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The 12C„g,NN… reaction studied over a wide kinematic range
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The 12C(g,np) and 12C(g,pp) reactions have been studied using the Glasgow photon tagging spectrometer
at the Mainz MAMI electron microtron forEg5150–700 MeV over a kinematic range which extends well
beyond the approximately back-to-back detector arrangements of previous work. For12C(g,np) the general
trends of the missing energy distributions are reproduced over a wide range of kinematics and photon energies
by the theory developed by the Valencia group. The corresponding12C(g,pp) channel is overestimated by a
factor of ;3. Detailed comparisons of the experimental data with a Monte Carlo simulation of the direct 2N
knockout process provide the first evidence above theD resonance for direct 2N knockout and show that this
process dominates the12C(g,np) reaction at low missing energies up toEg;700 MeV. The 12C(g,pp)
reaction is somewhat less well described by the Monte Carlo simulation. A possible explanation of the
observed discrepancies within a direct 2N framework is presented. At high recoil momenta both 2N reaction
channels exhibit an excess yield compared to the Monte Carlo prediction of direct 2N knockout. The excess
yield in this region is compared with the predicted effects of short-range correlations and with the predicted
contributions due to other reaction mechanisms.

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

The study of the photoemission of nucleon pairs from
nucleus was originally thought to be a good tool for study
short-range correlations. It was later realized that sev
mechanisms will play a role in these reactions and may m
it difficult to extract information on correlations. Our unde
standing of the different processes involved has only p
gressed significantly in quite recent years, through major
provements in both the quality of the experimental data
in the theoretical description of the photoemission proce

When a photon is absorbed by a nucleus the differ
absorption processes and final-state interactions~FSI’s! pose
a complicated theoretical problem. In particular FSI’s p
duce two-step reaction processes which make informa
about the initial state difficult to extract. For few-body nuc
the cross sections can be calculated@1# from the basic Feyn-
man diagrams. For heavier nuclei the complexity of t
problem renders this approach intractable. The study
heavier nuclei is, however, important, not only to exam
contributions from nucleons above thes shell, but also to
learn more about how the nuclear medium affects the b
processes. In particular, extracting information on modifi
tions to the fundamentalNN interaction and the role ofD-N
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and 3N interactions require measurements over a wide ra
of kinematics and photon energy for several nuclei toget
with a reliable theoretical treatment.

In recent years the Valencia group have developed a
croscopic model of photonuclear reactions in heavier nu
@2#. This includes all the important reaction processes occ
ring in photon absorption at intermediate energies. The pr
ucts of these reactions are then tracked through the nuc
medium, using a semiclassical approach to account for
further interactions in the nucleus. The basic absorption p
cesses comprise absorption on two or three nucleons~2N/
3N! and pion production processes (Np and NNp). The
pion production processes include both resonant (D) and
nonresonant terms and include the propagation and inte
tion of the D in the medium. The model accounts for bo
long- and short-range correlation effects, with the latter
cluded by the use of correlated nucleon pair wave functi
which are consistent with the expectedNN repulsion at short
range. Nucleons produced from the initial reaction proces
can be scattered by the medium, while pions can be scatt
or reabsorbed in (p,NN) and (p,NNN) reactions. The
model has been shown to give a good account of all of th
processes in a comparison of recent (g,np) data presented a
a function of missing energy,Em @3,4#. Reference@5# also
shows agreement with (g,np) data presented as a functio
of proton energy, although some proton angle-dependent
crepancies were evident. For the weaker (g,pp) channel the
magnitude is overestimated by a factor of;3 @3–6# but the
general agreement with the shape of the distribution in
cates the relative contributions of the different reaction p
cesses are fairly well described.

Although the Valencia model represents a major theo

e,

y.
©2000 The American Physical Society16-1



o
s
a
al
re
s
wo
s
s

ys
nd

-

o

ir

ity
l
as

on
en
ve
-

a
e
e

o

on
rp

i
he

s
tt

n
Fo

tl

can
are
he

C’s
ent
c-

bly

on
at

eV

e
d

ron
the
ton

-
asis
tion

ll
the

tion

still
the

s of

he
tate

and
oth

lus-
re-

tion
ies

D. P. WATTSet al. PHYSICAL REVIEW C 62 014616
ical advance, allowing the treatment of the full complexity
the photonuclear reaction mechanism, this is achieved at
nificant cost. The model is based on a nuclear matter
proach which, although related to real nuclei by a loc
density approximation, neglects binding effects, and igno
nuclear shell structure. Many other theoretical approache
(g,NN) reactions concentrate exclusively on the direct t
nucleon knockout process~2N! leaving the residual nucleu
in a low lying, bound state and this more limited aim allow
the models to be based on a more realistic description
nuclear structure.

The early theoretical approach of Gottfried@7#, which has
been the basis of many subsequent experimental anal
uses a ‘‘zero-range approximation’’ for the interaction a
restricts the photoabsorption to be on pairs inS relative an-
gular momentum states (l 50) with the additional assump
tion of outgoing plane waves. The cross section can then
written as the product ofF(P), the probability of finding a
pair in the nucleus at zero separation with a combined m
mentum ofP, and a second termSf i which depends princi-
pally on the wave function for the relative motion of the pa
The F(P) distribution is obtained simply from folding two
individual nucleon momentum distributions. Due to par
conservation the relativeSstate is only allowed if the orbita
angular momentum due to the motion of the center-of-m
~c.m.! of the pair,L, equals 0 or 2 for two (1p) shell nucle-
ons and these two possibilities make up the (1p)2 F(P)
distribution. For (1s1p) knockout the parity of the pair is
reversed and the (1s1p) F(P) includes only L51. Al-
though correlations between the two knocked out nucle
do not affect their combined momentum distribution, rec
calculations@8# using a leading-order approximation ha
indicated that at largeP, this distribution is sensitive to short
range correlations with the other~A-2! nucleons. The prob-
ability of such largeP is small so this does not imply
significant modification of the Gottfried approach. Howev
it does suggest an interesting way to access correlation
fects in 2N knockout measurements.

