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Abstract. The 2C(7, pp) reaction has been studied in the photon energy range 200-450 MeV at the Mainz
microtron MAMI-C, where linearly polarised photons were energy-tagged using the Glasgow-Mainz Tagged
Photon Spectrometer and protons were detected in the Crystal Ball detector. The photon asymmetry X
has been measured over a wider E5 range than previous measurements. The strongest asymmetries were
found at low missing energies where direct emission of nucleon pairs is expected. Cuts on the difference in
azimuthal angles of the two ejected protons increased the magnitude of the observed asymmetries. At low
missing energies the X' data exhibit a strong angular dependence, similar to deuteron photodisintegration.

1 Introduction

Two-nucleon knockout reactions from light nuclei using
real or virtual photons at energies of a few hundred MeV
proceed by mechanisms that involve Meson Exchange
Currents (MEC), Isobar Currents (IC), Short-Range Cor-

® e-mail: douglas.macgregor@glasgow.ac.uk

relations (SRC) and Final-State Interactions (FSI) [1-3].
The reaction amplitudes are also dependent on the final
state of the residual nucleus. To clarify the contributions
from each of these processes it is necessary to make mea-
surements with both real and virtual photons over a wide
range of kinematic conditions and to study both proton-
neutron and proton-proton emission.
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In recent years polarised photons have provided ac-
cess to observables sensitive to the details of the reaction
process, whose effects are hidden when averaged over the
total response. Cross sections for reactions in which the
polarisation of the incident photon is either parallel (O‘H)
or perpendicular (o) to the plane of the emitted protons
have different sensitivity to the reaction mechanisms that
contribute. This difference is emphasised through the pho-
o|\—01
o’l‘: ‘o
ments therefore provide a powerful tool to study details of
two-nucleon emission reactions and to test models of the
reaction process.

This paper reports measurements of the *2C(¥,pp) re-
action made with linearly polarised photons in the energy
range I, = 200-450 MeV. The near 47 angular coverage
of the Crystal Ball (CB) detector, used to detect protons,
allowed investigation of the photon asymmetry X over a
wide range of proton angles.

ton asymmetry, X = . Polarised photon measure-

2 Photonuclear reaction models

An understanding of which specific mechanisms contribute
to (7,NN) reactions at different missing energies has been
obtained from the Valencia model [4] which uses a micro-
scopic treatment of photon-nucleus coupling at intermedi-
ate energies including pion FSI. The model includes multi-
pion and multi-nucleon production processes in complex
nuclei. Pion production processes, including resonant and
non-resonant terms, account for the propagation and in-
teraction of the A in the nuclear medium. It treats the
nucleons statistically using a Fermi gas approach, related
to real nuclei by a local density approximation. The prod-
ucts of the initial interaction are tracked through the nu-
clear medium using a semi-classical approach to account
for any further interactions in the nuclear medium.

Despite its approximations, the Valencia model gives a
good account of the shape and strength of the >C(v,pn)
missing energy spectrum and the shape of the 2C(~,pp)
spectrum [5], suggesting that the relative contributions
from different processes and FSI are reasonably well de-
scribed. These studies indicated that for the mechanism
to be predominantly two-body, a restriction has to be
made to the low energy part of the residual excitation
spectrum. At high missing energies Fy, much of the two-
nucleon knockout strength appears to be fed by initial
pion production followed by FSI.

More detailed descriptions of two-nucleon knockout re-
actions require treatments of nuclear wave functions. The
most detailed calculations have been made by the Gent [3,
6,7] and Pavia [1,8,9] groups with models of proton-
neutron and proton-proton emission that use an unfac-
torised treatment and include the effects of FSI.

Calculations by the Gent group [3] investigated 12C
in quasideuteron kinematics, in which the recoil momen-
tum P, is zero. For 2C(v,pp), calculations of emission
from (1pg/)? orbits for E, = 100-400 MeV showed that
coupling to 0% final states was much stronger than to 27
states. The calculations showed that isobar currents dom-
inated the asymmetry even at low £, and that the effects
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of using an unfactorised treatment and distorted outgoing
nucleon waves were very important.

