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The „g,pd… reaction in 12C

S. J. McAllister,* J. C. McGeorge, I. J. D. MacGregor, J. R. M. Annand, S. J. Hall, P. D. Harty,† J. D. Kellie,
G. J. Miller,‡ R. O. Owens, D. P. Watts, and T. T-H. Yau§

Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, Scotland

D. Branford, J. A. MacKenzie,i and M. Liang¶

Department of Physics, University of Edinburgh, Edinburgh EH9 3JZ, Scotland

P. Grabmayr, T. Hehl, T. Lamparter,** M. Sauer,†† and R. Schneider††

Physikalisches Institut, Universita¨t Tübingen, D-72076 Tu¨bingen, Germany
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The 12C(g,pd) reaction has been studied for photon energies between 150 and 400 MeV using the Glasgow
photon tagging spectrometer and plastic scintillator detectors at the Mainz MAMI electron accelerator. The
overall energy resolution was;6 MeV, sufficient to determine the initial shells of the emitted nucleons. The
energy dependence of the cross section and the missing energy and recoil momentum spectra indicate that, for
low residual excitation, the reaction proceeds through interaction with the three detected nucleons in a similar
manner to the3He(g,pd) reaction while the rest of the nucleus acts as a spectator.@S0556-2813~99!00110-7#

PACS number~s!: 25.20.Lj, 27.20.1n
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I. INTRODUCTION

Although it is only a small part of the total photoabsor
tion cross section, the (g,pd) reaction is of interest becaus
it may proceed, at least partly, through mechanisms wh
directly involve all three emitted nucleons. Extensive stu
of the 3He(g,pd) reaction@1–6# has provided data over
wide range of photon energy and emitted-particle ang
Unlike the 3He(g,pp)n @7# and 2H(g,pn) @8# reactions the
3He(g,pd) cross section shows no evidence of structure
theD(1232) resonance region. Laget@9# has interpreted this
in terms of the effect of isospin selection rules on pho
absorption byT50 nucleon pairs. In this treatment two
nucleon diagrams largely account for the observed forw
peaking of the proton angular distributions, but these te
alone fail to explain the significant cross section observe
backward proton angles@1# where it is thought that mecha
nisms involving the participation of three nucleons play
important role@9#. Inclusion of three-nucleon terms raise
the calculated cross section above but closer to the exp
mental data@1,6#. The remaining discrepancy is possibly d
to approximations in the calculations such as the absenc
the destructive interference amplitude between the th
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nucleon terms and the~neglected! T51 two nucleon terms
@1#.

The (g,pd) reaction has not been studied extensively
nuclei heavier than3He. Hartmannet al. @10# analyzed
(g,pd) events in a study of16O photodisintegration with
450 MeV bremsstrahlung. They found that the energy dep
dence of the cross section was very similar to that for
3He(g,pd) reaction suggesting a ‘‘quasi-3He’’ mechanism
where the photon is absorbed on the three detected nucl
while the rest act as a spectator. However, the limited an
lar coverage of this experiment and inability to determine
residual excitation energy prevented further investigation
this suggestion. It is important to clarify this, because if t
(g,pd) reaction in nuclei is significantly ‘‘3He-like,’’ it may
yield information on interactions similar to those responsi
for three nucleon forces. In the present work measurem
of the 12C(g,pd) reaction were made with tagged photo
over a wide range of photon energy and particle angles.
resolution is good enough to determine the shells from wh
nucleons are emitted, enabling the photon energy and a
dependence of the cross section for12C(g,pd) at low miss-
ing energy to be compared with those for the3He(g,pd)
reaction. The observed recoil momentum distributions
compared with the predictions of a simple model which
sumes direct interaction with three nucleons in the appro
ate shells.