In recent years far more detailed microscopic models
2N knockout have become available@9–13#. These models
include a distorted wave treatment of the emitted nucle
and a detailed description of the contributing photoabso
tion mechanisms, meson exchange currents~MEC’s!, D con-
tributions and short-range correlations~SRC’s! and are lead-
ing to a much deeper understanding of 2N knockout. In these
models the formal factorization,F(P)3Sf i , of the Gottfried
treatment is lost, although the pair momentum distribution
still a determining factor in the angular correlation of t
outgoing nucleons. For the (g,np) reaction above 200 MeV
photon energy Refs.@11,13# indicate that absorption on pair
in relativeS states is still dominant as assumed in the Go
fried treatment. However, for (g,pp) this simp-
lification has serious shortcomings since some 2N knockout
mechanisms would be expected to proceed via absorptio
pairs in higher relative states of angular momentum.
(g,np) the dominant reaction mechanisms are predicted
be meson andD currents with smaller contributions from
mechanisms involving SRC’s, although these significan
increase withEg @10#. Valuable information on the medium
01461
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range behavior of nucleon pairs in the nuclear medium
be obtained from the two-body mechanisms, which
dominant in this channel at lower photon energies. T
(g,pp) reaction is expected to be more sensitive to SR
due to the suppression of charged MEC’s, although rec
calculations predictD mechanisms dominate the cross se
tion for Eg<300 MeV @10,13#. Above theD resonance the
relative role of SRC’s is predicted to increase considera
with a third of the (g,pp) cross section atEg5400 MeV
attributable to SRC mechanisms@14#. The maximum sensi-
tivity to SRC’s is predicted to occur for photoabsorption
pairs in relative 1S0 states as the proton-proton pair is
close range and the contribution of the dominantM1 com-
ponent for 2N knockout involving intermediateD excitation
(DN →NN) is suppressed@15#.

Many recent photonuclear experiments above 100 M
have concentrated on 2N emission@3–6,16–23#. Measure-
ments of the recoil momentum distributions in th
12C(g,np) and 12C(g,pp) reactions have been obtaine
over a wide photon energy range (Eg5150–400 MeV! and
with good energy resolution in the so-called quasideute
~QD! kinematics, detecting outgoing nucleons near to
back-to-back angular correlation which results from pho
absorption on stationary initial pairs@16,21#. A Monte Carlo
~MC! model of the direct 2N knockout process, which simu
lates the measured pair momentum distribution on the b
of the Gottfried model assumptions gave a good descrip
of the shape of the (g,np) momentum distribution and only
slightly poorer agreement for (g,pp) in the missing energy,
Em , regions corresponding to absorption on (1p)2 pairs. The
(g,np) data for the higherEm region, which is populated by
absorption on (1s1p) pairs, was also found to be quite we
described by the MC model. These results suggest that
2N mechanism is dominant at lowEm . However the
near-QD kinematics employed strongly biases the detec
efficiency in favor of the direct 2N knockout mechanism so
that measurements over a wider kinematic range could
show a significant contribution from other mechanisms to
overall (g,NN) yield.

Subsequent measurements of the angular distribution
back-to-back pairs from the (1p)2 shells of 12C @23# showed
large differences between (g,np) and (g,pp) indicating dif-
ferent microscopic mechanisms for the two reactions. T
dissimilar shapes also gave a strong indication that final-s
interactions~FSI’s! following an initial (g,np) reaction do
not dominate the (g,pp) yield for this low Em region. Pre-
dictions from the microscopic code of Ryckebusch@12# re-
produce the general features of the angular distributions
give a good description of the energy dependence of b
reactions.

Recent measurements with polarized photons have il
trated the limitations of the Gottfried assumptions. Measu
ments of the asymmetry for the12C(gW ,pp) reaction at Mainz
@24# and a measurement on16O at LEGS@25# indicate that
the reaction cannot be explained simply by photoabsorp
on pp pairs in relativeS states. The measured asymmetr
for the (gW ,np) reaction on12C @26# and 16O @25# indicate
6-2
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THE 12C(g,NN) REACTION STUDIED OVER A WIDE . . . PHYSICAL REVIEW C 62 014616
differences between thepp andnp channels at low missing
energy.

The present experiment was designed to measure
(g,NN) cross section over a phase space region predo
nantly away from the usual back-to-back kinematics of p
vious measurements. This provides a far more stringent
of the photoreaction models, because the relative contr
tions from different processes are expected to vary consi
ably over such a region. The wide detector acceptance
allows the 2N knockout component of the yield to be studie
in kinematic regions where the initial momentum of t
nucleon pair is necessarily large. This range of pair mome
and the similarly wide photon energy range of the pres
data will test the limitations of the previous analyses@16–
21#, in which it was assumed that the variation of t
(g,NN) cross section is dominated by its proportionality
F(P), which was calculated using harmonic oscillator wa
functions and the Gottfried prescription. The pair mome
also reach the region in which sensitivity to SRC’s is p
dicted@8#. In addition, the cross section in regions where 2N
knockout is not dominant allows a more quantitative asse
ment of the possible contribution of other processes at
Em , information which is particularly important for compar
son of data with modern microscopic models.

II. EXPERIMENT

The experiment was carried out at the 855 MeV Ma
microtron~MAMI-B ! @27# using the Glasgow tagged-photo
spectrometer@28# together with two plastic scintillator array
to detect the emitted nucleons. The photon beam was c
mated 2.5 m downstream from the radiator by a circula
mm diameter aperture. This produced a resultant beam
diameter of;1.5 cm at the target. The tagging efficien
~fraction of tagged photons reaching the target! was mea-
sured in separate experimental runs at reduced beam in
sity with a lead glass detector placed in the photon be
line. The average value was found to be;56%. During nor-
mal runs the photon beam intensity and position were mo
tored using an ion chamber and high sensitivity TV cam
placed downstream of the target.

The positioning of the detectors for the experiment
shown in Fig. 1. Protons were detected in a charged par
hodoscope~PiP! @29# placed in a backward position coverin
the polar angular range 78° –158°. The reaction timing w
obtained from a segmented half ring of 1 mm thick scin
lators (DEPiP) centered on the target and positioned on
PiP side of the photon beam at a radius of;11 cm. The first
level trigger required a hit in PiP along with a hit in aDEPiP
element between PiP and the target.

Coincident protons and neutrons were detected in an a
of time-of-flight plastic scintillators~TOF! @30#, which were
positioned to cover a wide angular range (36.7° –142.
opposite PiP and 16° – 31° on the PiP side of the beam.
TOF flight paths were in the range 4.0–6.2 m, giving a to
solid angleDV50.91 sr. Separation of charged and u
charged particles in the TOF array was carried out us
information from two segmented half rings of scintillat
(DE1, DE2), each 2 mm thick, centered on the target
01461
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radii of ;11 cm and;30 cm. Compared with previous mea
surements@3–5,16–23# the addition of the second half rin
improves the identification of particles detected in the TO
array. The graphite target, of density 685.3 mg/cm2, was
placed at an angle of 45° to the photon beam direction. T
background of events not originating from reactions in t
target was measured in runs with the target removed. De
tor calibrations were carried out using a 216.0 mg/cm2 per-
deuterated polyethylene target (CD2). The combined missing
energy resolution, averaged over the photon energy rang
the experiment, was found to be;8 MeV @full width at half
maximum~FWHM!#.

