PHYSICAL REVIEW C, VOLUME 60, 044610

The (y,pd) reaction in 1%C

S. J. McAllister* J. C. McGeorge, I. J. D. MacGregor, J. R. M. Annand, S. J. Hall, P. D. Hatyp. 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. MacKenziéand M. Liand
Department of Physics, University of Edinburgh, Edinburgh EH9 3JZ, Scotland

P. Grabmayr, T. Hehl, T. Lampart&t, M. Sauer'” and R. Schneidéf
Physikalisches Institut, Universitdubingen, D-72076 Thingen, Germany

J. Ahrens and R. Beck
Institut fur Kernphysik, Johannes-Gutenberg Universita-6500 Mainz, Germany
(Received 5 May 1999; published 8 September 1999

The *2C(y,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 the’He(y,pd) reaction while the rest of the nucleus acts as a spec{@0656-28189)00110-7

PACS numbd(s): 25.20.Lj, 27.20+n

I. INTRODUCTION nucleon terms and th@heglected T=1 two nucleon terms
1]

Although it is only a small part of the total photoabsorp- The (y,pd) reaction has not been studied extensively in
tion cross section, they(pd) reaction is of interest because nuclei heavier than®He. Hartmannet al. [10] analyzed
it may proceed, at least partly, through mechanisms whiclfy.pd) events in a study of°O photodisintegration with
directly involve all three emitted nucleons. Extensive study450 MeV bremsstrahlung. They found that the energy depen-
of the 3He(y,pd) reaction[1-6] has provided data over a dence of the cross section was very similar to that for the
wide range of photon energy and emitted-particle angles He(y.pd) reaction suggesting a “quasHe” mechanism
Unlike the 3He(y,pp)n [7] and 2H(y,pn) [8] reactions the Where the photon is absorbed on the three detected nucleons
3He(7,pd) cross section shows no evidence of structure |n\Nhl|e the rest act as a spectator. However, the limited angu-
the A(1232) resonance region. Lagél has interpreted this lar coverage of this experiment and inability to determine the
in terms Of the effect Of isospin Se'ection ru'es on photonresidual excitation energy pl‘evented further inVeStigation of
absorption byT=0 nucleon pairs. In this treatment two- this suggestion. It is important to clarify this, because if the
nucleon diagrams largely account for the observed forwardy.Pd) reaction in nuclei is significantly ®He-like,” it may
peaking of the proton angular distributions, but these termyield information on interactions similar to those responsible
alone fail to explain the significant cross section observed d©r three nucleon forces. In the present work measurements
backward proton angldd] where it is thought that mecha- Of the **C(y,pd) reaction were made with tagged photons
nisms involving the participation of three nucleons play anover a wide range of photon energy and particle angles. The
important role[9]. Inclusion of three-nucleon terms raises resolution is good enough to determine the shells from which
the calculated cross section above but closer to the experilucleons are emitted, enabling the photon energy and angle
mental datd1,6]. The remaining discrepancy is possibly due dependence of the cross section f6€(y,pd) at low miss-
to approximations in the calculations such as the absence 19 energy to be compared with those for thele(y,pd)

the destructive interference amplitude between the thregeaction. The observed recoil momentum distributions are
compared with the predictions of a simple model which as-

sumes direct interaction with three nucleons in the appropri-
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of photons passing through the collimat@agging effi-
ciency) was determined by placing a large lead-glass detector
directly in the photon beam. The tagging efficiency was
found to be stable with an average value of 0.55. The small
variation with photon energy is taken into account in the
analysis.

Protons were detected in the plastic scintillator hodoscope
PiP[14] and deuterons in the time-of-flight array TQE5].

