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The C(p, pn) and C(p, pp) reactions have been measured for photon energies between 80 and
157 MeV using a photon tagging spectrometer and plastic scintillator detectors. The overall energy
resolution was 7 MeV, suKcient to determine the initial shells of the emitted nucleons. Corrections
were made for solid angle and threshold efFects by means of Monte Carlo simulations. For the (p, pn)
reaction both the missing energy and recoil momentum distributions are largely consistent with a
two-nucleon absorption process on p-shell and sp nucleon pairs. For the much smaller C(p, pp)
cross section the reaction mechanism is not yet understood but the recoil momentum distributions
suggest that final state interactions are not dominant.

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

I. INTRODUCTION

It has long been known that pn pair emission is the
most likely outcome of nuclear photon absorption for en-
ergies around 100 MeV. The discovery that the two nu-
cleons share much of the photon energy and are emitted
roughly back to back [1] suggests that absorption takes
place on a strongly interacting nucleon pair with the rest
of the nucleus acting as a spectator. The (p, pn) reaction
is, therefore, a promising tool for the study of 2N correla-
tions in nuclei, but before this can be fully exploited it is
necessary to develop a more quantitative understanding
of the reaction mechanism.

The quasideuteron model developed by Levinger [2]
parametrizes the (p, pn) cross section in terms of the
deuteron cross section. Although somewhat phenomeno-
logical, this model contains the basic properties of 2N
absorption and accounts in a general way for the main
features of photoreaction data in this energy range. More
detailed calculations by Gottfried [3] and Boato and Gi-
annini [4] have shown that the (p, 2N) cross section can
be factorized as a product of two terms, F(P) and Sf, .
The term F(P) is the probability of finding a nucleon
pair in the nucleus with small separation and combined
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momentum P before the photon is absorbed. In the ab-
sence of final state interactions (FSI), the residual nu-
cleus recoils with momentum —P after absorption. Only
the long range properties of the nucleon wave functions,
which can be well approximated by the shell model, influ-
ence F(P). In contrast Sf; depends on the short range
correlations between the two nucleons. Boato and Gi-
annini [4] have shown that Sf, (p, pn) and Sf, (p, pp) are
sensitive to different aspects of the nucleon-nucleon inter-
action. Ryckebusch et al. [5] have questioned the approx-
imations which lead to factorization of the (p, 2N) cross
section and their recent unfactorized calculations do give
an overall reduction in the magnitude of the cross section,
although the shape of the opening angle distribution is
not significantly altered.

Most of the previous (p, 2N) experiments [6] used con-
tinuous bremsstrahlung, which necessitated assumptions
about the residual nucleus excitation energy in order to
determine the photon energy. Experiments using tagged
photons at Bonn [7] and Tokyo [8] did not suffer from
this problem but had poor neutron energy resolution
making it impossible to distinguish the initial shells of
the emitted nucleons. These difhculties have prevented a
meaningful comparison with theoretical pn opening an-
gle or recoil momentum distributions. Khodyachikh et
al. [9], who studied the i C(p, pn) reaction with a dif-
fusion chamber in a magnetic field, partially solved the
problem of using continuous bremsstrahlung by selecting
events where there was no breakup of the residual B.
This limits the B excitation to be less than 5 MeV.
However, the recoil momentum in this experiment was
determined from the very short B tracks in the dif-
fusion chamber giving rather poor resolution, and this
ingenious technique is necessarily limited to valence shell
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nucleon emission and very low residual excitation ener-
gies.

The experimental situation described above prompted
the development of large-solid-angle proton [10] and
neutron [11] detectors, with 5 MeV resolution, for
(p, pn) experiments with the Glasgow-Edinburgh-Mainz
(GEM) photon tagging spectrometer [12] installed at the
180 MeV Mainz microtron. The overall resolution is suf-
hcient to determine the shells of the emitted nucleons
in (p, 2N) reactions and the reaction can be studied for
all excitation energies in the residual nucleus. The main
aim of the present work is to test the basis of the 2%
absorption model by determining the recoil momentum
distributions for 2% emission from known shell pairings
and comparing with theory.