III. DATA ANALYSIS

The identification of protons in the PiP detector used
range method, the details of which have been described
viously @29#. The loss of proton yield through nuclear rea
tions in the scintillator was corrected by applying an ene
dependent weight to the retained proton events, which
calculated from a GEANT@31# simulation of the detector

FIG. 1. Layout of the tagger and particle detectors.
6-3
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D. P. WATTSet al. PHYSICAL REVIEW C 62 014616
@32#. The energy range of the PiP detector was;31–270
MeV. The minimum energy threshold was determined by
proton energy losses between the reaction vertex and
front face of PiP and the 8 MeV pulse height threshold
PiP. High-energy protons which entered the back layer
PiP were vetoed and a software cut was applied to the
maining proton events to give a well determined maxim
energy.

In TOF charged and uncharged particles were dis
guished by noting whether the correctDE1 andDE2 ele-
ments fire along the particles’ path from the target. To de
mine the correctDE elements for each TOF bar the patte
of hits in DE elements was examined for single TOF prot
events. The TOF detectors were placed two deep to incr
the efficiency for the detection of neutrons. For uncharg
particles a hit in both front and back layers was assume
arise from scattering into the back layer. For high-ene
charged particles, which could pass through the front T
layer and into the back layer, the two signals were adde
obtain the total TOF pulse height. A plot of total TOF pul
height versus inverse speed for charged particles is show
Fig. 2. The cut indicated on the figure shows how proto
were selected for analysis. For uncharged TOF hits a m
mum time-of-flight requirement was imposed to remove
‘‘ g flash’’ peak@30#.

A pulse height threshold of 9 MeV~electron equivalent!
was applied to the TOF detectors to reduce the effec
randoms and to allow a standard threshold to be used fo

FIG. 2. A 2D plot of pulse height versus inverse speed
charged particles in TOF. The lines on the figure indicate the
applied to the data to select protons.
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neutron detection efficiency calculations with theSTANTON

@33# code. Each neutron event was weighted using the
culated ~energy-dependent! efficiency. This ranged from
;11% for 50 MeV neutrons to;8% at 400 MeV. To re-
move the region of very low neutron detection efficiency
software threshold was applied to the speed of the neutr
equivalent to an energy of 19 MeV. The maximum neutr
energy (;640 MeV! was determined by the software c
required to remove theg flash events. The threshold energ
for TOF proton events was determined by the software pu
height threshold of 9 MeV~electron equivalent! at the TOF
bar which corresponds to;35 MeV at the target. The maxi
mum energy of protons detected by TOF was;190 MeV,
determined by the position of the proton-pion separation
~Fig. 2!.

The effect of random coincidences in the tagger and
TOF neutron events were accounted for by using a we
method@34#. Random protons in TOF were found to be ne
ligible due to the additional requirement of a TOFDE hit.
Events from prompt time regions were incremented in
final yield with a weight factor of 1. Samples of events ou
side these regions were identified as random and in
mented in the final yield with an appropriate negati
weight, scaled to account for the difference in width betwe
the prompt and random regions. The ratio of real to rand
events in the prompt tagger region was;3. For TOF neu-
trons the real to random ratio depended on the neutron a
and varied from;2 to ;7.

The sources of systematic error in the measured c
sections are discussed in Ref.@4# and are estimated to be u
to 612% for the (g,np) reaction and up to611% for the
(g,pp) reaction. An overall check of the reliability of th
measured cross sections was provided by a measureme
the D(g,np) cross section as a function ofEg using a CD2
target. This was found to agree with previous measurem
@35,36# taking account of the statistical (;15%) and system-
atic (;12%) uncertainty.

An attempt was also made to compare the present
with previous results obtained with the PiP-TOF setup. Sin
the visible cross sections depend markedly on the dete
arrangements, which were different in the earlier work, t
comparison has only been possible for a small numbe
overlapping angles from one previous experiment@23#. The
present results are slightly lower than the cross sections
ported at low missing energy in Ref.@23# but the difference
lies easily within the combined systematic errors.

IV. REACTION MECHANISMS LEADING TO TWO
NUCLEON EMISSION

The results of the present experiment are presented in
and the following section. This section starts by survey
the available data and then discusses what can be le
about the mechanisms contributing to the photoemission
nucleon pairs by comparing the data with the Valen
model. The following section considers the direct 2N knock-
out mechanism in more detail.

r
t
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FIG. 3. Missing energy spectra
for the 12C(g,np) reaction, for the
kinematic regionsI , II , and III
specified in the text. The Valencia
model predictions are separate
into the direct 2N knockout~2N!,
direct 2N knockout with FSI
~2N1FSI!, direct 3N knockout
with or without FSI @3N~1FSI!#,
initial p production with subse-
quent p reabsorption in the
nucleus (Np1ABS), initial p
production followed byp rescat-
tering in the nucleus (Np
1EMIT) and initial NNp reac-
tions, as indicated in the figure.
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A. General points

The experimental results in Figs. 3–10 are presente
the form of measured visible cross sections (sv is) defined
simply as the cross section which produces an event wi
the acceptance of the PiP/TOF detectors. Comparison
theoretical models can be made by filtering the results of
theoretical calculation through a simulation of the detec
setup, including the angular and energy acceptances of
detector. The experimental data obtained for the (g,NN) re-
actions are separated into three kinematic regions accor
to the polar angle of the TOF particle~indicated on Fig. 1!.
RegionI was chosen to include back-to-back QD kinemat
and covered a polar angle range of 36.7° –71.2°. The o
regions sampled progressively more extreme kinematics
polar angle ranges of 78.8° –142.4° for regionII and
13.7° –30.2°~on the opposite side of the photon beam to
other TOF detectors! for region III .
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In presenting the (g,NN) data two variables, the reco
momentum,Pr , and the missing energy,Em , are of general
utility. The momentum of the recoiling system,Pr5Pg

2PN12PN2, is obtained from the measured momenta of t
incident photon and the emitted nucleons. If FSI and
effect of the nuclear potential on the outgoing nucleon m
menta are neglected, then for absorption by two nucleons
initial pair momentum,P is given byP1Pr50. TheP dis-
tributions can be calculated and comparison with the m
suredPr distributions allows the possibility of distinguishin
between different absorption mechanisms and also of ide
fying the presence of more complex mechanisms which
volve FSI since this tends to produce higher values ofPr .
The missing energy is defined asEm5Eg2TN12TN22Tr
whereEg is the incident photon energy,TN1 andTN2 are the
energies of the outgoing nucleons andTr is the ~typically
small! energy of the recoiling~A-2! system which is calcu-
6-5
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FIG. 4. Missing energy spectra
for the 12C(g,pp) reaction, for the
kinematic regions specified in th
text. The Valencia model calcula
tions are distinguished as in Fig.
and have been multiplied by a fac
tor of 0.4.
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lated from its momentumPr . The missing energy gives in
formation about the energy associated with excitation of
residual~A-2! system or by other undetected particles and
therefore expected to show sensitivity to the underly
mechanism involved.