PiP and TOF cover 0.96 and 0.43 sr, respectively. A 22 cm
diameter ring ofAE detectors made of 1 mifPiP side or 2

mm thick plastic scintillator surrounding the target was used
to provide a fast trigger and to distinguish charged particles
in TOF. Data were taken with the three geometrical settings
of PiP and TOF indicated in Fig. 1. The angles covered are
listed in Table I, and for each PiP angle TOF largely covers
the range that would be necessary for the two-body breakup
of 3He. The TOF flight path varied slightly with angle but
was~5.6 m on average. The data were taken in parallel with
an experiment on thé?C(y,pn) and *2C(y,pp) reactions
[16] and, to enhance the neutron detection efficiency, TOF
was arranged four layers deep. Most of the deuterons are
stopped in the first layer.

A coincidence between a signal from appropriate sections
of the AE ring and at least one element from each of the first
two layers of PiP provided the fast trigger for the experi-
ment, but events were rejected unless there were also signals
from the TOF array and the tagger focal plane detector array.
An additional trigger requirement was that the analogue sum
of signals from successive pairs of layers in PiP were above
a preset discriminator threshold. This had the effect of a
diagonal cut on the successiveE/E two-dimensional dis-
plays[14], greatly reducing the number of triggers due to
electrons. The main trigger initiated readout of pulse height

FIG. 1. Schematic of the experimental layout showing the threéi"nd time informat_ion for all triple hits in PiP, TOF an_d the
settings used to detetfC(y,pd) events with forward, central, and t@gger. Parallel triggers enabled the readout of cosmic muon

backward proton angles.

events in PiP and events generated by a pulsed light emitting

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

Detector Particle Quantity Acceptance ResolutiBMVHM)
Tagger y E, 110-400 MeV 2 MeV
Ep 30-330 MeV 4 MeV
FWD 22.7°-101.1°
PiP proton Op CEN 51.3°-128.6° 3.5°
BCK 79.0°-156.7°
bp +22.8°—22.8° 5.4°
E, = 17 MeV 5 MeV
Eq = 45 MeV ~4 MeV
BCK 10.5°-66.2°
TOF neutron/deuteron On.d CEN 39.6°-95.4° ~2.0°
FWD 99.4°-153.4°
bnd 162.5°-192.7° ~1°
Combined Emn (y,pn) 7 MeV
E., (y,pd) ~6 MeV
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diode[17] in TOF, both of which were used to monitor the [
gain stability. 120 -

The requirement of a signal in theE ring which is close I
to the target greatly reduces the background from the air
along the photon beam line. The remaining contribution
(~1.5%) was subtracted using data from runs with the target
removed. For detector energy calibration some data were
also taken with a 0.22 g/chperdeuterated polyethylene tar-
get.

The hit positions in the PiP and TOF detector elements
were determined to within a few cm from the time differ-
ences between the signals from the photomultiplier tubes fit-
ted to the two ends of the scintillator bars. Position calibra-
tion procedures are described in REi4]. The deuteron
polar angles were mainly determined by the location of the
TOF elements and the resolution is dominated by the 20 cm
element width. For the other particle angles the timing reso-
lution sets the position and therefore the angular resolution.
This was measured using théH(y,pn) reaction and the R
results are given in Table I. Although the value listed for 0 gz e 20 2
TOF azimuthal angle is for neutrons the resolution for deu- Time per Meter (ns/m)
terons can be expected to be similar or slightly better because ) ] ] )
the signals in TOF are, on average, bigger than for neutrons FIG. 2. Two-dlmenglonal_ plot of pulse height versus inverse
of the same energy. Th%H(y,pn) reaction was also used to sfpeed fqr <_:ha_rged particles in a TOF detector. The deuteron selec-
obtain the pulse-height to proton-energy calibrati@d] in tion cut is indicated by the solid lines.

PiP and to estimate the proton energy resolutibable |).

