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Abstract. The angular distribution of nucleons emitted in the 12C('y,pn) reaction has been measured
using tagged photons at the Mainz microtron MAMI. The variation of the reaction strength with the polar
angles of the two emitted nucleons is reported for E, = 120 — 150 MeV. The proton angular distribution
peaks at more backward angles than the 2H('y,p) differential cross section indicating a departure from the
simple quasi-deuteron model of 2N photo-emission. The distribution shape is in reasonable agreement with
microscopic theoretical models which include both 7- and p-exchange.

PACS. 21.30.Fe Forces in hadronic systems and effective interactions — 25.20.Lj Photoproduction reactions

~27.20.4n 6 < A< 19

The atomic nucleus is a many body quantum mechani-
cal system in which the constituent nucleons are bound at
long and medium range by the exchange of virtual mesons.
These interactions can be probed by studying two nucleon
knockout reactions induced by real or virtual photons. At
low missing energies the strong (v,pn) channel has been
shown to be well described by photon absorption on a
proton-neutron pair with the remaining nucleons acting
as spectators to the reaction [1-3]. At these missing ener-
gies little distortion from final state interactions (FSI) is
observed and the outgoing nucleons have a strong angu-
lar correlation which is determined by 2N photoemission
kinematics, smeared out by the initial Fermi motion of the
participating nucleons. Strong similarities have been ob-
served between the (v,pn) reaction in light nuclei and the
2H(v,pn) reaction. The photon energy dependence of the
(7,pn) reaction in light nuclei, at low or moderate excita-
tion of the residual nucleus, [4-6] has the same shape as
the deuterium photodisintegration reaction and the outgo-
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ing nucleons have similar angular correlations [1-3]. These
observations have suggested that the major features of 2N
photoemission reactions are well described by the simple
quasideuteron model [7].

Microscopic calculations [8-11] of the coupling of the
virtual mesons to external electromagnetic fields provide
more detailed insight into the meson exchange mecha-
nisms in nuclei. One-pion-exchange (OPE) processes are
dominant but recent calculations have also studied the
contributions from the exchange of heavier mesons. De-
tailed (7,NN) measurements, which are now being made
in the few hundred MeV photon energy region, are being
compared with these increasingly complete calculations
to see if any features emerge which cannot be explained
within the standard nucleon-meson framework and which
might indicate shorter range effects.

Recent calculations of (7,pn) cross sections in light nu-
clei by the Gent group [8-11] at photon energies up to
~150 MeV have suggested that the angular distribution
of the two outgoing nucleons can be used to assess the
different contributing mesonic exchange mechanisms. The
kinematics of 2N photon absorption gives two nucleons
emitted back-to-back in the centre-of-mass frame of the
photon and the interacting pair. In the laboratory frame
this results in a pronounced ridge in a 2-D plot of the
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Fig. 1. '2C(y,pn) differential cross section as a function of 6,
and 6,, for E, = 120 —150 MeV and E,,, = 20—70 MeV, show-
ing the angular coverage obtained in three separate detector
settings and a schematic representation (small white rectan-
gles) of the proton and neutron polar angular bins used for
further analysis. The relative magnitude of the observed cross
sections are shown using a linear scale

cross section as a function of the proton (6,) and neutron
(0,,) polar angles, as reflected by the experimental data
plotted in Fig. 1, and the variation in the strength of the
cross section along this ridge is sensitive to the contribut-
ing meson exchange terms. The calculated distributions
depend on the current operators and are significantly dif-
ferent for the ‘m-seagull’ and ‘w-in-flight’ terms. The shape
of the ‘p-seagull’ angular distribution [11] is similar to the
m-seagull distribution indicating that the mediating me-
son is less important than the type of process (seagull or
meson-in-flight) involved.

The Gent calculations show that the most important
pionic exchange terms are the m-seagull and the 7-in-flight
terms [8,10]. Either term on its own has an angular distri-
bution with a maximum at nucleon angles near 90°, but
their interference produces a reduction in the magnitude of
the cross section and a shallow minimum at these central
angles. A recent investigation including heavier mesons
[9,11] shows that the p-seagull term also has a signifi-
cant effect. Interference between the m currents and the
p-seagull term reduces the cross sections, particularly at
the extreme forward and backward angles, leaving a broad
maximum at central nucleon angles.