B. The 12C„g,np… missing energy spectra

TheEm spectra from the (g,np) measurement in the thre
kinematic regions are shown in Fig. 3, for photon ene
bins up to 700 MeV. The data from regionI show the char-
acteristic peak at low missing energy corresponding to
residual nucleus being left in or near its ground state. Thi
generally attributed to the detection of two nucleons ejec
by a direct 2N knockout process. The strength at lowEm
becomes relatively much less important asEg increases with
01461
e
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other processes giving large amounts of strength in reg
of higher Em . However significant lowEm strength can be
seen up toEg5700 MeV, even though the upper energ
cutoff of the detectors reduces the detection probability
low Em events at high photon energy.

The cross sections for the more backward neutron an
of region II show significantly different behavior. For a
except the lowestEm region the cross section decreases re
tive to regionI by a roughlyEg independent factor of;2.
However the lowEm peak decreases by a factor of;6 even
for the lowestEg range and by a factor of;10 for Eg

5200 – 300 MeV. The even more extreme kinematics
regionIII , where both particles are detected on the same
of the beam, produces an even greater depression of the
Em events and the cross section in thisEm region becomes
6-6
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extremely small aboveEg5300 MeV. The lowEm cross
sections in regionsII , III are significantly smaller than in th
back-to-back kinematics as the 2N knockout processes now
require very large initial pair momenta, which have a ve
small probability in the momentum distribution. For high
Em events the cross sections are largest at the more forw
angles sampled in regionsI and III .

A comparison of the (g,np) missing energy distributions
with the predictions of the Valencia model~VM ! described
in Ref. @2# is shown in Fig. 3. The model treats photon a
sorption by two nucleons, by three nucleons and also qu
free pion production on a single nucleon, and allows
subsequent scattering of pions and nucleons and for
reabsorption. Several combinations of these processes
identified in the figure and in the figure caption. It can
seen that 2N knockout may be separated reasonably well
the basis of missing energy alone, but the remaining mec
nisms cannot be distinguished this way due to their con
erable overlap. Undoubtedly better separation could
achieved from the study of energy and angle correlation
the two nucleons, but this has not yet been attempted.

The VM predictions can be seen to describe the gen
trends of the (g,np) missing energy spectra for all the me
sured photon energies and kinematics. This gives better
fidence in the treatment of the contributing processes by
VM than previous comparisons in more restricted kinem
ics. Looking in more detail, the VM predictions for regionI
attribute the lowEm peak very largely to 2N knockout. The
VM gives better agreement in the 2N knockout region than
is apparent from Fig. 3 as the VM does not include the
perimental resolution which deteriorates at higherEg . Com-
parison of the VM predictions with data integrated over t
2N region ~Figs. 5 and 6! show quite good agreement in a
photon energy regions using a common normalization.
high Eg the 2N knockout strength is particularly interestin
as the photon must necessarily sample theNN interaction at
short range. The VM treatment includes the effects of botr
meson currents and SRC and if their contributions to
cross section at highEg turn out to be large, it should b
possible to obtain information on these mechanisms from
comparison with the data. This possibility is being inves
gated.

The large strength at higherEm (>100 MeV! in regionI ,
which is seen for photon energiesEg>300 MeV is pre-
dicted by the VM to arise mainly from quasifree pion pr
duction followed by pion reabsorption~ABS!. The model
clearly overestimates the strength of this process in the
gion I kinematics although theEm distribution shape is quite
well described. In total the overestimation may be more
rious than shown in Fig. 3 since the VM does not include 2p
photoproduction, which is expected to be significant. 2p
photoproduction on the proton is negligible atEg;500 MeV
but rises to;50% of the singlep production cross section a
700 MeV @37#. A recent theoretical study@38# has indicated
that the cross section for 2p photoproduction may be en
hanced in the nucleus compared to the free nucleon du
significant medium modifications of the production proce
Also the VM only accounts for theD and does not include
the higher excited states of the nucleon which may contrib
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to the cross section at highEg .
The VM predictions for regionII again indicate that 2N

knockout will be dominant at lowEm , although with a lower
cross section and decreasing with photon energy at a fa
rate than regionI , in agreement with the data, because larg
values of the initial pair momentum are involved. The high
Em regions are predicted to have relative contributions of
different processes similar to regionI , although FSI follow-
ing 2N and 3N absorption has increased. The main F
strength generally occurs at higherEm than in regionI indi-
cating that a lot of the strength comes from harder final-s
interaction processes which give more energy to the resid
system and spread the strength over a widerEm range. The
dominance of theNp1ABS process is again evident fo
Eg>300 MeV and the overestimation of the data is simi
to that observed for regionI .

Even in the extreme kinematics of regionIII the VM
predicts significant 2N knockout at lowEm for Eg below 300
MeV and describes the photon energy dependence o
magnitude fairly well. For photon energies through theD
resonance theNp1ABS process is again predicted to giv
the main contribution and the VM gives a good account
the shape of the missing energy distribution but is less g
at predicting the strength.

Although describing the trends of the measured cross
tions the VM does not give the same level of agreem
observed in comparisons with previous experimental data
12C(g,pn) @3,4# where protons were detected at more fo
ward angles (51° –129°) than in this work. A similar angl
dependent discrepancy is indicated in Ref.@5# where the VM
gives a good description of the12C(g,p) and 12C(g,np)
cross sections at forward emission angles for the proton
overestimates the data by a factor of up to;2 at more back-
ward emission angles.

C. The 12C„g,pp…missing energy spectra

The measured cross sections for the weaker (g,pp) reac-
tion ~Fig. 4! exhibit some different characteristics to tho
observed for (g,np). A comparison of the lowEm yields
shows the (g,pp) cross section is an order of magnitud
smaller, due primarily to the suppression ofD and charged
MEC contributions to the knockout ofpp pairs. The lowEm
cross section diminishes rapidly with increasingEg and es-
sentially disappears forEg above 500 MeV. Some of the
reduction in lowEm strength at high photon energies has t
same cause as in the (g,np) case, namely the upper limit o
the energy acceptance of the particle detectors which is m
restrictive for protons than for neutrons. The strength a
missing energy variation of the (g,pp) cross section for
Em>100 MeV varies withEg and between the three kine
matic regions in a very similar way to the (g,np) cross
section.