3 Previous measurements with polarised
photons

Only a few two-nucleon knockout measurements with po-
larised photons have been reported for nuclei heavier
than deuterium. Measurements of X for *He(¥,pp) and
(7,pn) have been carried out at LEGS [10] for E, =
235-305 MeV. These measurements showed strong differ-
ences between (¥,pp) and (¥,pn) reactions. Calculations,
which are in reasonably good agreement with the experi-
mental measurements, indicated one- and two-body terms
dominate (7,pn) while three-body terms dominate (¥,pp).

Further X measurements for SLi(¥,pn) and *He(¥,pn)
have been made at the 3.5GeV Yerevan electron syn-
chrotron [11], although these data were averaged over a
wide range of E,,.

More detailed measurements of 12C(¥,pn) and (¥,pp)
were carried out in quasideuteron kinematics using the
PiPToF detector arrays in Mainz [12,13]. Missing energy
cuts Fy, < 40MeV and E, = 40-70 MeV were applied
to select event samples dominated by emission from (1p)?
and (1p)(1s) orbitals, respectively. The data were anal-
ysed in three photon energy regions: £, = 160-220 MeV,
E, = 220-280 MeV and E, = 290-350 MeV. In both re-
action channels Y was negative in all photon energy re-
gions. X, .,y showed a strong negative peak whose mag-
nitude exceeded X, ) at low Ey,. This was interpreted
as showing that (v,pp) is dominated by a direct knockout
mechanism at low Ey,. At higher E,,, X~ has lower magni-
tude and the differences between the two channels become
small. Unpolarised photon experiments on 2C [14-17,5],
and comparisons with Valencia model predictions, indi-
cate mechanisms involving intermediate pion production
dominate both channels at high F,,, with little strength
from direct 2N emission. This may offer an explanation
for the similarity and small magnitude of 3 observed in
the two reaction channels.

A very limited investigation of the angular distribu-
tion of 12C(¥,pp) and 2C(¥,pn) has been carried out [18].
The statistical accuracy was too poor to allow the angu-
lar dependence of X to be determined. However, measure-
ments of the differential cross sections with the reaction
plane parallel (o) or perpendicular (o1) to the polarisa-
tion plane were made for ToF polar angles from 47° to 76°.
For (¥,pp), significant differences were observed between
the angular distributions of oy and oy . For By, < 40MeV,
oy is larger than o), with the largest observed differ-
ences at smaller ToF angles for £, = 160-220MeV,
and at larger ToF angles for £, = 290-350MeV. For
40 < E, < 70MeV significant differences between o
and o are only apparent for the highest E., range. The
strong observed energy and angular dependences of o
and o indicate that X is likely to be very sensitive to the
contributing reaction mechanisms.
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4 Experiment

A beam of electrons from the Mainz Microtron (MAMI-
C) [19,20] was directed onto a 100 pm thick diamond radi-
ator and produced linearly polarised photons, which were
energy-tagged using the Glasgow-Mainz Tagged Photon
Spectrometer [21-23]. The tagged photons were tightly
collimated before hitting a carbon target positioned in the
centre of the Crystal Ball detector [24]. A Particle Identi-
fication Detector (PID) [25], consisting of a barrel of thin
plastic scintillators surrounding the target, was used to
identify charged particles.

Two different settings were used for the experi-
ment. The F, = 200-310 MeV data were taken using a
1204 MeV electron beam with 1.5 mm diameter collima-
tor. The E, = 320-450 MeV data used a 1508 MeV in-
cident electron beam with the same collimation. To al-
low the largest photon flux in the polarised energy region,
without incuring excessive dead-time in the read-out sys-
tem, the tagger focal plane detectors (FPD), correspond-
ing to I, < 140 MeV, were switched off. The fraction of
tagged photons passing through the collimator (“tagging
efficiency”) was measured at a reduced beam current by
moving a ~ 100% efficient lead glass detector into the pho-
ton beam. An ionisation chamber monitored the photon
flux during the experiment.