The general expectation from the Gent calculations is
that the angular distribution of the (v,pn) reaction will
be a valuable probe of the contributing meson exchange
mechanisms. This letter reports results from the first mea-
surement of the (v,pn) angular distribution. Data for the
12C(v,pn) reaction for the photon energy range E, =
120—150 MeV and for missing energies E,, = 20—70 MeV
are compared with the differential cross section for the
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2H(v,p) reaction and with (v,pn) calculations published
by the Gent group [11].

The experiment was performed using the Glasgow pho-
ton tagging spectrometer [12] at the 855 MeV Mainz mi-
crotron [13]. The target consisted of a 0.7g/cm? graphite
sheet at 30° to the photon beam. A plastic scintillator ho-
doscope PiP  [14] was used to detect protons. In three
separate angular settings it covered polar angles 6, =
23° — 157° with a resolution of ~3.5°. Coincident neu-
trons were detected in 96 plastic scintillator time-of-flight
(TOF) detectors [15] arranged in 4 layers, at an aver-
age distance of ~6 m from the target. At each setting
of PiP these were positioned on the opposite side of the
beam at the complementary angle for deuterium photodis-
integration kinematics. The three TOF positions covered
0,, = 11° — 153° with a resolution of ~2°. The detector
calibration procedures and the method of analysis are de-
scribed in detail in [16]. The detector system has a miss-
ing energy resolution of ~8 MeV. A cut of E,;, <70 MeV
was used to select events arising predominantly from di-
rect 2N photoemission [2,3,17]. This cut includes nucleon
pairs emitted from both (1p)? and 1pls shells.

Figure 1 is a contour plot of the measured differential
cross section as a function of 6, and ¢, which shows the
coverage obtained in the three separate PiP-TOF detector
settings. The data are distributed in a ‘ridge’, correspond-
ing to quasideuteron kinematics, spread out by the Fermi
motion of the initial pair. To measure the strength along
the ridge angular bins were chosen to straddle the top of
the ridge, as outlined in the figure. At each angular set-
ting data from groups of 16 TOF detectors (4 bars wide
x 4 layers deep) were combined to form neutron angular
bins. The width of each bin was Af,, ~ 7.5°. The solid an-
gles Af2,, were calculated from A#,, and the full azimuthal
acceptance of the TOF detectors. Proton angular bins of
width Af, = 20° were centered about the corresponding
mean proton angles 6,. The size of these bins reflected
the width of the ridge in Fig. 1 and the solid angles Af2,
included the full azimuthal range of PiP.

The results of the Gent calculations are in the form of
double differential cross sections, d?c/d(2,d(2,, along the
top of the ridge in Fig. 1. The measured double differential
cross sections are averaged over finite bins which contain
polar angle pairs and azimuthal angle pairs for which the
cross section falls below these top-of-the-ridge values, due
to spreading of the reaction strength arising from Fermi
motion of the initial nucleons. To obtain the peak cross
sections shown in Fig. 2 from the measured average values
a simple correction factor has been calculated to account
for the angular variation of the cross section within each
bin. A Gaussian distribution, of width 40° HWHM, was
used to model the Fermi cone. The large width reflects the
low mean energies of the emitted nucleons when averaged
over the accepted range of residual excitation energies.
This gave a normalisation factor of ~1.15 for each bin
when averaged over the detector angular acceptances. This
factor was almost constant over the entire angular range
of our data.
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Fig. 2. '2C(y,pn) differential cross section (LH scale) along
the top of the ridge in Fig.1 as a function of 8, for E,=120-
150 MeV and E,,=20-70 MeV. The diamonds, stars and
squares represent data taken in three separate detector po-
sitions. Also shown are Gent calculations [11] for '®O(vy,pn)
at E,=140 MeV in coplanar kinematics which have been mul-
tiplied by 0.75, as described in the text, to account for the
differences between '>C and '60. The dotted line is the 7 ex-
change contribution, including both 7w-seagull and m-in-flight
terms. The dashed line is the p-seagull contribution and the
thick solid line is the coherent sum of the 7 and p currents. The
dot-dashed line (RH scale) is the parameterisation by Jenkins
et al. [19] of the 2H(v,p) differential cross section at E,= 135
MeV. The thin solid line is the result of a Monte Carlo model
including the effects of Fermi motion and differences in emitted
nucleon energies between 2H(7,p)n and *2C(y,pn)