A comparison of the VM model predictions with th
(g,pp) missing energy distributions is shown in Fig. 4. Th
relative contribution of the different processes forEm>100
MeV looks similar to (g,np). As has been noted befor
@3–6# the model overestimates the strength of the (g,pp)
process by a factor of 2–3 and for presentation in Fig. 4
6-7
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VM predictions have been multiplied by a factor of 0.4. D
spite the overestimation, the VM gives a reasonable desc
tion of the shapes of the missing energy spectra for m
photon energies and kinematic regions, although the ex
of the overestimation depends on both of these variab
However, these variations are small compared with the o
all scaling factor which suggests some common error in
calculation of thepp channel for all kinematics. Initial 2p
production processes not at present included in the VM m
have a significant contribution forEg>500 MeV and would
worsen the disagreement.

V. DIRECT TWO-NUCLEON KNOCKOUT

As already discussed the VM, although giving good in
cations of the strength of different processes, is not ide
suited to detailed comparisons with the experimental dat
low Em due to the absence of shell structure and the appr
mate description of nuclear binding. In particular the p
dicted 2N knockout contribution cannot be separated acco
ing to emission from specific shell combinations.

The VM calculations presented in the previous sect
suggest that the strength observed at the lowest missing
ergies in the (g,NN) reactions is due largely to direct 2N
knockout. In this section a quantitative check of this assi
ment is made over the whole measured kinematic range
examining the recoil nucleus momentum distributions
done previously in Refs.@16,17,21#. The recoil momentum
distribution shape depends on the shells from which
nucleons are removed and experimentally the 2N knockout
process from different shell combinations is separated u
simple cuts onEm . In 12C the Em<40 MeV region corre-
sponds to absorption on (1p)2 nucleon pairs, whileEm
540–70 MeV corresponds to absorption on (1s1p) pairs
@16#. No attempt is made to extract the (1s)2 strength as its
contribution is expected to be weak and spread over a w
range ofEm .

The Monte Carlo simulations which are used to allo
simple models to be compared with the data are outline
Sec. V A. In Secs. V B and V C the full recoil momentu
distributions are studied to assess the relative contributio
direct 2N knockout to the cross section in the differentEm
regions. Section V D looks in more detail at the high mome
tum end of the recoil momentum distribution for the knoc
out of (1p)2 pairs to explore possible SRC effects. In Se
V E the ratios of strength withL50,1,2 are extracted from
the (1p)2 knockout data and compared to the ratios predic
on the basis of the Gottfried model@7# assumptions.

A. Monte Carlo simulation of the 2N knockout process

For comparison with the lowEm data a Monte Carlo
model of the direct 2N knockout process~MC! is used, the
details of which have been described previously@16,17#. The
Monte Carlo simulation allows the effect of the detector a
ceptances to be included in the reaction model predictio
The MC reconstructs the spectra of observables assum
direct 2N knockout from a spectating residual nucleus. T
Gottfried factorization is implicit in the model with the dis
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tribution of initial nucleon pair momenta in the nucleu
F(P), obtained from folding two individual nucleon momen
tum distributions. The overall missing energy distribution
the residual system after the 2N knockout process summe
over all break up kinematics is obtained iteratively by adju
ing its shape~which is an input to the MC! until the pre-
dicted shape of the missing energy distribution visible in
detectors matches that of the experimental data. The itera
procedure is undertaken in regionI where the contribution
from non-2N events is least. By also normalizing the mod
predictions to the data in this region both the shape
magnitude of distributions in the more extreme kinema
regions (II and III ) can be predicted. This provides a mo
stringent check of the 2N knockout MC model than previ-
ously undertaken, allowing comparison of both the shape
angular dependence of the predicted cross sections to
experimental data.

Predictions from a ‘‘phase-space simulation’’~PS! are
also presented. In this simulation the available energy in
final state is split between the two nucleons and the recoi
system according to the available phase space. The ph
space prediction gives an indication of the energy availa
to the recoil nucleus if it is involved in the reaction mech
nism as opposed to its spectator role in the 2N knockout
modelled by the MC. The PS model is normalized to the d
separately for each region.

B. Recoil momentum distributions for „g,np…
and the mechanism of the reaction

Recoil momentum distributions from the12C(g,np) mea-
surement in the three kinematic regions are shown in Fig
for Em<40 MeV.

The shape of the regionI cross section can be seen to
very well described by the 2N knockout MC ~thick solid
line! for photon energies up to;600 MeV. The large differ-
ences between the 2N knockout MC and the PS prediction
~dotted line! at higherEg make the observation even mo
striking. Although the MC gives slightly poorer detaile
agreement with the shape of theEg5600–700 MeV data the
predicted distribution is much closer to the data than t
obtained from the PS simulation.

The regionII and III data, away from the back-to-bac
kinematics, sample larger values of recoil momentaPr pro-
gressively higher with increasingEg . For momenta up to
400 MeV/c both the shape and magnitude of the data
generally well described by the MC model indicating th
almost all of the measured yield in these more extreme k
matics can still be attributed to 2N knockout. The sensitivity
of the cross section in these regions to high pair mome
shows the existence of some additional strength in the
perimental data forPr>400 MeV/c, which is not described
by the MC. However, this excess strength is small compa
to the main 2N knockout strength sampled in regionI .

Overall these results forEm<40 MeV show the domi-
nance of the 2N knockout process even when including r
gions well away from the usual back-to-back kinemati
This reinforces the findings of previous works@16–22# by
showing that the observed dominance of 2N knockout at low
6-8
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THE 12C(g,NN) REACTION STUDIED OVER A WIDE . . . PHYSICAL REVIEW C 62 014616
Em was not simply due to the positioning of the detectors
a suitable geometry. The data also extend theEg range and
indicate the existence of direct 2N knockout of (1p)2 pairs
for photon energies well above 400 MeV. Little is know
about the reaction mechanism at high photon energy,
though the smaller wavelength may produce an increa
sensitivity to the shorter range part of theNN interaction.
The higherD or N* baryon resonances may also play a ro
in the knockout mechanism. A detailed study of theEg de-
pendence of the reaction is presently underway.

The data also indicate that the pair momentum distri
tion F(P), employed in the MC simulation of the proces
accurately represents the momentum distribution of the p
Since the distribution was derived assuming thepn pair is in
a relativeS state it appears that absorption on such pair
dominant. A more detailed investigation of this assignmen
made in Sec. V E.