A photon beam with strong linear polarisation can be
produced using the technique of coherent bremsstrah-
lung [26,27] where the electron beam scatters coherently
from a suitably aligned crystal radiator. A thin diamond
crystal, with low mosaic structure, minimises the energy
smearing of the coherent spectrum arising from electron
multiple scattering effects and crystal defects in the lat-
tice [28]. Collimation enhances the polarisation of coherent
bremsstrahlung as well as defining the size of the photon
beam. The inital alignment of the diamond was carried out
using the Stonehenge technique [29]. By accurately ori-
enting the diamond radiator with respect to the incident
electron beam it is possible to arrange that one crystal
reciprocal lattice vector (normally [022]) dominates the
coherent photon production process. Fine tuning of the
orientation allows the plane of linear polarisation to be
set and the maximum polarisation to be tuned to a par-
ticular photon energy. Two orthogonal photon polarisa-
tion planes were used. These were set at azimuthal angles
of £45° with respect to the equatorial plane of the CB
detector. Coherent bremsstrahlung is more strongly for-
ward focussed than incoherent background. The tagging
efficiency consequently varies strongly with E,. Tagging
efficiency values of ~ 40% were obtained in the coherent
peak at around 300 MeV.

An enhancement spectrum is obtained by dividing the
E., spectrum from the diamond by that of an amorphous
radiator, assuming the incoherent background is reason-
ably approximated by the amorphous radiator. The en-
hancement spectrum does not exhibit the ~ 1/E, de-
pendence of bremsstrahlung radiation and is not affected
by channel-to-channel variations in the FPD efficiency.
An analytical bremsstrahlung calculation, AnB [30], of
the coherent bremsstrahlung spectrum provided a reason-
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Fig. 1. Comparison of the photon polarisation obtained from
the *2C(7, 1) reaction (blue open circles) and calculated using
the AnB code, as discussed in the text (red solid circles).

ably good description of the measured enhancement spec-
trum [31]. The AnB code accounts for thermal motion of
atoms in the radiator and multiple scattering effects, and
uses realistic values of parameters including beam energy,
divergence, photon collimation and the properties of the
diamond radiator. The small difference between the mea-
sured enhancement spectrum and the AnB calculation is
used to make a slight improvement in the AnB calculation
of the polarisation as described in ref. [32]. This improved
prediction is used in fig. 1.

An independent check of the photon polarisation for
both photon energy settings was made by measuring the
azimuthal asymmetry of the coherent 12C(7, 7°) reaction.
Since X = —1 for coherent 7° photoproduction reactions
from J™ = 07 nuclei [33], the observed asymmetry pro-
vides a direct measurement of the photon polarisation.
Full details of this procedure are given in ref. [31]. Figure 1
shows the photon polarisation obtained using each method
for the lower photon energy range FE, = 200-310 MeV.
The agreement between both methods is good and the
AnB method was used in the data analysis. This compar-
ison was used to provide an estimate of the systematic
uncertainty in X' arising from uncertainty in the photon
polarisation. This is discussed further in sect. 5.

Graphite and polythene (CHy) discs were used as tar-
gets for the present experiment. A 2.51 mm thick carbon
disk was used for the lower photon energy setting, with
a thicker (4.05mm) disc used for the higher energies. A
5.97mm polythene disc was used for the proton energy
calibration using the p(v,7%)p reaction. All the targets
were mounted at an angle of 45° to the photon beam. This
increases the effective target thickness while on average
reducing the amount of material protons travel through
before reaching the CB detector.

The CB is a highly segmented total energy electro-
magnetic calorimeter covering 94% of 4w sr. The 672 Nal
crystals have a length of 40.6cm which is sufficient to
stop 425 MeV protons. The energy of each particle de-
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tected in the CB is reconstructed from the total energy
deposited in a cluster of adjacent crystals. Energy de-
posited by charged hadrons usually involves only a very
small number of crystals. The direction of the particle is
obtained from a weighted mean of the positions of the
crystals that fire [31].