II. EXPERIMENT

The 12C(g,pd) data presented in this paper were obtain
using the Glasgow photon tagging spectrometer@11,12# in-
stalled at the 855 MeV Mainz electron microtron MAM
@13#. The collimated tagged photon beam of intens
;108 s21 was directed on to a graphite target of thickne
0.33 g/cm2 inclined at 30° to the photon beam. The fractio
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FIG. 1. Schematic of the experimental layout showing the th
settings used to detect12C(g,pd) events with forward, central, an
backward proton angles.
04461
of photons passing through the collimator~tagging effi-
ciency! was determined by placing a large lead-glass dete
directly in the photon beam. The tagging efficiency w
found to be stable with an average value of 0.55. The sm
variation with photon energy is taken into account in t
analysis.

Protons were detected in the plastic scintillator hodosc
PiP @14# and deuterons in the time-of-flight array TOF@15#.
PiP and TOF cover 0.96 and 0.43 sr, respectively. A 22
diameter ring ofDE detectors made of 1 mm~PiP side! or 2
mm thick plastic scintillator surrounding the target was us
to provide a fast trigger and to distinguish charged partic
in TOF. Data were taken with the three geometrical settin
of PiP and TOF indicated in Fig. 1. The angles covered
listed in Table I, and for each PiP angle TOF largely cov
the range that would be necessary for the two-body brea
of 3He. The TOF flight path varied slightly with angle bu
was;5.6 m on average. The data were taken in parallel w
an experiment on the12C(g,pn) and 12C(g,pp) reactions
@16# and, to enhance the neutron detection efficiency, T
was arranged four layers deep. Most of the deuterons
stopped in the first layer.

A coincidence between a signal from appropriate secti
of theDE ring and at least one element from each of the fi
two layers of PiP provided the fast trigger for the expe
ment, but events were rejected unless there were also sig
from the TOF array and the tagger focal plane detector ar
An additional trigger requirement was that the analogue s
of signals from successive pairs of layers in PiP were ab
a preset discriminator threshold. This had the effect o
diagonal cut on the successiveDE/E two-dimensional dis-
plays @14#, greatly reducing the number of triggers due
electrons. The main trigger initiated readout of pulse hei
and time information for all triple hits in PiP, TOF and th
tagger. Parallel triggers enabled the readout of cosmic m
events in PiP and events generated by a pulsed light emi

e

roton
TABLE I. Summary of angles covered in the forward, central, and backward settings of the p
detector PiP and detector performance over the photon energy range 110–400 MeV.

Detector Particle Quantity Acceptance Resolution~FWHM!

Tagger g Eg 110–400 MeV 2 MeV

Ep 30–330 MeV 4 MeV
FWD 22.7° – 101.1°

PiP proton up CEN 51.3° – 128.6° 3.5°
BCK 79.0° – 156.7°
fp 122.8° –222.8° 5.4°

En > 17 MeV 5 MeV
Ed > 45 MeV ;4 MeV

BCK 10.5° – 66.2°
TOF neutron/deuteron un,d CEN 39.6° – 95.4° ;2.0°

FWD 99.4° – 153.4°
fn,d 162.5° – 192.7° ;1°

Combined Em (g,pn) 7 MeV
Em (g,pd) ;6 MeV
0-2
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diode @17# in TOF, both of which were used to monitor th
gain stability.

The requirement of a signal in theDE ring which is close
to the target greatly reduces the background from the
along the photon beam line. The remaining contribut
(;1.5%) was subtracted using data from runs with the tar
removed. For detector energy calibration some data w
also taken with a 0.22 g/cm2 perdeuterated polyethylene ta
get.

The hit positions in the PiP and TOF detector eleme
were determined to within a few cm from the time diffe
ences between the signals from the photomultiplier tubes
ted to the two ends of the scintillator bars. Position calib
tion procedures are described in Ref.@14#. The deuteron
polar angles were mainly determined by the location of
TOF elements and the resolution is dominated by the 20
element width. For the other particle angles the timing re
lution sets the position and therefore the angular resolut
This was measured using the2H(g,pn) reaction and the
results are given in Table I. Although the value listed f
TOF azimuthal angle is for neutrons the resolution for d
terons can be expected to be similar or slightly better beca
the signals in TOF are, on average, bigger than for neutr
of the same energy. The2H(g,pn) reaction was also used t
obtain the pulse-height to proton-energy calibration@14# in
PiP and to estimate the proton energy resolution~Table I!.