A further, independent indication of the relative contrib
tion of direct 2N knockout is made by comparison of th

FIG. 5. Recoil momentum distributions for12C(g,np) in the
(1p)2 knockout region atEm<40 MeV. The lines on the figure
show the predictions of the 2N knockout MC~thick solid!, phase
space model~dotted! and the predicted total~dot-dash!, direct 2N
knockout ~dash! and 2N1FSI ~thin solid! cross sections from the
Valencia model. The Valencia model predictions have been m
plied by a factor of 0.5.
01461
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data in Fig. 5 with the predictions of the Valencia mod
although the absence of shell structure in the model and
residual disagreements with the missing energy distributi
in Figs. 3 and 4 give expectation of only limited agreeme
The VM predictions for the direct 2N knockout cross section
~dash! and the total 2N emission cross section~dot-dash!,
both multiplied by a factor of 0.5 are plotted. The VM pr
dictions support the previous findings that direct 2N knock-
out dominates the cross section for the removal of (1p)2

nucleons. Despite its limitations the VM gives a consiste
description of the variation of the (g,np) cross section at
low missing energy and recoil momentum over a wide ran
of photon energies and kinematics. A more detailed inve
gation of the highPr data is presented in Sec. V D.

Data from the 12C(g,np) (1s1p) knockout region for
Em540–70 MeV may be more affected by processes ot
than direct 2N knockout as these generally result in mo
energy being given to the residual system. However
shown in Fig. 6 thePr dependence of the cross section
region I is quite well described up to 700 MeV photon e
ergy by the MC predictions, although the detailed agreem

i-

FIG. 6. Recoil momentum distributions for12C(g,np) in the
(1s1p) knockout region atEm540–70 MeV. The different calcu-
lations are distinguished as in Fig. 5. The Valencia model pre
tions have been multiplied by a factor of 0.5.
6-9
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in shape is inferior to that observed for (1p)2 knockout and
a small excess strength is evident at highPr . The data in
regionsII and III do show significant additional strength
higherPr , the relative contribution of which increases wi
photon energy. Although unable to describe the strengt
high recoil momentum, the MC model does generally rep
duce the shape and strength of the lowerPr data, showing
that the angular dynamics of the (1s1p) cross section for
Pr<300 MeV/c are consistent with a dominant 2N knock-
out contribution. Indeed, as can be seen in Fig. 7 the dis
bution in polar angle (u r) of the recoil momentum for event
in theEm540–70 MeV region withPr<400 MeV/c is con-
sistent with the MC prediction shown by the solid line.

Although the experimental results in regionII show a
significant cross section at highPr the measured (1s1p)
cross section is dominated by the yield in the back-to-b
kinematics, which has a distribution close to that expec
from direct 2N knockout.

The VM predictions shown in Fig. 6 are multiplied by th
same factor of 0.5 applied in the (1p)2 region. The largest
contribution in the back-to-back kinematics of regionI is
predicted to be from direct 2N knockout but a significan
contribution from other processes is also suggested and
could explain the lack of detailed agreement between the
and experiment in Fig. 6 and Refs.@16,21#. The predicted
relative contribution of the other processes increases rap
away from the back-to-back kinematics.

C. Recoil momentum distributions for „g,pp…
and the mechanism of the reaction

The cross section for the (g,pp) reaction at lowEm is
reduced, as noted above, at highEg due to the restricted
upper energy limit of TOF for identifying protons. Reco
momentum distributions are therefore only presented
Eg<600 MeV in Figs. 8 and 9.

For Em<40 MeV shown in Fig. 8 the MC describes th
shape of the available regionI data reasonably well, al

FIG. 7. Angular distribution of the recoil system for12C(g,np)
and (g,pp) in the (1s1p) knockout region atEm540–70 MeV in
the regionII kinematics. The figure shows the distribution for allPr

~circles! and Pr<400 MeV/c ~triangles!. The lines on the figure
show the predictions of the 2N knockout MC ~solid! and phase-
space model~dotted!.
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though the detailed agreement is not as good as that obse
for the (g,np) reaction. The model predicts strength at lo
Pr which is not visible in the experimental data, a small b
consistent effect also evident in earlier comparisons@16,21#
under different kinematic conditions. In Refs.@16,21# this
disagreement was interpreted as a sign of contributions f
mechanisms other than directpp knockout, but it is now
thought to be the result of an inappropriate pair moment
distributionF(P) in the MC simulation. This is discussed i
Sec. V E. For regionsII andIII the MC model again gives a
reasonable general description of the large changes
strength and shape of the lowerPr data but as already ob
served in the corresponding (g,np) distributions it does not
account for strength atPr>500 MeV/c. However when all
three kinematic regions are considered direct knockout
be seen to account for most of the measured strength.

The VM predictions shown in Fig. 8 have been multiplie
by a factor of 0.15 for comparison with the experimen
data. The direct 2N knockout process is predicted to dom
nate the lowPr yield in all kinematic regions, giving suppor
to the above interpretation. The VM also gives a qualitat
description of the relatively small strength at highPr , attrib-
uting most of the yield to processes other than direct kno
out.

Figure 9 shows the12C(g,pp) recoil momentum distribu-
tions for Em540–70 MeV. In the back-to-back kinematic
of regionI the MC predictions of direct knockout of (1s1p)
pairs~thick solid line! do not describe the data forPr above
;300 MeV/c indicating a large contribution from other pro
cesses. This is also evident in the data from Refs.@16,21#.
The trend is accentuated in regionsII andIII . The MC gives
a reasonable general description of the lowPr cross section
as shown by theu r distributions plotted in Fig. 7 but canno
describe the significant strength in the data at higherPr .

The VM predictions multiplied by a factor of 0.15 ar
also compared with the experimental data in Fig. 9. The V
does not predict that direct 2N knockout is dominant at any
photon energy, even for regionI . This result brings into
question the validity of the normalization of the 2N knock-
out MC to the experimental data in this region. For the oth
kinematic regions direct knockout is predicted to play
even smaller role with the bulk of the measured cross sec
attributed to other processes by the VM which does rep
duce the general trends of the recoil momentum distri
tions. A study of direct knockout of (1s1p) proton pairs will
only be possible if an accurate treatment of the contribut
of other processes is available.

D. Recoil momentum distribution at high Pr—
Possible short-range effects

It has often been suggested that a study of the (g,NN)
reaction can produce information on SRC’s since the co
lations can directly affect the absorption mechanism. Ho
ever, it is possible that this information can be obtained fr
the (g,NN) data in a different way, less sensitive to th
details of the reaction mechanism, which are still not fu
understood. In Ref.@8# Orlandini and Sarra calculate the e
fect of SRC’s on the pair momentum distribution in16O.
6-10
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Each of the nucleons, which make up the pair, carries in
mation on its previous short-range collisions in the form
an enhancement of its momentum wave function at high m
mentum and this produces enhancements in the momen
distribution of the pair above;450 MeV/c. In the present
results SRC’s would show up as an excess strength at
recoil momentumPr compared to the 2N knockout Monte
Carlo prediction which does not take account of correlatio
It is apparent in Figs. 5 and 8 that such an excess streng
observed even for the lowest missing energy bin,Em<40
MeV, where final-state interactions and other mechanis
are least important. Recent12C(e,e8pp) data @39# also
shows significant excess strength in this high momentum
gion.