The deuteron energies were determined by time-of-flightveight, which increases with proton energy, to each retained
with suitable corrections for energy losses in the tard&t, event. These corrections, which are 3.5% at 50 MeV and
ring and the air along the flight pafi8]. The TOF time-to- 26% at 200 MeV, are based on the work of Rdf)].
digital convertors were calibrated using a precision pulser. Charged particles in TOF were identified by requiring a
The “zero” times, corresponding to the times of particle signal in the appropriate elements of th& ring. Deuterons
emission from the target, were obtained for each TOF elewere selected from plot$ig. 2) of TOF pulse height versus
ment from the sharp pegKl5] in the time spectra due to inverse speed. The possibility that energetic particles, which
photons produced by atomic scattering in the target. Th@unch through the front layer, may also suffer significant
2H(y,pn) data gave a check on the TOF time calibrationsscattering was accounted for by insisting that a hit in a rear
and also provided the basis for the estimates of the deuterdayer came from a charged particle only if energy was also
energy resolution in TOF and the overaly,pd) missing deposited in the TOF element directly in front or in its adja-
energy resolution listed in Table I. For the first time in acent neighbors. In that case the time was taken from the front
study of the ¢y,pd) reaction the resolution is good enough to layer, but the pulse heights from both layers were added
determine the shells which the nucleons initially occupy, andogether giving a better separation of protons from pions.
also allows rejection of most of the events where the energf8ecause the deuteron energies were almost all less than 120
of the detected particles is reduced by scattering in the findleV no correction has been applied for inelastic nuclear
state(FSI). reactions in the scintillator. Such effects lead to a low energy

The pulse-height thresholds for protons in PiP and deutertail on the pulse height response but, as a result of the rather
ons in TOF were both less than 10 MeV but, because ofjenerous deuteron selection cut, the loss of deuteron yield is
energy losses in the target, tAéE scintillators and the air less than the tail/total ratio of 1.8% at 50 MeV and 7.5% at
along the TOF flight path, the effective proton and deuterori20 MeV estimated from the work of Measday and
energy thresholds are 30 and~45 MeV, respectively. Schneidef20].

In the data analysis protons in PiP were selected by com- Random coincidences with the tagger were corrected by
paring the total proton energy calculated only from the pulsesuitably normalized subtraction of events outside the prompt
height in the element in which the particle stops with thattiming peak in the tagger TDC's. The method of using
calculated from the signals from all PiP layers traveldel. ~ weights[21] also allowed multiple tagger hits to be properly
In both cases account was taken of the energy losses in wrapnalyzed. Random coincidences in TOF, estimated from un-
ping materials, etc., along the particle trajectory. Protongphysical regions of the particle selection plot, vary from
were selected by requiring that the two values agreed to-2% at forward angles te-0.5% at backward angles. The
within =7 MeV. This systematic method excludes almost allcross sections were all reduced by 1.25% to give an approxi-
of the events where the protons undergo inelastic nucleanate correction for this small random contribution.
collisions in the scintillator, resulting in a false energy signal. The results presented in Figs. 3—6 indicate the statistical
Correction for the excluded protons was made by assigning arrors only. It is estimated that systematic errors could be as
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FIG. 3. Missing energy spectra for tHéC(y,pd) reaction for Photon Energy (MeV)
backward (thick), central (thin), and forward (dashedl proton FIG. 4. Photon energy dependence of tH€(y,pd) reaction
angles. for E,,<44 MeV (left scal¢ compared to that for théHe(y,pd)

reaction[1] (right scal¢ and the *He(y,pp)n reaction[7] (total
large as 8%, mostly due to the effects of inelastic nucleafross section, right scale times)50he 'C data are expressed in
scattering in the scintillators, with smaller contributions from units of nbisf, the *He(y,pd) data are in nb/sr, and the
T - %He(y,pp)n data are in nb.
uncertainties in target angle and tagger efficiency. :