Data obtained with this experimental setup for 0,
Li, and He have been presented elsewhere [13—16]. A

preliminary experiment on C using a prototype neutron
time-of-flight (TOF) array has also been reported [17].
The present paper presents a C(p, pn) data set obtained
with a much improved TOF array. It covers a wider
photon energy range and has better statistics, allowing
more detailed study of the recoil momentum distributions
as a function of photon energy and residual excitation
energy. In addition, the new TQF array is equipped with
a AE detector which permitted separation of protons
and neutrons in this arm, thereby enabling data for the
~2C(p, pp) reaction to be presented.

II. EXPERIMENT

The experiment was carried out at the Mainz mi-
crotron [18] using the GEM tagged-photon spectrome-
ter [12] together with two plastic scintillator arrays to
detect the emitted nucleons. The setup was almost the
same as described previously [13], so only a brief outline
is given here.

Bremsstrahlung photons were provided by electrons of
183 MeV from the Mainz microtron passing through a
25 pm thick Al radiator at the entrance to the tagged-
photon spectrometer. The photons were tagged using
two settings of the spectrometer Geld to cover the pho-
ton energy range 80—157 MeV. The photon beam was
collimated to a diameter of 33 mm at the target position
giving a tagging efficiency (fraction of the tagged pho-
tons reaching the target) of 0.65. The photon ffux was
monitored during data-taking runs using an ion chamber
placed well downstream of the target, and the tagging
e%ciency was measured with a large scintillating-glass
detector in separate runs at reduced beam intensity. The
91 channels of the tagging spectrometer focal plane de-
tector were multiplexed into 6 TDC's but each channel
was connected to a pattern unit so that multiple hits in
a single TDC could be recognized.

The graphite target was 152.5+0.8 mg jcm thick and
placed 3.8 m downstream of the radiator at 30 to the
photon beam. To measure background some data were
also taken with the target removed and, in order to
calibrate the nucleon detectors, some runs were carried
out with a 214.4+0.7 mg/cm perdeuterated polythene

(CD2) target.
Protons were detected in a AE-AE-E telescope array

made up of plastic scintillators [10] which covered an-
gles from 50 to 130 and a total solid angle of 0.9 sr.
The front AE scintillator was a single flat sheet of dimen-
sions 250x150x1 mm placed parallel to the photon beam
80 mm from the beam axis. Inclusion of this element in
the trigger reduced the number of events which did not
originate in the target and also provided fast timing sig-
nals which were used to start all TDC's. The rear AE
array was also parallel to the photon beam, 50 cm from
the beam axis, with the E elements close behind. Pro-
ton emission angles were derived from differences in the
arrival times of light at the ends of the elements in these
two layers, giving an angular resolution of 3' FWHM in
the polar angle and 5 in azimuth. Proton energy was
derived from the pulse amplitude in the E elements and
the energy resolution was 4/0 FWHM at 60 MeV.

The pulse-height threshold on the E blocks of the DE-
LE-E telescope was equivalent to 8 MeV for protons,
but, because of energy losses in the target and AE scin-
tillators, the effective proton energy threshold varied be-
tween 28 MeV at 90 and 32 MeV at extreme angles.

Particles emitted on the opposite side of the target
were detected in the angular range 41 to 139' in an ar-
ray of 24 plastic scintillators described elsewhere [13,11].
These detectors were all placed at 3 m from the target
giving a total solid angle of 0.9 sr, and particle ener-
gies were determined by time of flight. The combined
eKects of the 100 mm detector thickness and. the over-
all timing resolution gave a neutron energy resolution of
about 6 MeV for 70 MeV neutrons. The angular res-
olution was about 4 FWHM in the polar angle and 1
in azimuth. Protons, deuterons, and neutral particles
were distinguished by the signals from a 400 x 300 x 2 mm
sheet of plastic scintillator (EE~oF) placed parallel to
the photon beam and 82 mm from the beam axis.

Due to energy losses in the target arid along the flight
path to the TOF array the 4 MeV pulse-height threshold
in TOF corresponds to an effective proton energy thresh-
old of 26 MeV, slightly dependent on proton angle. For
neutrons a pulse-height threshold equivalent to 14 MeV
was applied to the TOF signals in the data analysis in
order to reduce the proportion of events in which more
than one TOF element flred.

The electronic trigger and data readout arrangements
were as described previously [13].

III. DATA ANALYSIS

The data from each tagger TDC were analyzed sep-
arately so that most events where more than one focal
plane channel Gred were retained. Events were only dis-
carded if there was a hit in more than one channel served
by the same TDC, and the yields were corrected for this
by factors (typically 1.20) calculated from the formula
derived by Owens [19].

