state are shown in Figs. 6 and 7. The predictedrig. 8. Figure 8a) shows a comparison &,~75 MeV, 8b)
magnitude of the angular cross secti@ot-dashed lingis atE,~60 MeV, and &) atE,,~50 MeV. An increase in the
relatively independent of the detection angle for the protonimportance of the higher-order electric multipole operators
in agreement with the 2hlp contributions to tk&2~)  as the transferred impulse of the photon becomes larger can
states. The thick solid lines in Figs( and 7c) show the be seen for forward angles in the calculated distributions.
incoherent sum of the calculated cross sections for the se¢towever, the data indicate that the peak of the distributions
ond (3/27) and the(5/27) states. In line with the conclu- is fairly constant, around 60° proton detection angle as the
sions from the analysis of the spectra, {8¢2~) contribu- incident photon energy increases, in contradiction to the
tion constitutes a considerable fraction of the total strengthheoretical results. The magnitude of the cross sections, as

measured for the two states. well as the general shape of the data at a lower photon en-
In the Gent model, the even-parity states'fi8 are de- ergy, are, however, quite well reproduced. In Ré®] the
scribed by 2h1p contributions only calculated cross section is presented as the incoherent sum of
the cross sections to each of the three states. The agreement
B(lZC(Q-S-)|CLCgVCpVCpﬂJ[2]|12C(9-S-))- seen in Figs. &) and 8c) seems to be fortunate as the Gent

model predicts a dominance of tli&/2") state for this re-
In this matrix element, the neutron is propagated into thegion of photon energy. The contributions to the calculated
1ds, or the Z,,, orbit. As for the odd-parity states, only the cross sections from the two states that we observe experi-
leading terms in the final state wave function are included irmentally, i.e., the(7/27) and (1/2*) states, result in a flat
the actual computation. angular distribution at, e.g., 60 MeV. A reinterpretation of
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the calculations presented in RE19] thus is required. 12C(y,n) measurements is rather poor, and it is clear that
From the present data, we conclude that the 7-MeV peakurther theoretical work is necessary in order to describe the

is dominated by contributions from th@/2~, 1/2%) dou- measured data.

blet. The fact that thé5/27) state also contributes to the  An experimental contribution would be to resolve the

excitation energy spectra points to the importance of twothree states around 7 MeV in excitation energy in the re-

step processes in this reaction in a similar way as in theidual 'B nucleus with new §,py’) coincident experi-

(e,e’p) reaction[40]. The effects of deformation also should ments[49] as it is difficult to obtain higher-energy resolution

be considered as botlfC and ''B are deformed45-47. with the present 4,p) and (y,n) experiments. Measure-
ments at higher missing momenta for thesd’ p) reaction
CONCLUSIONS would be of great interest, as they would allow a more direct

) 1 comparison of the reaction mechanisms involved. As it is
~ The systematic measurements of th€(y.p)''B reac- el known that the DKO reaction dominates at the available
tion presented here have revealed that th®~) state is n<200 MeVk, comparisons with the available,g’p)

excited in contrast to previous results. A reinterpretation ofyata are hampered by the fact that real photon-induced reac-
the results obtained in Reff19] has led to the inclusion of tjons are performed ai,,> 300 MeVk.

the (5/27) state in the model calculations in the present pa-
per. For the states at 7 MeV excitation energy, it is shown
that the cross sections obtained are due to the unresolved
(7/27) and(1/2%) states. It is, at present, impossible to ex- The authors would like to thank the staff of the MAX
plain the strong excitation of the 7 MeV excitation region laboratory for their help and assistance during the experi-
without including the(5/2") state in the model. Other dis- ments. Financial support from the Swedish Natural Science
crepancies remain, especially at forward angles for the emitResearch Council is gratefully acknowledged, as well as sup-
ted proton. A comparison with th&C(y,n) reaction[48] port by the Knut and Alice Wallenberg Foundation, the Cra-
shows that there is a close similarity to thg |p) reaction in  foord Foundation, the Swedish Institute, and the contribution
the cross sections obtained, and this supports the argumentfodm the Royal Swedish Academy of Sciences. The Gent
one-pion exchange currents as an important effect in photoreollaborators were supported by the Interuniversity Institute
induced reactions below the pion threshold. The agreemenmf Nuclear Science and the National Fund for Scientific Re-
of the model calculations by the Gent group with thesearch in Belgium.
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