and proton angle are increased. This indicates that more than
lIl. RESULTS AND DISCUSSION one reaction mechanism contributes and their relative impor-
tance changes with photon energy and proton angle.
Missing energy and recoil momentum distributions have It is instructive to compare the photon energy dependence
been valuable in the interpretatigg2—24 of (y,pn) and  of the cross section with that for théHe(y,pd) reaction.
(v,pp) reactions. For they, pd) reaction missing energy is For this purpose the data were analyzed for 18 deuteron
defined asE,=E,—T,—Tq—Tr=Syqt+Ex, where E,, angle ranges, each defined by four TOF detectors as ex-
T,, andTy are, respectively, the energies of the tagged phoplained in Ref[16]. For the central angle of each rangg
ton and the detected proton and deuterbg.is the kinetic ~ an associated proton anghs was calculated from the two-
energy of the residual system and is derived frpny T,  body kinematics of theC(y,pd)°Be, s reaction, in which
T4 and the detected particle angles using conservation ahe initial quasiHe and the residudlBe nucleus are at rest.
energy and momentun$,q=31.7 MeV is the reaction sepa- The corresponding proton bin was takendgs 10° to make
ration energy ané, is the excitation of the recoiling system. some allowance for Fermi motion. The emerging particles
The missing energy spectra are shown in Fig. 3. At lowcan suffer an interaction with the residual system, sometimes
photon energies there is a peak near threshold and althougbsulting in extra particles which may or may not be de-
the strength extends to highEr, asE,, increases, it remains tected. This will usually result in a reduction of the detected
significant near threshold especially for forward protonparticle energy producing an event at high missing energy.
angles. This behavior contrasts with that sgg2-24 in the  As events in the low missing energy region are least likely to
12C(y,pp) reaction where there is no low lying peak, but is be affected by FSI, the comparison is made in Fig. 4 with the
more similar to the?C(y,pn) reaction. As in that case it present'?C data cut orE,,<44 MeV where all three nucle-
suggests that there may be a significant contribution fronons should come directly from the shell. The *2C(y,pd)
processes where the photon interacts with and knocks owtoss sections in Fig. 4 are averages over the proton and
p-shell nucleons while the rest of the nucleus acts as a spedeuteron angle bins described above and iHe data are
tator. The small bump & ,,=50—80 MeV, most obvious in taken from the measurements made with the DAPHNE de-
the forward angle data for 200—250 MeV photon energy, igector by Isberet al. [1]. The *°C and *He data are plotted
noticeable in most of the spectra below 300 MeV. It may bewith different scales to facilitate comparison of the shapes of
due to the involvement afshell nucleons. There is a shift of the photon energy dependence of the cross section. It can be
relative strength from low to highéd#,, as the photon energy seen that the shapes are similar abev@50 MeV, although
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FIG. 5. Recoil momentum distributions for tHéC(y,pd) reac- FIG. 6. As Fig. 5 forE,,=44—70 MeV.

tion for E,,<44 MeV. The curves show the distributions predicted
by the simple model described in the text. FWD, CEN, and BCK
refer to the proton detector angles shown in Fig. 1 and listed imore s-shell wave functions is required. In the present work
Table 1. Elton-Swift wave function§26] were assumed although in
the momentum range up to about 250 MeWhich is im-
portant here, they are very similar to harmonic oscillator
differences in shape at lower photon energies and forwargiave functions which reproduce the radius8€. For this
angles are evident. These are probably due to the effects €ifst calculation it was assumed that the three nucleons are at
the deuteron threshold in TOF, and to Fermi motion whichzero separation and therefore are in a relafvstate. The
can result in events outside the conjugate angle cuts made #ffects of detector geometry and thresholds were taken into
the analysis as described above. Both effects are significapiccount by a Monte Carlo procedure similar to that described
in the present data at low photon energy and forward protoin Ref.[22].
angle. The strong enhancement of thide(y,pp)n cross The model gives a surprisingly good description of the
section found 7] in the region of theA (1232) resonance is shapes of thé®, distributions(Figs. 5,6 given that no FSI
not seen in the ¢,pd) reaction either for’He or 'C. The  effects are included. For all photon energies the model pre-
relative magnitude of thé®C and *He cross sections sug- dicts less strength at low recoil momentum than is seen in the
gests that there are few quatie’s in 12C, but this may be experiment forE <44 MeV, while forE,,=44—70 MeV it
misleading as many initially produced deuterons probablypredicts too much strength. Something similar was seen in
break up on the way out of the nucleus. Such events could biée *°C(y,pp) reaction[22,23,27, but in that case it is the
present in the appreciable high-missing-energy yield seen ihigher E,, region in which the “spectator” model predicts
2C(y,pn) and *°C(y,pp) reactiong22—-24. too much strength. The effect ih*C(y,pp) has recently
The data(for all detection anglgshave also been ana- been ascribed27] to the inadequacy of the zero range ap-
lyzed to obtain distributions of recoil momentuR}=p, proximation, used to calculate the initial momentum distri-
—Pp—Pq- In a “three nucleon plus spectator” model and in bution of the proton pair, which excludes contributions from
the absence of FSE, is equal in magnitude and opposite in P (and higher wave admixtures to the relative wave function
direction to the initial total momentum of the three emitted of the “active” nucleons in the initial state. The addition of
nucleons. In a simple picture thg distribution can be pre- such contributions results in terms where the total orbital
dicted by folding togethef25] three (momentum spage angular momentum of the ()2 pair isL=1, in addition to
nucleon wave functions. FoE,<44 MeV threep-shell the L=0,2 terms allowed for relativé& states and greatly
wave functions are appropriate while for highgf, one or  improves the agreement with experiment. It is possible that a
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similar explanation applies to th&C(y,pd) case, with the IV. SUMMARY