Charged hadrons are identified using their differen-
tial energy loss measured in the PID detector, together
with the energy deposited in the CB. The PID also pro-
vided trigger timing information for events with at least
one charged particle in the final state. It consists of 24
EJ204 scintillators arranged to form a 10 cm diameter bar-
rel. Each of the scintillators is 31 cm long, 13 mm wide
and 2mm thick. The cross section of each element is
a right-angled trapezium to minimise gaps between ele-
ments. Each element is wrapped separately in foil and the
barrel is light-proofed. At one end of the PID, light guides
couple each scintillator to its PMT. The cylindrical design
of the PID around the target gives full 360° azimuthal cov-
erage and the length of the scintillators ensured the polar
angle coverage matched that of the CB.

The experimental trigger required the summed energy
from all 672 elements in the CB to be more than 50 MeV
and two or more clusters of CB detectors to register sig-
nals.

5 Data analysis

The photon asymmetry X has been determined as a func-
tion of E,, Ey, P, and the polar angles 6 of the ejected
protons. In the later stages of the analysis cuts on E,, and
on the absolute difference in azimuthal angles ¢ of the two
protons, & = |¢1 — ¢2|, have been applied.

The recoil momentum is obtained from the measured
momenta of the photon P, and the two emitted nucleons,

P.=P,—-P, - P, (1)
The missing energy is determined from
Enw=E,-T\ -1, -1, = E, + E, (2)

where T1, T5 and T; are the kinetic energies of the two out-
going nucleons and the residual system, respectively. Es is
the separation energy for two-nucleon emission (27 MeV
for the reaction studied) and FE is the excitation energy
of the residual nucleus. The kinetic energy of the residual
system is typically small and is accessed through P;.

The timing of signals from the FPD was aligned using
data from the tagging efficiency measurements. The tim-
ing of the (v,pp) reaction was taken from the PID detec-
tor. The FPD-PID coincident timing peak had a FWHM
of 2.3 ns. Subtraction of suitably normalised random event
samples, obtained from regions away from the coincident
peak, allowed the yield of the reaction to be determined.

The response of the CB to protons and photons
was calibrated using data from the two-body reaction
p(7,7p) in which the 7° was reconstructed from its
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79 — ~7 decay photons. Background reactions on C nu-

clei in the CHy target were removed by calculating the
expected proton angle from the photon energy and the
measured 7° momentum and then only accepting events
consistent with two-body kinematics. Scintillation signals
were observed for a wide range of proton and photon ener-
gies and the gains of the Nal crystals were aligned. As pro-
tons and photons deposit their energy at different depths
in the crystals, a proton energy-dependent correction fac-
tor [31] was derived to link the proton energy calibration
to that established for photons.

Proton selection was made on the basis of AE-F plots
constructed from the signals in the PID and CB. Proton
and pion peaks were clearly identified in the pulse height
spectrum from each PID element. The relative gain of each
PID element was adjusted until the mean energy deposits
for protons and pions corresponded to those predicted by a
GEANT4 simulation. After gain matching both the PID
and CB detectors a universal polygon cut was used to
select protons in the AE-FE plot for all PID elements. This
method ensured that there was no bias introduced into
the proton azimuthal yields. Events corresponding to the
(7,pp) reaction were obtained by requiring two, and only
two, detected protons from these AE-E cuts.

The average energy losses of protons passing through
target material and the detector elements depend strongly
on their angles and energies. Energy-dependent correc-
tions were calculated for protons detected in each CB el-
ement and stored in a look-up table [31]. In the analysis,
the appropriate correction was extracted from this table
and applied to each detected proton.

In the analysis of previous 2C(,2N) cross section
data at E, < 157MeV [34] the data were split into
a number of missing energy regions. For the 2C(v,pn)
reaction, the region E, < 40MeV has recoil momen-
tum spectra that are well described by photon absorp-
tion on (1p)? nucleon pairs whereas for higher E,,, up to
70MeV, the recoil momentum spectra are described by
the emission of nucleon pairs from (1p)(1s) orbits. For the
120(~,pp) reaction the recoil momentum spectra were ob-
served to be well described by photon absorption on (1p)?
nucleon pairs at all missing energies up to 70 MeV. For
the present data, cuts on missing energy of E,, < 40 MeV
and 40 < E,, < 70MeV were applied in the later stages
of the analysis to study any differences in X' with E,.