The deuteron energies were determined by time-of-fli
with suitable corrections for energy losses in the target,DE
ring and the air along the flight path@18#. The TOF time-to-
digital convertors were calibrated using a precision puls
The ‘‘zero’’ times, corresponding to the times of partic
emission from the target, were obtained for each TOF e
ment from the sharp peak@15# in the time spectra due to
photons produced by atomic scattering in the target. T
2H(g,pn) data gave a check on the TOF time calibratio
and also provided the basis for the estimates of the deut
energy resolution in TOF and the overall (g,pd) missing
energy resolution listed in Table I. For the first time in
study of the (g,pd) reaction the resolution is good enough
determine the shells which the nucleons initially occupy, a
also allows rejection of most of the events where the ene
of the detected particles is reduced by scattering in the fi
state~FSI!.

The pulse-height thresholds for protons in PiP and deu
ons in TOF were both less than 10 MeV but, because
energy losses in the target, theDE scintillators and the air
along the TOF flight path, the effective proton and deute
energy thresholds are;30 and;45 MeV, respectively.

In the data analysis protons in PiP were selected by c
paring the total proton energy calculated only from the pu
height in the element in which the particle stops with th
calculated from the signals from all PiP layers traversed@14#.
In both cases account was taken of the energy losses in w
ping materials, etc., along the particle trajectory. Proto
were selected by requiring that the two values agreed
within 67 MeV. This systematic method excludes almost
of the events where the protons undergo inelastic nuc
collisions in the scintillator, resulting in a false energy sign
Correction for the excluded protons was made by assignin
04461
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weight, which increases with proton energy, to each retai
event. These corrections, which are 3.5% at 50 MeV a
26% at 200 MeV, are based on the work of Ref.@19#.

Charged particles in TOF were identified by requiring
signal in the appropriate elements of theDE ring. Deuterons
were selected from plots~Fig. 2! of TOF pulse height versus
inverse speed. The possibility that energetic particles, wh
punch through the front layer, may also suffer significa
scattering was accounted for by insisting that a hit in a r
layer came from a charged particle only if energy was a
deposited in the TOF element directly in front or in its ad
cent neighbors. In that case the time was taken from the f
layer, but the pulse heights from both layers were add
together giving a better separation of protons from pio
Because the deuteron energies were almost all less than
MeV no correction has been applied for inelastic nucle
reactions in the scintillator. Such effects lead to a low ene
tail on the pulse height response but, as a result of the ra
generous deuteron selection cut, the loss of deuteron yie
less than the tail/total ratio of 1.8% at 50 MeV and 7.5%
120 MeV estimated from the work of Measday an
Schneider@20#.

Random coincidences with the tagger were corrected
suitably normalized subtraction of events outside the prom
timing peak in the tagger TDC’s. The method of usin
weights@21# also allowed multiple tagger hits to be proper
analyzed. Random coincidences in TOF, estimated from
physical regions of the particle selection plot, vary fro
;2% at forward angles to;0.5% at backward angles. Th
cross sections were all reduced by 1.25% to give an appr
mate correction for this small random contribution.

The results presented in Figs. 3–6 indicate the statist
errors only. It is estimated that systematic errors could be

FIG. 2. Two-dimensional plot of pulse height versus inver
speed for charged particles in a TOF detector. The deuteron s
tion cut is indicated by the solid lines.
0-3
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S. J. McALLISTERet al. PHYSICAL REVIEW C 60 044610
large as 8%, mostly due to the effects of inelastic nucl
scattering in the scintillators, with smaller contributions fro
uncertainties in target angle and tagger efficiency.