The energy calibration of the photon-tagging spec-
trometer and the nucleon detectors has been described
elsewhere [10—12]. An overall check is provided by form-
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FIG. 1. Deuterium missing energy spectrum observed mith
a perdeuterated polythene target. The cross section scale
applies only to the deuterium peak and is not appropriate for
the C part of the spectrum. Thresholds for the H(p, pn)
and C(p, pn) reactions are indicated by the vertical arrows.

ing a deuterium missing energy (E& T—z T—) spectrum of
events from the CD2 target as shown in Fig. 1. The peak
due to events from deuterium is at the correct position
and its width shows that the missing energy resolution is

7 MeV FTHM.
Data reduction followed the procedure described in

Ref. [13]. In the AE AE-Et-elescope protons were se-
lected from two-dimensional plots of amplitude in the E
elements versus front AE-E time difference and versus
LE amplitude. On the TOF side particles which did not
fire AEToF were classed as neutrons, and protons were
selected from those particles which did fire this detector
by means of a cut on a two-dimensional plot of pulse
height in TOF versus time of Bight. Events with more
than one TOP detector hit were discarded, but the yields
were corrected by a factor (typically 1.10) calculated on
the assumption that only one such hit was correlated with
the tagged reaction.

The data were split up into one prompt and three ran-
dom subsets. The prompt set contained events with
a double coincidence between the signals in the tag-
ging spectrometer and both nucleon detectors. In the
random sets one or both coincidence times were out-
side the prompt window. All spectra were derived from
the prompt data set and corrected for random contribu-
tions by subtracting (with suitable weighting factors
see Ref. [13]) the events in the three random data sets.
Correction for events ( 10%) which did not originate in
the target was obtained by subtracting suitably normal-
ized spectra derived in an identical manner from the data
taken with the target removed. Corrections ( 3%) were
also made for the dead time of the trigger system during
event readout.

To account for bias introduced to the data by thresh-
olds, energy dependent detection efIiciency and limited
angular acceptance of the nucleon detectors, and to ob-
tain the factors necessary to transform observed yields
into cross sections, two Monte Carlo simulations of the
experiment were carried out. One (2N) was based on the

assumption that the photons are absorbed on a nucleon
pair during which the recoil nucleus acts as a spectator.
The nucleon pair momentum distributions were derived
from harmonic oscillator wave functions with the oscil-
lator parameter P chosen (P = 0.359 fm ) to give the
correct rms radius [20] for C. Because the main part of
the P distribution for the pair arises from nucleon mo-
menta below the Fermi momentum, the approximation
of using harmonic oscillator wave functions only afI'ects
the predictions significantly at very high P values. Prom

C(e, e'p) and (p, 2p) experiments [21] it is known that p-
shell strength dominates up to an excitation of 13 MeV,
while s-shell strength dominates above 15 MeV. There-
fore, for excitation energies up to 10 MeV it was assumed
that both emitted nucleons originate in the p shell and
that, above 17 MeV one comes from the 8 shell. In
the transition region in between, whose width was cho-
sen to match the experimental energy resolution, F(P)
was taken to be a linear combination of Fq„q„(P) and
Fq„q, (P) as in Ref. [13]. Above 30 MeV simulations were
done in which one or both nucleons come from the 1s
shell. Further details of the Monte Carlo generator for
2N absorption are given in the Appendix.

In the other simulation (PH) the available energy was
shared amongst the emitted nucleons and the recoil nu-
cleus according to the available phase space.

In the case of a pn pair the proton must be accepted in
the proton detector and the neutron in the TOF detector.
For a pp pair, as in the actual experiment, either proton
may be accepted in the proton detector with the other
proton being accepted in the TOF detector. The simu-
lations included calculation of the energy losses sufI'ered

by protons before they reach the E element of the tele-
scope or the TOF detector and therefore take account of
the angle dependent thresholds discussed above. It was
assumed that protons above threshold were always de-
tected but for neutrons an energy dependent detection
efficiency was calculated from the STANTON code [22].

For each missing energy bin factors describing the to-
tal eKciency of the experiment were obtained from the
ratio of detected events to the total number of events gen-
erated. These factors were applied to the experimental
yields in order to obtain corrected missing energy spectra
and to evaluate total cross sections for the reactions.