The proton energy resolution of the CB was measured
to be ~ 25 MeV FWHM for protons from the p(v, pr®)
reaction [31], measured using a polythene target. The pro-
tons measured had similar average energies to those from
the 2C(v,pp) reaction and from this the (v,pp) E, res-
olution is estimated to be ~ 35MeV. This is significantly
larger than the resolution of the earlier work [34]. It is
therefore expected that there will be considerable mixing
between the two missing energy regions studied.

In the case where the photon is absorbed on a sta-
tionary nucleon pair the ejected nucleons and the incident
photon are coplanar. However, the initial Fermi motion of
the nucleons generally produces a pair momentum com-
ponent perpendicular to the photon which causes the out-
going pair and the incident photon to be non-coplanar. In
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selecting the appropriate azimuthal angle ¢ for the reac-
tion we took a weighted average of the azimuthal angles
of the two protons,

Pl(SiH91)¢1 + PQ(Sineg)(qu - 7T)
P1 sin01 +P28i1192

o= ) (3)

where 6; 2 and ¢; 2 are the polar and azimuthal angles of
the two protons. This weights the azimuthal angles of the
two protons according to the component of their momen-
tum perpendicular to the photon beam.
The photon asymmetries X' were extracted using the
equation
Y -vi

m = PXcos(2(¢ — ¢p)), (4)

where P is the photon polarisation, Y} and Y are the
yields for data taken with two orthogonal photon polar-
isation orientations and ¢ is the azimuthal angle of the
perpendicular photon polarisation plane with respect to
the vertical lab coordinate axis. The 27 azimuthal cover-
age of the CB allows data from all azimuthal angles to be
used in the evaluation of X. Corrections were made [31] to
take account of the small differences in photon yields (less
than 1%), and in photon polarisation (~ 3%), between the
two polarisation orientations. The offset azimuthal angle
oo = 46.8° was deliberately set well away from the lab
horizontal plane where the CB has a thin dead region.

For Y measurements systematic uncertainties in the
location of detector systems, detector efficiencies, target
density, etc., largely cancel leaving the photon polarisa-
tion P as the largest source of systematic uncertainty. As
discussed in sect. 4, two different techniques of obtaining P
were studied. In kinematic regions where both techniques
could be used, the small observed differences in the ex-
tracted values of P resulted in differences of 0.02 or less
in Y. This value is taken as the systematic uncertainty
arising from the photon polarisation.

Systematic uncertainties may arise due to particle mis-
identification, e.g., from some charged pions falling within
the proton cut. An estimate of this uncertainty was made
by studying X' with tighter cuts around the proton ridges
observed in the AE-E plots. The effect was found to be
small, affecting the magnitude of X by < 0.01.

A further systematic uncertainty may be introduced
due to an incorrect identification of the azimuth of the
reaction plane using eq. (3). A measure of the uncertainty
from this source was estimated by analysing the data for
a = 160-180° and 170-180°. In the latter case the two
protons are more nearly coplanar and the azimuth of the
reaction is better defined. The tighter cut increased the
magnitude of X' by ~ 0.01.

The systematic uncertainty in X' from all of these ef-
fects is estimated to be no more than +0.03 for £, <
320MeV and no more than +0.04 for E, > 320 MeV. As
the systematic uncertainties are smaller than the statis-
tical accuracy of most of the results, only the statistical
uncertainties are plotted on the graphs in sect. 6.

Figure 2 shows the strong observed correlation between
o and P, for all Fy, in the range F, = 200-310 MeV.
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Fig. 2. Observed correlation between the angle o =|¢1 — ¢2]
and the recoil momentum P, for all Ey, and £, =200-310 MeV.
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Fig. 3. 2C(v,pp) missing energy distributions for E, = 200~
310 MeV (red dotted histogram) and E, = 320-450 MeV (solid
blue histogram).

The (v, pp) yield is largest in kinematics with large values
of . This region also corresponds to low values of P,.
Lower values of a may be a result of either increasing
values of P,, arising from Fermi motion of the nucleons,
or the result of FSI. It is clear from the figure that the
reaction strength drops off rapidly with increasing values
of P,. Making cuts on high values of «, or excluding large
values of P,, are both methods that can be expected to
increase the relative contribution from direct 2N emission
events and reduce the contribution from events that have
undegone large FSI.