III. RESULTS AND DISCUSSION

Missing energy and recoil momentum distributions ha
been valuable in the interpretation@22–24# of (g,pn) and
(g,pp) reactions. For the (g,pd) reaction missing energy i
defined asEm5Eg2Tp2Td2TR5Spd1Ex , where Eg ,
Tp , andTd are, respectively, the energies of the tagged p
ton and the detected proton and deuteron.TR is the kinetic
energy of the residual system and is derived fromEg , Tp ,
Td and the detected particle angles using conservation
energy and momentum.Spd531.7 MeV is the reaction sepa
ration energy andEx is the excitation of the recoiling system
The missing energy spectra are shown in Fig. 3. At l
photon energies there is a peak near threshold and alth
the strength extends to higherEm asEg increases, it remains
significant near threshold especially for forward prot
angles. This behavior contrasts with that seen@22–24# in the
12C(g,pp) reaction where there is no low lying peak, but
more similar to the12C(g,pn) reaction. As in that case i
suggests that there may be a significant contribution fr
processes where the photon interacts with and knocks
p-shell nucleons while the rest of the nucleus acts as a s
tator. The small bump atEm.50280 MeV, most obvious in
the forward angle data for 200–250 MeV photon energy
noticeable in most of the spectra below 300 MeV. It may
due to the involvement ofs-shell nucleons. There is a shift o
relative strength from low to higherEm as the photon energ

FIG. 3. Missing energy spectra for the12C(g,pd) reaction for
backward ~thick!, central ~thin!, and forward ~dashed! proton
angles.
04461
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and proton angle are increased. This indicates that more
one reaction mechanism contributes and their relative imp
tance changes with photon energy and proton angle.

It is instructive to compare the photon energy depende
of the cross section with that for the3He(g,pd) reaction.
For this purpose the data were analyzed for 18 deute
angle ranges, each defined by four TOF detectors as
plained in Ref.@16#. For the central angle of each rangeud
an associated proton angleup was calculated from the two
body kinematics of the12C(g,pd)9Beg.s. reaction, in which
the initial quasi-3He and the residual9Be nucleus are at rest
The corresponding proton bin was taken asup610° to make
some allowance for Fermi motion. The emerging partic
can suffer an interaction with the residual system, sometim
resulting in extra particles which may or may not be d
tected. This will usually result in a reduction of the detect
particle energy producing an event at high missing ener
As events in the low missing energy region are least likely
be affected by FSI, the comparison is made in Fig. 4 with
present12C data cut onEm,44 MeV where all three nucle
ons should come directly from thep shell. The 12C(g,pd)
cross sections in Fig. 4 are averages over the proton
deuteron angle bins described above and the3He data are
taken from the measurements made with the DAPHNE
tector by Isbertet al. @1#. The 12C and 3He data are plotted
with different scales to facilitate comparison of the shapes
the photon energy dependence of the cross section. It ca
seen that the shapes are similar above;250 MeV, although

FIG. 4. Photon energy dependence of the12C(g,pd) reaction
for Em,44 MeV ~left scale! compared to that for the3He(g,pd)
reaction @1# ~right scale! and the 3He(g,pp)n reaction @7# ~total
cross section, right scale times 50!. The 12C data are expressed i
units of nb/sr2, the 3He(g,pd) data are in nb/sr, and the
3He(g,pp)n data are in nb.
0-4
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THE ~g,pd! REACTION IN 12C PHYSICAL REVIEW C60 044610
differences in shape at lower photon energies and forw
angles are evident. These are probably due to the effec
the deuteron threshold in TOF, and to Fermi motion wh
can result in events outside the conjugate angle cuts mad
the analysis as described above. Both effects are signifi
in the present data at low photon energy and forward pro
angle. The strong enhancement of the3He(g,pp)n cross
section found@7# in the region of theD(1232) resonance is
not seen in the (g,pd) reaction either for3He or 12C. The
relative magnitude of the12C and 3He cross sections sug
gests that there are few quasi-3He’s in 12C, but this may be
misleading as many initially produced deuterons proba
break up on the way out of the nucleus. Such events coul
present in the appreciable high-missing-energy yield see
12C(g,pn) and 12C(g,pp) reactions@22–24#.