Uncertainty in the cross sections arises from uncertain-
ties in the neutron detection efficiency ( 10%%uo), and in
the target thickness and detector geometry (which to-
gether add up to 4%). Uncertainty in the corrections
for dead time and for multiple hits in the tagger and the
TOF array were negligible. In the C data analysis no
corrections were applied for the effects of nuclear interac-
tions of protons with the plastic scintillators. These give
rise to a low energy tail in the detector response. In Fig. 1
part of the tail can be seen between the deuterium and
carbon peaks. The fraction of events in the tail increases
with proton energy [23] and varies between 1% and

G%%uo in the present experiments. In missing energy spec-
tra this efI'ect results partly in a reduction of the overall
strength and partly in a small shift of strength towards
higher missing energy.

As a check the 2N Monte Carlo code was modified
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slightly in order to simulate the deuterium disintegration
events in the CD2 target and to provide factors to con-
vert the detected yields to angle integrated cross sections.
The results (Fig. 2) show good agreement with recent
parametrizations of the deuteron cross section [24—26].

In the 2% and PH simulations of the recoil momen-
tum distributions required for comparison with the ex-
perimental data in Sec. IV, it was necessary to assume a
shape for the missing energy distribution. In both cases
this was based on the corrected experimental distribu-
tion.

IV. B.ESULTS

A. C(p, pn) missing energy spectra

Missing energy spectra (E ) for the C(p, pn) reac-
tion are shown in Fig. 3, where E = E~ —T„—T„—T„.
Here Tz, T, and T„are the proton, neutron, and recoil
kinetic energies and T„was obtained from the recoil mo-
mentum P„=p~ —p„—p . Corrections for the eKciency
of the experimental setup have been applied from both
PH and 2% simulations. The eKect of the uncertainties
in the detector thresholds was examined by changing the
thresholds in the simulations; the resulting uncertainty
in the cross section was found to be 5% at low E and
high E~ and 20%%uo at the highest E . The back-to-
back orientation of the nucleon counters is quite eKcient
for events produced by a 2N process and therefore the
2N simulation leads to smaller cross sections than the
PH simulation. Despite this the shapes of the derived
E spectra are very similar. The peak near the reac-
tion threshold and the smaller but significant strength
extending to higher energies, erst noted in our earlier
work [17,13] on izC and isO, is now seen to be present at
all photon energies between 115 and 157 MeV. At lower
photon energies the peak is still visible but the spectrum
at higher E is cut ofF by the detector thresholds. The
width of the peak ( 10 MeV) is not much greater than
the instrumental resolution which con6rms our prelimi-
nary finding [17] that the residual ioB is often in or near
its ground state.
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A first indication of the (p, pn) reaction mechanism can
be obtained from the Dalitz plot of the nucleon and recoil
nucleus kinetic energies shown in Fig. 4. For most events
the recoil kinetic energy and the difference between pro-
ton and neutron kinetic energies are both small, which
are the features expected from a 2K reaction mechanism.
Although the statistics are poorer the Dalitz plot for a
higher E suggests a broader distribution of Tq —T2
which could be due to the result of an energy loss by
one nucleon during FSI.

If two nucleons are emitted while the rest of the nu-
cleus spectates then the shape of the E spectrum can
be predicted by folding together two missing energy spec-
tra for single-nucleon knockout. Such spectra are mea-
sured in (e, e'p) experiments but the relative strength
of the 8-shell and p-shell parts varies with the nucleon
momentum (P~) range sampled. A suitable spectrum
was constructed from the (e, e'p) data [21] on C for
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FIG. 2. Total photodisintegration cross section for deu-
terium. The solid, dashed, and dotted lines represent the
parametrizations of previous data from Refs. [24,25,26], re-
spectively.
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p&C. 3. The r2C(p, pn) missing energy spectra corrected
for detector geometry and threshold effects using the 2N
(solid histogram, left scale) and PH simulations (dashed his-
togram, right scale) —see text. The smooth lines result from
folding spectra derived from C(e, e'p) data as described in
the text.
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firms that the (p, pn) channel dominates. The equivalent
result from the PH simulation (2.26+0.07 mb) greatly
exceeds the total cross section.