6 Results
6.1 Missing energy

The E,, distributions for *2C(v,pp), obtained by averag-
ing data over all azimuthal angles, are shown in fig. 3 for
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Fig. 4. Photon asymmetry X for ">C(¥,pp) (open red circles)
plotted as a function of missing energy E., for (a) E, = 200
310MeV and (b) E, = 320-450MeV. Data with 160° < o <
180° are shown by solid blue circles. For clarity the blue data
points are offset by +2 MeV.

both E, = 200-310 MeV and E, = 320-450 MeV. Both
distributions rise smoothly from threshold as in previous
measurements [16, 5] at similar photon energies. The small
shoulder at Fy, ~ 35MeV found at E, = 200-250 MeV in
ref. [16] is not seen in the present work, possibly due to
the poorer energy resolution. The low strength just above
threshold indicates that the residual nucleus is not often
left in or near its ground state. Most of the 2C(v,pp)
yield is found at higher missing energies where much of
the strength is thought to come from initial pion produc-
tion, multi-nucleon knockout and mechanisms with FSI [5,
14]. At high E\, the spectra for both photon energy ranges
fall off smoothly up to the limits determined by the useful
energy range of the detectors.

The photon asymmetry X of the 2C(¥,pp) reaction
is shown in fig. 4 as a function of E,,. For E, = 200-
310 MeV, there is a strong negative asymmetry at Fy, ~
40 MeV. At higher FE,,, Y decreases in magnitude and
above 100 MeV it is consistent with zero. As noted earlier,
Valencia model calculations predict substantial contribu-
tions from complex two-step mechanisms in this missing
energy region [14,35] and such complex processes may be
expected to have small asymmetries.
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For E, = 320-450MeV (fig. 4(b)) the magnitude of
the asymmetry just above the reaction threshold is greater
than at lower photon energies and Y retains an apprecia-
ble magnitude up to Ey,, ~ 150 MeV. In this photon energy
range there is expected to be a larger contribution from
A currents [3].

As discussed in sect. 5, cuts on high values of « are ex-
pected to select events corresponding to direct 2N knock-
out and reduce contributions from FSI. Figure 4 also
shows the F,, dependence of X' for events with v = 160~
180°. For the lower E, range, X' is systematically increased
for @ = 160-180° compared to the uncut data, although
the peak structure at low E,, is not so well defined. It is
also larger on average for the higher E, range although the
relative increase is smaller. For both E, ranges X' has an
appreciable magnitude up to the highest measured miss-
ing energies when these cuts are applied.

This analysis shows that the strongest asymmetries
are observed when cuts are made to emphasise kinemat-
ics corresponding to direct two-nucleon knockout, and the
magnitudes of X for direct two-proton emission are ap-
preciable. It is observed that at high E,,, particularly for
E, = 200-310 MeV, X' is only appreciably different from
zero when these cuts are applied.

6.2 Photon energy dependence of the asymmetry

The photon energy dependence of X' is shown in fig. 5 for
the same two missing energy regions, E,, < 40MeV and
40 < Ep < T0MeV, used previously [12]. It should be
noted that the current F,, resolution is poorer than the
earlier work and some mixing between the two E,, regions
is expected. A cut on a = 160-180° has been applied to
the data. This cut provides a broadly similar azimuthal ac-
ceptance as the earlier measurements of Powrie et al. [12]
where the restriction was a result of the finite sizes of the
detectors. However, the present data contain a wider range
of proton polar angles.

The present measurements extend to higher £ values
and have better statistical accuracy than those of Powrie
et al. [12]. For E,,, < 40 MeV there is reasonable agreement
between the present measurement and previous work. Be-
low E., = 240 MeV, X is relatively large at ~ —0.35. Both
measurements show the magnitude of X' drops to a low
value around 260 MeV, before increasing again at higher
E,,. The reason for this feature is unclear although it may
be related to the decreased M2 multipole strength which
falls to zero in this energy region [36]. The increase in mag-
nitude to ~ —0.4 at 300 MeV may indicate a change in
the dominant reaction mechanism. MacGregor et al. [37]
noted the important influence of processes involving in-
termediate A excitation to the 2C(v,pp) reaction in this
E,, region. Above 300 MeV the asymmetry magnitudes fall
rapidly before rising again.