The data~for all detection angles! have also been ana
lyzed to obtain distributions of recoil momentumPr5pg
2pp2pd . In a ‘‘three nucleon plus spectator’’ model and
the absence of FSI,Pr is equal in magnitude and opposite
direction to the initial total momentum of the three emitt
nucleons. In a simple picture thePr distribution can be pre-
dicted by folding together@25# three ~momentum space!
nucleon wave functions. ForEm,44 MeV three p-shell
wave functions are appropriate while for higherEm one or

FIG. 5. Recoil momentum distributions for the12C(g,pd) reac-
tion for Em,44 MeV. The curves show the distributions predict
by the simple model described in the text. FWD, CEN, and BC
refer to the proton detector angles shown in Fig. 1 and listed
Table I.
04461
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mores-shell wave functions is required. In the present wo
Elton-Swift wave functions@26# were assumed although i
the momentum range up to about 250 MeV/c, which is im-
portant here, they are very similar to harmonic oscilla
wave functions which reproduce the radius of12C. For this
first calculation it was assumed that the three nucleons a
zero separation and therefore are in a relativeS state. The
effects of detector geometry and thresholds were taken
account by a Monte Carlo procedure similar to that descri
in Ref. @22#.

The model gives a surprisingly good description of t
shapes of thePr distributions~Figs. 5,6! given that no FSI
effects are included. For all photon energies the model p
dicts less strength at low recoil momentum than is seen in
experiment forEm,44 MeV, while forEm544270 MeV it
predicts too much strength. Something similar was seen
the 12C(g,pp) reaction@22,23,27#, but in that case it is the
higher Em region in which the ‘‘spectator’’ model predict
too much strength. The effect in12C(g,pp) has recently
been ascribed@27# to the inadequacy of the zero range a
proximation, used to calculate the initial momentum dist
bution of the proton pair, which excludes contributions fro
P ~and higher! wave admixtures to the relative wave functio
of the ‘‘active’’ nucleons in the initial state. The addition o
such contributions results in terms where the total orb
angular momentum of the (1p)2 pair is L51, in addition to
the L50,2 terms allowed for relativeS states and greatly
improves the agreement with experiment. It is possible th

n

FIG. 6. As Fig. 5 forEm544270 MeV.
0-5
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S. J. McALLISTERet al. PHYSICAL REVIEW C 60 044610
similar explanation applies to the12C(g,pd) case, with the
reversal of the discrepancy between the twoEm regions due
to the parity reversal brought about by the extrap-shell
nucleon. The assumption that the three active nucleons a
a relativeSstate gives terms withL51,3 for (1p)3 knockout
and L50,2 for (1p)2(1s) knockout. A contribution from
nucleons in a relativeP state would require inclusion ofL
50,2 terms in the (1p)3 calculation andL51,3 terms in the
(1p)2(1s) case. Because theL50 term provides most of the
strength at low recoil momentum the inclusion ofP waves
can be expected to improve the agreement with experim

The relative success of the simple model in describing
Pr distributions and the similarity of the photon energy d
pendence of the cross section to3He support the idea that in
the 12C(g,pd) reaction at low missing energy the photo
interacts with three nucleons and the residualA-3 nucleus
spectates. The lack of strong enhancement of the12C(g,pd)
cross section in theD(1232) resonance region is presumab
due to the same isospin selection rule effects as in
3He(g,pd) reaction @9#. Compared to the removal of
s-shell nucleons from3He removal of threep-shell nucleons
from 12C may change the (g,pd) process in ways other tha
through the three-nucleon momentum distributions. Howe
the present results suggest that, with development of a pr
theoretical treatment, the (g,pd) reaction at low missing en
ergy may yield information about the correlated behavior
three nucleons in a nucleus.
.
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IV. SUMMARY

This paper presents the first results from measurement
the 12C(g,pd) reaction with tagged photons in the ener
range 150–400 MeV. The overall resolution of;6 MeV is
good enough to determine the shells from which the emit
nucleons come and to select events which are relatively
of the effects of final state interactions. TheEm spectra show
substantial strength at low residual excitation where the cr
section shows similar photon energy dependence to tha
the 3He(g,pd) reaction. In particular, there is no strong e
hancement in theD(1232) resonance region.

The recoil momentum distributions are described surp
ingly well by a simple model in which the photon only in
teracts with the three emitted nucleons while the rest sp
tate. Further progress will require more sophisticated mod
which include proper treatment of FSI, as well as experim
tal investigation in other nuclei.
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