Integration of the area under the simulation curve
(solid line in Fig. 3) suggests that the (p, pn) cross sec-
tion for E~=145—157 MeV which is not significantly dis-
turbed by FSI is 0.51+0.02 mb. Comparing with the
total absorption cross section [and neglecting contribu-
tions other than from (p, pn)] shows that the combined
transmission for both nucleons is about 0.73. Assum-
ing similar proton and neutron transmissions this result
is consistent with the lower limit for neutron transmis-
sion of 0.81 derived by comparing the (p, p) and (p, pn)
yields as described by Harty et al. [28]. Thus the excess
strength at high missing energy can be accounted for,
without introducing absorption mechanisms other than

0
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FIG. 4. Dalitz plots for the C(p, pn) and C(p, pp) re-
actions for E~ = 133 —157 MeV. The straight lines indicate
the detector thresholds. TI, T2, T„, and T are the detected
nucleon, recoil and total kinetic energies in the p+ C cen-
ter-of-momentum system and k = (M„+ MwM„) 2 /2MwT
where M~ and M„are the nucleon and recoil rest masses,
respectively.
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0& P~ &60 MeV/c by renormalizing the high energy
part of the spectrum so that the relative strengths of the
s-shell and p-shell parts were in the ratio of the num-
bers of s- and p-shell nucleons in C. As no (e, e'n) data
are available, the single-neutron knockout spectrum was
approximated by shifting the energy scale of the modi-
fied zC(e, e'p) spectrum by 4.5 MeV to give the correct

C(p, pn) reaction threshold. The result of folding these
two spectra together with a 7 MeV FTHM Gaussian
to simulate the present experimental resolution is shown
by the smooth solid line in Figs. 3 and 5. The dashed
line in Fig. 5 results from using the relative pp, sp, and
ss absorption strengths at E~ = 151 MeV calculated by
Ryckebusch et al. [5] instead of the numbers of pairs cal-
culated from the shell occupations. The simple calcula-
tion gives a good account of the shape of the C(p, pn)
missing energy spectra up to 65 MeV. Although the
use of calculated absorption strengths gives a slight im-
provement at high missing energy, this gives a poorer Gt
overall. Both predictions underestimate the strength at
higher E . This may be due to more complex absorption
mechanisms or may result from differences between the
FSI efFects in (e, e'p) and (p, 2N) reactions.

It is instructive to compare the cross section integrated
over E (Table I) with the known [27] total photoabsorp-
tion cross section (ot t 0.7 mb at 150 MeV). Because
of the truncation of the E spectra caused by the nu-
cleon detector thresholds this direct comparison is best
done for the highest E~ bin (145—157 MeV) where the
integration can be reliably taken up to E = 90 MeV.
For the 2N mechanism the result (0.690+0.026 mb) con-
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PIG. 5. The 2C(p, pn) and C(p, pp) missing energy spec-
tra for E~ = 145 —157 MeV. Correction for detector geometry
and threshold efFects has been applied using the 2K simula-
tion. The smooth lines result from folding spectra derived
from C(e, e'p) data as described in the text.
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TABLE I. Cross sections (pb) and ratios (Pp) for the C(p, pp) and (p, pn) reactions assuming
a two-nucleon reaction mechanism.

80—96 MeV 97—114 MeV 115—130 MeV 131—144 MeV 145—157 MeV
g40 a

pp

g40(g40
gmax b

pp
gmax

pn
gmax / Smax

pp ~ pn

2.1 + 0.4
277 + 16

0.76 + 0.13

3.9 + 0.4
246 + 11
1.58 + 0.14
9.8 + 0.7
544 + 34
1.80 + 0.17

3.7 + 0.3

1.54 + 0.12

14.1 + 0.6
625 + 25
2.26 + 0.13

3.8 + 0.3
226 + 7

1.67 + 0.12

22.3 + 0.7
690 + 26
3.23 + 0.16

P~ & (~P*)d@p& J@ —0 dE
The E limits labeled max were 65, 80, and 90 MeV for E~ =115—130, 131—144, and

145—157 MeV, respectively, chosen to be just below the points at which the spectra were severely
cut oK by detector thresholds.

2%, if events lost at low missing energy due to final state
scattering are simply shifted to high missing energy.