The Gent theoretical calculations [3] shown in fig. 5
were specifically carried out for comparison with the ear-
lier PiPToF 2C(¥,pp) data [12] and used a Monte Carlo
technique to average over the acceptance of the PiPToF
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Fig. 5. Photon energy dependence of X for (a) Em < 40 MeV
and (b) 40 < Ey, < 7T0MeV (solid blue circles). The red open
circles are from Powrie et al. [12] and the black dashed lines are
theoretical predictions from the Gent *2C(¥,pp) direct knock-
out model [12] for (a) (1p)? pairs and (b) (1p)(1s) pairs.

detectors. They include pion-in-flight and seagull MEC
terms plus A currents. Calculations for low FE, are based
on direct knockout of a (1ps/2) pair and (1ps/2)(1s;/2)
knockout for higher E.,. For (v,pp) reactions, MEC are
suppressed and only A currents and one-body terms con-
tribute. The comparison between the calculations and the
previous measurements suggested the magnitude of X' pre-
dicted by the calculations was too large in the photon
energy range F, = 240-290 MeV, although this compari-
son was hampered by the poor statistical accuracy of the
earlier data. The present results have better statistical ac-
curacy and confirm this difference. However, it would be
instructive to compare the present data with more modern
calculations extending to higher E,.

Figure 5(b) shows the photon energy dependence of
Y for 40 < E, < 70MeV. The current measurement
shows much smoother variation with photon energy than
the previous results of Powrie et al. [12]. The present re-
sults are smaller in magnitude around 320 MeV data and
do not support a value close to zero at ~ 230 MeV. The
Gent calculations significantly exceed the measured X' at
all photon energies in this missing energy region.
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Fig. 6. Photon asymmetry X for *>C(7,pp) as a function of
0, for By, < 40MeV (solid blue circles) and E,, = 40-70 MeV
(open brown squares) for a) E, = 200-310MeV and b) E, =
320-450 MeV. Also shown is X' for d(¥,p)n (open red circles) as
a function of proton centre-of-mass polar angle for E, = 265-
279 and E, = 347-361 MeV [39].

6.3 Angular dependence of the asymmetry

The measured 2C(vy,pp) cross section has a distinct an-
gular dependence [38] and theoretical calculations predict
that X also has a strong angular variation [3]. For the
first time, the angular dependence of X' has been mea-
sured, which provides new information on this important
observable.

Figure 6 shows measured X' values for two E, ranges
for E,,, < 40MeV and E,, = 40-70 MeV as a function of
0™, the polar angle of the ejected protons in the centre-of-
mass frame of the photon and the protons in their initial
state. To transform the proton angles into this reference
frame their initial combined momentum was taken to be
—P,, which makes the assumption that the rest of the
nucleus is a spectator and the effects of FSI and binding
energy are negligible. In this reference frame the two pro-
tons are emitted with the same energy and back to back.
As they are indistinguishable the results are presented in
terms of the lower polar angle and hence extend only up
to 90°. Again, some mixing between the two E,, regions
is expected due to experimental resolution.
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Fig. 7. Photon asymmetry X for *C(¥,pp) with (blue solid
circles) and without (red open circles) angular cuts on «, as a
function of E., for En > 100MeV, compared with *2C(¥,pp)
(brown open squares) and *2C(7,pn) (brown solid squares)
data from Powrie et al. [12] with En > 70MeV. The open
red points are offset by 2 MeV for clarity.

For E,, < 40MeV, in both E, ranges, X' varies from
around zero at 50° to ~ —0.4 near 90°. These observa-
tions are not inconsistent with the earlier measurements
of the angular distributions of o and o [18] at £, = 290~
350 MeV, discussed in sect. 3, although a direct compari-
son is not possible.