A search for SRC effects has been carried out using
presentEm<40 MeV data for the (g,np) reaction since, as
discussed in Secs. V B and V E, the form of the pair mom
tum distribution is better established fornp emission than for
(g,pp). The ratio of the experimental data to the MC mod
predictions is presented in Fig. 10 to highlight the exces
high Pr . Although there is some scatter in the points Fig.
does indeed show an excess of measured strength com
to the MC calculation forPr>450 MeV/c and thePr depen-
dence of the ratio is similar for all kinematic regions a
photon energies. The calculation of Orlandini and Sarra@8#
~solid line! is in reasonable agreement with the experimen
data. It shows the ratio of the pair momentum distributi
which they obtain for16O including SRC’s divided by the
distribution obtained without SRC’s. The agreement with
data should be treated with caution since the calculation
cludes all excitations in the residual nucleus, whereas

FIG. 8. Recoil momentum distributions for12C(g,pp) in the
(1p)2 knockout region atEm<40 MeV. The different calculations
are distinguished as in Fig. 5. The Valencia model predictions h
been multiplied by a factor of 0.15.
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present results include only low-lying states. Equivalent c
culations for one-nucleon knockout find that the addition
high momentum strength produced by SRC’s is predo
nantly associated with large excitations in the resid
nucleus.

Two other possible sources of the excess yield have
been examined. First, the effect which would be obtained
replacing the harmonic-oscillator~HO! wave functions used
in the MC model with more realistic nucleon wave functio
was investigated. The dashed~dotted! lines show the ratio of
the pair momentum distribution obtained with Woods-Sax
~Hartree-Fock! wave functions@40# to the HO result. These
indicate that the excess is not a result of an inadequacy
culiar to the HO wave functions. Second the VM predictio
~Fig. 5! were examined in more detail to see if process
other than direct 2N knockout could be responsible for th
measured excess. The result is inconclusive; other proce
do produce an excess abovePr;450 MeV/c but with only
about 50% of the observed strength. Furthermore, sinc
large part of the strength is due to 2N knockout followed by
FSI, it is important to know how significantly the FS
changesPr in order to know whether such 2N1FSI events
should be counted as part of the excess or part of the b
2N strength, and this information is not at present availa
from the VM code. Although Fig. 10 suggests a measura
influence of SRC’s on the pair momentum distribution, mo

e

FIG. 9. Recoil momentum distributions for12C(g,pp) in the
(1s1p) knockout region atEm540–70 MeV. The different calcu-
lations are distinguished as in Fig. 5. The Valencia model pre
tions have been multiplied by a factor of 0.15.
6-11



i

ot
-
s

l
na
lo

lo
s

l
ates
m-

this
-
al-
n-

re-

in
or
r

et
bu-
l
t of
d at

the
has

-
eV

ted

-
ons,
al
lu-

,
he

tle

he
m

ad
p-
cal-

e
ith

D. P. WATTSet al. PHYSICAL REVIEW C 62 014616
detailed analysis of other contributing mechanisms
needed.

E. The angular momentum components ofF „P…
and the limitations of the Gottfried approach

In Secs. V B and V C the (g,NN) recoil momentum dis-
tributions are compared with simulations which use the G
fried expression forF(P). For the (g,pp) case these com
parisons show the same small, systematic discrepancies
in earlier experiments@16,21#. It is explained below that
these discrepancies are an expected consequence of the
tations of the Gottfried approach. In fact a detailed exami
tion of the recoil momentum spectra can be used to exp
the expected sensitivity of 2N knockout to the nature of the
residual state and hence to the reaction mechanism. Be
this is done for the (1p)2 knockout region since this feed
the relatively well separated lower lying bound states.

FIG. 10. Recoil momentum distributions for12C(g,np) for
Em<40 MeV presented as a ratio to the 2N knockout MC predic-
tions. The plot shows data from the kinematic regions I~squares!, II
~triangles!, and III ~circles! described in the text. The solid lin
shows the ratio of the pair momentum distribution obtained w
SRC’s to that calculated without SRC’s for16O @8#. The dotted
~dashed! lines show the ratio of thePr distribution predicted using
Hartree-Fock~Woods-Saxon! wave functions~with no SRC’s! to
that using HO.
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In the (g,NN) reaction the spin and parity of the fina
states in the nucleus can act as a filter with particular st
populated only by photoabsorption on pairs in specific co
binations of relative~l! and c.m. ~L! angular momentum
states. For (1p)2 knockoutL50,1,2 are allowed for the ini-
tial pair and the present data are, therefore, fitted with
combination(LaLFL(P) where the pair-momentum distri
butions,FL(P), for each angular momentum value are c
culated from harmonic-oscillator wave functions. To co
serve spin and parity in the knockout of (1p)2 pairs even
~odd! valued l states must couple to even~odd! valued L
states. The allowed combinations for each state in the
sidual nucleus are tabulated in@10,13#. The Gottfried zero-
range approximation, which implies that the initial pair is
a relativeS state, leads to a pair momentum distribution f
an np pair havingL components in the ratio 0.33:0:0.67 fo
L50,1,2, respectively. Using more realistic12C wave func-
tions @41# this becomes 0.40:0:0.60 for pairs in spin tripl
(S51) states, which are thought to make the main contri
tion to the (g,np) reaction@7#. Before being fitted the recoi
momentum distributions have been corrected for the effec
detector acceptance using a correction function determine
each photon energy from the 2N knockout MC simulation.
To improve the presentation of the fits in Figs. 11 and 12,
P2 phase-space factor in the momentum distributions
been divided out.

Fits to the (g,np) recoil momentum distributions are pre
sented in Fig. 11 for two photon energy bins and two 6 M
wide bins of observed excitation energy,EX , in the residual
10B nucleus,23<EX<3 MeV and 3<EX<9 MeV. The
data forPr<400 MeV/c are fitted with combinations ofL
50,1,2 distributions and the relative contributions extrac
from the fit are shown in Table I. The10B nucleus has many
levels in each of the fittedEX regions. Nonetheless differ
ences are already evident between the two excitation regi
although the separation of transitions to different individu
states will have to wait for a measurement with finer reso
tion, as already proposed at Mainz@42#.