B. pn pair momentum distributions in C

A more quantitative test of the (p, pn) reaction mecha-
nism can be made by reconstructing the momenta of the
recoil nuclei P„= p~ —pz —p for the event-by-event
data. In the absence of FSI the initial momentum of the
pn pair P is equal to —P„, and the P distribution can be
compared with model predictions derived from the wave
functions of the two nucleons. The results [17] of our
previous experiments on C showed broad consistency
with the 2% mechanism for photons in the energy range
83—133 MeV. The better statistics and extended photon
energy range of the present experiment now allow sep-
arate comparisons at different E~ values and, because
higher photon energy data are less afI'ected by detector
thresholds, more detailed comparisons at higher missing
energy.

Figure 6 shows the ~P
~

distributions for five pho-
ton energies for the E region below 13 MeV excitation
where both nucleons come from the p shell. Also shown
are the 2N and PH simulations. It is seen that, whereas
the PH based calculation fails to account for the shape of
the measured distribution, the 2% mechanism describes
the data well for all the photon energies.

At higher missing energies one or both of the ejected
nucleons may come from the 8 shell. The three different
possible shell pairings p, Sp, and 8 give rise to difI'er-

ent pair momentum distributions. These difI'erences are
most evident in the highest E~ bin (145—157 MeV) where
the data are least affected by threshold efI'ects. Figure 7
shows ~P

~

distributions for four regions of E . Up to
E = 72 MeV the 2N mechanism gives a good account
of the data. The different shapes of the ~P„~ distributions
are accounted for by the expected initial shell pairings.
The PH results clearly fail to account for the distribution
for the lowest two E cuts, but the difI'erences between
the PH and 2N distributions become smaller at high E
The convergence of the two simulations is due to the corn-
bined eKects of the reduction in available phase space
with increasing missing energy and the eKects of detector
thresholds which are largest at highest missing energies.

The surprisingly good fits to the pair momentum distri-
butions without any corrections for FSI imply that these
are small or are such that they completely remove events
from the data set (if, for example, the resultant nucleon
energy is below threshold).

For the small part of the (p, pn) cross section at
E = 72—87 MeV the ~P

~

distribution [Fig. 7(d)] does
not have the shape characteristic of absorption on an 8-
shell pair. Although this is the region where absorption
on an 8-shell pair is expected to be most probable, this
result is not surprising in view of the finding (Fig. 5)
that only a small part of the high E strength can be
accounted for as absorption on an 8-shell pair. As the PH
simulation gives a good account of the data, it may be
that most of the events in this region arise from initial
absorption on any nucleon pair followed by FSI. How-
ever, the ~P„] data are equally well described by an sp-
pair distribution which might suggest that the observed
nucleons are emitted from the 8 and p shells, the high
missing energy then being reached by FSI's which do not
change ~P„~ significantly. In any case, apart from this
small part of the cross section at high E, the present
~P

~

data confirm that, for E~ in the range 80—157 MeV,
the major part of the C(p, pn) cross section arises from
absorption on two nucleons.

C. C(p, pp) missing energy spectra

Missing energy spectra for the i2C(p, pp) reaction, ob-
tained with detector acceptance corrections derived from
both PH and 2N simulations, are shown in Figs. 5(b)
and 8. In the 2% simulations, it was assumed that the
two nucleons both come from the p shell (see Sec. IV D)
and that the 2N breakup angular distribution in the c.m.
frame is the same as for the deuteron. (If one nucleon
comes from the 8 shell and the breakup angular distribu-
tion is isotropic the cross sections would be 20'Fg larger. )
As for the (p, pn) reaction, the (p, pp) cross section is
much larger if a PH simulation is used, but the shape
of the missing energy spectrum is again very similar for
both PH and 2¹The strength is seen to increase with
increasing missing energy and, in contrast to the (p, pn)
missing energy spectra, there is no peak at low excitation
for (p, pp). The C(p, pp) cross sections integrated up to
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200—

"C(/pn) E. 40«V

160

40 MeV (Table I) are significantly smaller than the 1013
pb found [13] for the p-shell emission region in O. The
ratio of i C(p, pp) to i C(p, pn) for the p-shell region is( 2%%up. However, when the integration over missing en-
ergy is taken up to the limits imposed by the detector cut-
offs, this ratio is somewhat larger and increases rapidly
with E~ so that the results are not necessarily inconsis-
tent with the larger values (10+2%%up) found at higher E~
by the Tokyo [8] group.