reversal of the discrepancy between the &pregions due This paper presents the first results from measurements on
to the parity reversal_ brought about by fche exprahell the 2C(y,pd) reaction with tagged photons in the energy
nucleqn. The assumption that _the three active nucleons are Hnge 150-400 MeV. The overall resolution-e6 MeV is

a relativeSstate gives terms with=1,3 for (1p)® knockout  good enough to determine the shells from which the emitted
and L=0,2 for (1p)%(1s) knockout. A contribution from nucleons come and to select events which are relatively free
nucleons in a relativé® state would require inclusion df  of the effects of final state interactions. THg, spectra show
=0,2 terms in the (fo)* calculation and-=1,3 terms in the  substantial strength at low residual excitation where the cross
(1p)3(1s) case. Because the=0 term provides most of the section shows similar photon energy dependence to that of
strength at low recoil momentum the inclusion Pfwaves  the 3He(y,pd) reaction. In particular, there is no strong en-
can be expected to improve the agreement with experimenhancement in théi (1232) resonance region.

The relative success of the simple model in describing the The recoil momentum distributions are described surpris-
P, distributions and the similarity of the photon energy de-ingly well by a simple model in which the photon only in-
pendence of the cross sectionde support the idea that in teracts with the three emitted nucleons while the rest spec-
the 12C(y,pd) reaction at low missing energy the photon tate. F_urther progress will require more sophisticated rr_10de|s
interacts with three nucleons and the residdaB nucleus Which include proper treatment of FSI, as well as experimen-

spectates. The lack of strong enhancement of\f¢y,pd) (@l investigation in other nuclei.
cross section in tha (1232) resonance region is presumably
due to the same isospin selection rule effects as in the
3He(y,pd) reaction [9]. Compared to the removal of 3 This work was supported by the U.K. EPSRC, the British
s-shell nucleons fron?He removal of threg-shell nucleons  Council the DFG(Mu705/3, BMFT (06Tu 656) DAAD
from 2C may change they(pd) process in ways other than (313-ARC-VI-92/118, the EC [SCI.0910.GJR], and
through the three-nucleon momentum distributions. HoweveNATO (CRG 920171, CRG 970268The authors wish to
the present results suggest that, with development of a propénank the Institut fu Kernphysik der UniversitaMainz for
theoretical treatment, they(pd) reaction at low missing en- the use of its facilities and for its assistance during the ex-
ergy may yield information about the correlated behavior ofperiment. Four of ugJ.A.M., S.J.M., D.P.W., and T-Th.Y.
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