Figure 2 shows good agreement between the data from
the three separate angular settings. The shape of the dis-
tribution shows a maximum at proton angles of ~80°,
which is close to the symmetric case of nearly equal pro-
ton and neutron angles, corresponding to approximately
90° in the centre-of-mass system of the photon and the
initial pair.

The dot-dashed line (RH scale) in Fig. 2 shows the pa-
rameterisation by Jenkins et al. [19] of the experimental
2H(v,p) angular distribution at E, = 135 MeV. In order
to investigate how the effects of Fermi motion, the dif-
ference in nucleon binding energies between 2H(~,pn) and
12C(~,pn) and the excitation of the residual nucleus would
affect this curve a Monte Carlo simulation was carried out
using the 2N photoabsorption model described by McGe-
orge et al. [2]. The results, shown by the thin solid line in
Fig. 2, allowed the same range of residual excitation as the
analysed data. The curve is slightly flatter due to Fermi
motion, but the largest effect is a shift to forward proton
lab angles which is attributed to the reduction in energy
of the outgoing nucleons. It is evident that the 2H(v,p)n
distribution has a different shape to that for the ?C(~,pn)
data whether or not the pair momentum and differences
in the outgoing nucleon energies are accounted for. Calcu-
lations of the deuterium photodisintegration cross section
at 140 MeV [21] which include both relativistic effects and
heavy meson exchange show that the dominant contribu-
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tion comes from OPE with destructive interference from
p-exchange reducing the cross section by ~20% at extreme
forward and backward angles.

The difference in the shapes between 2H and '2C shows
for the first time that the (7y,pn) reaction in complex nu-
clei is not just a simple quasideuteron scaling of the same
reaction in deuterium. It indicates significant differences
in the 2N photoemission mechanism between 2H and '2C
which may be due to the different relative importance of
m-seagull, m-in-flight, p exchange or short range effects in
12C compared to the more diffuse deuterium nucleus.

Up till now the published theoretical angular distri-
bution calculations in light nuclei have been restricted to
160 and these have been used for comparison with the
present data. The calculations used an unfactorized model
of the (v,pn) reaction using plane waves for the outgoing
particles. It is expected [18] that the *O(v,pn) calcu-
lations, suitably normalised, will be a good guide to the
effects of different reaction mechanisms in 2C since the
nuclear structure ingredients for both nuclei are rather
similar. For comparison with the present 2C(v,pn) data
the published theoretical calculations for 1O(~,pn) have
been renormalised by a factor of 0.75 based on the proba-
bility N Z/A of finding neutron-proton pairs from either 1p
or 1s shells in the two nuclei. This recipe, when applied to
(1p)? emission, is consistent with previous measurements
of 2C and 6O(~,pn) cross sections at missing energies be-
low 40 MeV and 43 MeV respectively [2,20]. The result is
shown in Fig. 2. The comparison between the calculations
and the data shows that the 7 + p calculation gives a much
better representation of the shape of the measured angu-
lar distribution than the 7 terms alone. The magnitude of
the data is less than the m 4+ p calculation although the
scaling of the 'O calculations has brought the theoreti-
cal prediction much closer to the data. It should be noted
that the calculations shown in Fig. 2 do not include con-
tributions from A currents which may contribute ~30%
to the total cross section at the present energies [11].

These first results indicate the need for specific calcu-
lations for '2C over a wide kinematic range taking into
account the finite acceptance of the nucleon detectors.
Such calculations, compared to data over the full range
of energies (E,=120-400 MeV) measured in the present
experiment, will provide a much clearer picture of all the
contributing mechanisms, although the clearest evidence
of effects due to exchange of heavy mesons may be at the
energies reported here (E, < 150 MeV) which are not
dominated by A-currents.
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