Ryckebusch et al. [5] have recently made calculations
of i2C(p, pp) and C(p, pn) cross sections and their ra-
tios over a range of photon energies. The predicted cross
sections for both (p, pp) and (p, pn) reactions are about
a factor of 2 smaller than the present data. The reasons
for this are not clear. Nevertheless, it is of interest to
compare the calculated ratios with the present experi-
ment because systematic errors in both theoretical and
experimental ratios may largely cancel. Figure 9 shows
these ratios plotted separately for pp and sp absorption.

At low E the theory slightly overestimates the ratio
whereas at higher E it significantly underestimates it.
As this calculation contains no (n, p) rescattering mech-
anism which can transfer initial (p, pn) strength into the
(p, pp) channel, Fig. 9 suggests that rescattering may be
an important contributor to the (p, pp) reaction, espe-
cially at high missing energy.

Attempts to describe the (p, pp) missing energy spectra
by folding the spectra obtained in single nucleon knock-
out give a poor description of the data [Fig. 5(b)]. As
the (p, pp) cross section is much smaller than the (p, pn)
cross section, it is possible that direct photon absorp-
tion on two protons is very weak and that most of the
observed (p, pp) cross section comes froin (p, pn) absorp-
tion after which the outgoing neutron suÃers a FSI. If
this also results in reduction of the emitted nucleon en-
ergy it would lead to an apparent increase in strength at
high missing energy, as observed. An alternative explana-
tion for the shape of the (p, pp) missing energy spectrum
could be that it results from some mechanism where a
third (undetected) particle is also emitted. For example,
if quasifree (QF) pion production is followed by a (~,2W)
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FIG. 6. Observed C(p, pn) recoil momentum distribu-
tions for E ( 40 MeV. The solid lines show the results
from the 2N simulations when absorption takes place on a
p-shell nucleon pair. The dashed lines results from the PH
simulations.

FIG. 7. Observed C(p, pn) recoil momentum distribu-
tions for E~ = 145 —157 MeV and different E regions. The
thick, thin and dotted lines represent the 2N simulations with
absorption on p-, sp-, and s-shell nucleon pairs, respectively.
The dashed lines represent the PH simulations.
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reaction, the nucleon emitted in the QF process may go
undetected. Such processes can be expected to lead to a
smearing of any structure and a shift to higher missing
energy, due to the energy carried oA by the undetected
nucleon, and. could therefore explain the diferent shapes
of the (p, pn) and (p, pp) missing energy spectra. They
can also take place below the pion production threshold
if the intermediate pion is virtual.

The Dalitz plot from the (p, pp) data for low E
(Fig. 4) shows that the recoil energy is always small. The
T~ —T2 distribution is more spread out compared to the
(p, pn) case and the events are now concentrated away
from Tj ——T2 which could be due to reduction of the en-
ergy of one nucleon by FSI. As E increases the Tz —T2
distribution becomes more concentrated near zero, and
although the detector thresholds restrict the meaning-
ful range of the plot it becomes rather like the low E
(p, pn) plot. This surprising result suggests that at high
E the detected protons come from some kind of 2N
process and are relatively undisturbed by FSI. This is
discussed further in the next section where the observed
recoil momentum distributions are presented.

D. pp pair mernenturn distributions in ~2C

Recoil momentum distributions for the ~2C(p, pp) re-
action for E~=145—157 MeV and for four regions of miss-
ing energy are shown in Fig. 10. Also shown are the PH
and 2N simulations. For E (-40 Mev the data lie be-
tween the 2N and PH simulations, but are much closer to
the 2N prediction. This suggests that most events arise
from initial photon absorption on a p-shell pp or pn pair
with a subsequent FSI in which little energy or momen-
tum is transferred to the residual nucleus. For this low
missing energy region little energy is available for such
transfer. If this picture is correct, one would expect that
at higher E the recoil momentum distribution would
lie somewhere between the 2N prediction for an Sp pair
and the PH prediction, becoming closer to the latter as
E is increased. The data for all higher missing energies,
however, contain recoil momenta significantly smaller on
average than either the PH simulation or the 2N simu-
lation for an Sp pair. Surprisingly, a 2N simulation in
which both nucleons come from the p shell gives a much
better description of the data. This again could possibly
be explained by a QF process in which most of the miss-
ing energy is taken by the initial quasifree nucleon and
the remaining energy is transferred to the two observed
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results of theoretical calculations by Ryckebusch et al. [5].
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nucleons by an intermediate pion. If direct photon ab-
sorption on two p-shell protons followed by FSI is a major
contributor at high E then the detected nucleons must
lose up to 60 MeV in a way which preserves the initial
momentum of the pair.