Figure 6 also shows the measured angular distribution
for X in the d(¥,p)n reaction [39] at similar photon ener-
gies to the present work. The deuterium data extend to
angles greater than 90° as the proton and neutron from
deuterium are distinguishable. For both E., ranges the an-
gular distributions of the present 12C(9,pp) low E,, data
are remarkably similar in both shape and magnitude to
the deuterium data. The magnitude of X is slightly larger
for 12C(7,pp) than for deuterium in the lower E., range.
In the higher E, range the difference in magnitude is in-
significant.

Angular distributions for F,, = 40-70 MeV are also
shown in fig. 6. These X distributions have very similar
shapes to those observed for E, < 40MeV. For E, =
200-310 MeV the magnitude is a factor of ~ 2 lower than
the low FEy, data. However, for £, = 320-450MeV the
magnitudes are very similar for both E,, ranges.

6.4 Photon asymmetries at E,, > 100 MeV

Comparisons of previously measured >C(v,pp) Em spec-
tra [5,14] with predictions from the Valencia model [4] sug-
gested that for F, > 70 MeV direct two-proton emission
makes a very small contribution. Above 100 MeV multi-
step processes contribute to the reaction cross section and
for £, < 250 MeV photon absorption on a nucleon pair
followed by FSI is thought to be the dominant process.
Between 250 and 400 MeV 2N absorption plus FSI, 3N
absorption and pion production with pion re-absorption
in the nucleus all contribute. Above 400 MeV pion pro-
duction with pion rescattering also contributes.
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Figure 7 shows the E, dependence of X for E, >
100 MeV, averaged over the total angular acceptance of
the CB. The data with no angular cuts show no appre-
ciable asymmetry below £, = 350 MeV, but have a small
negative asymmetry at higher energies. These non-zero
values at high F., indicate that at least some of the con-
tributing processes have an intrinsic asymmetry, although
Fermi motion and FSI effects would be expected to reduce
the observed magnitude from that of the initial process.
Cuts on the angle a, which select events where the two
emitted nucleons and the incident photon are close to be-
ing co-planar, produce asymmetries with generally larger
magnitudes. The values above 350 MeV are roughly dou-
bled compared to the data with no angular cuts.

Comparisons are also made with previous 2C(¥,pp)
and '2C(¥,pn) data [12], which measured X for E,, >
70 MeV up to E, = 340 MeV using the PIPTOF detector
system. At high FE,, both reaction channels are thought
to have similar mechanisms [5]. Powrie et al. [12] sug-
gested the substantial asymmetry values observed above
300 MeV may be due to pion production reactions fol-
lowed by pion reabsorption. The initial pion production
processes [40] are known to have a large negative asymme-
try and their cross section becomes large at A-resonance
energies.

7 Summary and conclusions

This work has provided new photon asymmetry data on
the 12C(¥,pp) reaction. The data have slightly poorer en-
ergy resolution than previous work [12], but have higher
statistical accuracy. They extend to higher photon ener-
gies and present, for the first time, the angular dependence
of X. The results agree reasonably well with previous mea-
surements in regions of overlap.

It is observed that the '2C(¥,pp) asymmetry has large
negative values at Fy, ~ 40 MeV where direct emission of
nucleon pairs from (1p)? orbitals is expected. The asym-
metry from the missing energy region 40 < F,, < 70 MeV
is also negative, but its magnitude is less than for lower
missing energies.

It is demonstrated that kinematic cuts which select
proton pairs with large values of « increase the magnitude
of the observed Y. These cuts are thought to enhance the
relative yield of direct two-nucleon emission processes and
discriminate against events that suffer large FSI.

Measurements of the E. dependence of X' show that
the asymmetry remains appreciable up to E, ~ 450 MeV,
for both E,, < 40MeV and 40 < E,,, < 70 MeV.

The angular distribution of X for E, < 40MeV is
similar to that of the d(v,p)n reaction in two polarised
photon energy ranges £, = 200-310 MeV and E, = 320
450 MeV. The angular dependence for 40 < Fy, < 70 MeV
has a similar shape in both photon energy regions. Its
magnitude is similar for £, = 320-450 MeV, but lower
by a factor ~ 2 for £, = 200-310 MeV. A more detailed
interpretation of the present measurements will require
improvements to currently available theoretical models.
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