V. SUMMARY

The 180 MeV GEM tagged-photon spectrometer at the
Mainz Microtron has been used with large plastic scintil-
lator detectors to make measurements on the C(p, pn)
and (p, pp) reactions. Missing energy spectra were ob-
tained with resolution suKcient to determine the initial
nucleon shells. Recoil momentum distributions for difFer-
ent E regions were compared to simulations based on
two-nucleon absorption and phase space models. For the
(p, pn) reaction the observed distributions show direct
absorption on a p-shell nucleon pair at low E and on
an Sp-pair at higher E . Further experiments at higher

energy are required to confirm that the 2N mechanism
remains appropriate and possibly extract some informa-
tion about the details of the 2N correlations. Such exper-
iments are already underway [29] with the new 850 MeV
Glasgow photon tagging spectrometer [30) installed at
the Mainz Microtron MAMI-B [31].

The (p, pp) cross section increases rapidly with photon
energy but is much smaller than the (p, pn) cross section.
The shape of the recoil momentum distribution does not
change significantly with missing energy, and is poorly
described by a phase space simulation which should be
appropriate if final state effects are dominant. A 2N
simulation gives a better description of the data if it is
assumed that absorption takes place on a pair of p-shell
nucleons even at high missing energy where 8-shell emis-
sion is possible. It is suggested that the (p, pp) reaction
may have important contributions from two step mech-
anisms [such as quasifree pion production followed by a
(7r, 2N) reaction] where the missing energy is lost before
the 2N reaction takes place.
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This appendix describes the Monte Carlo 2N pho-
ton absorption model which was used to make compar-
isons with the experimental recoil momentum distribu-
tions and to extract cross sections for the (p, pn) and
(p, pp) reactions. The Monte Carlo event generator de-
scribed below calculates the momenta of both nucleons
ejected from the target following 2N absorption. The
events can be sorted into spectra for any desired kine-
matic variable such as E or P, and the spectra can be
made with or without the condition that the emitted nu-
cleons are inside the solid angles and have energies above
the thresholds of the detectors and are detected.

In the Monte Carlo event generator the photon energy
was chosen from a bremsstrahlung distribution weighted
by the energy-dependent total photon absorption cross
section for deuterium. As the energies involved are
well removed from the bremsstrahlung end point energy,
the bremsstrahlung distribution was approximated by
1/E~. The deuteron cross section was taken from the
parametrization of Thorlacius and Fearing [25].

The magnitude of the initial momentum of the inter-
acting nucleon pair was selected from the distribution
of PzF(P), where the nucleon pair momentum distribu-
tions for the three possible combinations of initial shells
were derived from harmonic oscillator wave functions:
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15/(2Ps~) ( P 4P') 2P) '

(Al)

34(2p' ) p 2pr '

d(2P' )

(A2)

The direction of P was chosen from an isotropic distribu-
tion. Assuming that the recoil nucleus is a spectator and
that there is no FSI, the recoil nucleus has momentum
—P and corresponding kinetic energy T„.

The excitation of the residual nucleus (E ) was chosen
as described in Sec. III. Maintaining the basic assump-
tion that the residual nucleus is a spectator during the
interaction between the photon and the nucleon pair, en-
ergy conservation implies that the initial pair has a total
energy of Mt —(M + T„+E ) where M& and M„are the

rest energies of the target and recoil nuclei, respectively.
After transformation to the center-of-mass frame of

the initial nucleon pair and the photon the momenta of
the outgoing nucleons were evaluated using energy and
momentum conservation. The nucleon directions in this
frame were selected assuming either the angular distri-
bution for the zH(p, p)n reaction [25] or an isotropic dis-
tribution. The nucleon momenta were then transformed
back into the laboratory frame. No attempt was made
to account for Anal state effects as the nucleons escape
from the nuclear potential well. Because the nucleons
are emitted almost back to back the effect on the recoil
momentum is expected to be small at the present photon
energies.

This 2N model has the advantage compared to earlier
phenomenological treatments [32,33] of the (p, NN) pro-
cess, that overall energy and momentum conservation are
guaranteed by a prescription for choosing the energy and
momentum of the initial pair, which is also consistent
with the spectator role of the residual nucleus.
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