The Pr distribution of theEX<3 MeV data is well de-
scribed in bothEg regions byL50,2 contributions alone
with a relative contribution close to that expected from t
knockout of pairs initially in relativeS states. However, the
higher EX region does indicate a significantL51 contribu-
tion, which is largest at lowEg . For direct 2N knockout this
suggests the contribution of pairs in relativeP states. Al-
though FSI effects could possibly add strength in thisL51
region, the predictions of the Valencia model indicate lit
contribution from processes other than direct 2N knockout.
The microscopic theory by Ryckebusch@11#, which does not
make any restrictions on the relative wave function of t
initial nucleon pair, does in fact predict a contribution fro
relativeP states at photon energies below;200 MeV where
the larger magnitude of the photon wavelength would le
one to expect a breakdown in Gottfried’s ‘‘zero-range’’ a
proximation. On average this contribution increases the
culated cross section in the 150–200 MeV region for16O by
;15% which is comparable with theL51 strength averaged
over bothEX bins in Fig. 11. The relativeP-wave contribu-
6-12
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THE 12C(g,NN) REACTION STUDIED OVER A WIDE . . . PHYSICAL REVIEW C 62 014616
tion is predicted to decrease with increasingEg , as observed
in the data.

For proton-proton knockout the residual10Be nucleus has
a larger spacing between the lowest lying residual sta
@01(g.s),21(3.37 MeV)# than 10B so theEX<3 MeV cut
will emphasize the cross section to the 01 ground state, al-
though the experimental resolution does not permit a t
separation. For (g,pp) the DN→NN knockout mechanism
following initial D excitation is suppressed for magnetic d
pole (M1) photoabsorption on1S0 proton-proton pairs be
cause of total angular momentum and parity conserva
requirements in the decay of the intermediateN-D state@15#.
The D mechanism only contributes to 2N knockout through
photon absorption on pairs in higher relative waves than
S state or transitions involving higher multipolarity.

Fits to the (g,pp) recoil momentum spectra are present
in Fig. 12 and the relative contributions for differentL values
are shown in Table I. TheEX<3 MeV data shows the
knockout of proton-proton pairs withL51 is far more prob-

FIG. 11. 12C(g,np) Pr distributions for twoEm cuts within the
(1p)2 knockout region. The data have been corrected for pha
space and detector effects. The curves show the result of fitting
data with the combination(LaLFL(P) ~solid! and the separate con
tributions from theL50 ~dash!, L51 ~dotted!, and L52 ~dot-
dash! components. The relative contribution of the different co
ponents are shown in Table I.
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able than that observed for the (g,np) reaction, suggesting
3P pairs give a significant contribution to thepp knockout
process. TheL50,2 components in the momentum distrib
tion indicate that1S0 knockout contributes to the cross se
tion (1D2 knockout is predicted to give small contribution
in this Eg region @10#!, mainly throughL52 pairs and in-
creases in importance withEg . The increase of1S0 knock-
out with photon energy could be due to either a larger S
contribution or a significant contribution from higher mult
polarity photons to the knockout process via theD mecha-
nism.

In going from lower excitation to the 3<EX<9 MeV
region, the relative contribution ofL50 knockout in bothEg
regions is reduced, indicating that this process mainly fe
the lower lying bound states in the residual nucleus.L51
knockout gives a large contribution to the cross section
both photon energy regions feeding the 11 and possibly also
21 state in this region@10,13#. 1S0 knockout with L52
gives a similarly large contribution in thisEX region.

The results presented above reveal the limitations of
Gottfried approach to (g,NN) reactions, in which only
nucleon pairs in relativeS states contribute. For the (g,pp)
reaction the present analysis reveals a large contribu
from 3P pairs. This explains the lack of detailed agreeme

e-
he

-

FIG. 12. 12C(g,pp) Pr distributions for twoEm cuts within the
(1p)2 knockout region. Labeling as in Fig. 11.
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TABLE I. Ratio a0 :a1 :a2 obtained from fitting the12C(g,np) and 12C(g,pp) recoil momentum spectra
with the combination(LaLFL(P) for two excitation regions of the residual nucleus andEg regions below
and through theD resonance. Errors in the fitted parameters are shown in brackets.

Eg EX<3 MeV 3<EX<9 MeV

(g,np) 150–200 0.35(60.02): 0.02(60.13): 0.63(60.07) 0.20(60.01): 0.53(60.13): 0.27(60.07)
200–500 0.37(60.01): 0.01(60.10): 0.62(60.05) 0.22(60.01): 0.43(60.08): 0.35(60.04)

(g,pp) 150–200 0.11(60.02): 0.59(60.29): 0.30(60.18) 0.06(60.01): 0.54(60.17): 0.40(60.12)
200–500 0.15(60.02): 0.16(60.17): 0.69(60.09) 0.06(60.01): 0.62(60.09): 0.32(60.05)
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seen in Fig. 8 and in Refs.@16,21# between (g,pp) data and
a 2N knockout MC model based on the Gottfried approa
The magnitude of the asymmetry from recent (gW ,pp) mea-
surements for12C @24# and 16O @25# is also inconsistent with
that predicted for solely1S0 knockout.

Although the knockout of3P pairs via theD mechanism
gives a large contribution to the (g,pp) cross section,1S0
knockout, which may be sensitive to SRC’s, is also sign
cant especially in the lowestEX region. A large1S0 cross
section at low excitation has also been inferred from rec
16O(e,e8pp) data @43–45# in which the cross section fo
1S0 knockout to the ground and low-lying states was p
dicted to be dominantly due to mechanisms involving SRC
However real photon experiments are expected to show
sensitivity to SRC’s and recent angular distribution measu
ments for12C(g,pp) at Eg5250–300 MeV@23# are consis-
tent withD excitation via higher photon multipoles. The po
sibility that sensitivity to SRC’s can be regained in a high
resolution (g,pp) measurement in a specific kinematic r
gion is presently being investigated.

VI. CONCLUSIONS

The 12C(g,NN) reactions have been measured for a w
kinematic range including regions away from the back-
back geometry of most previous experiments. The gen
features of the12C(g,np) reaction are well described for a
Em by the Valencia model, even in regions away from t
back-to-back kinematics. This gives much improved con
dence that the processes included in the model can gi
good general description of the reaction. The VM overe
mates the corresponding12C(g,pp) cross section by a facto
of ;3 which is photon energy dependent and also to a le
extent angle dependent. This large overestimation of
cross section is similar in all of the kinematic regions stu
ied. For both channels the 2N knockout process, with little
distortion from FSI or non-2N processes, is predicted to giv
the largest contribution at low missing energy.

A detailed study of the direct 2N knockout process wa
carried out for the lowEm data. For excitation regions of th
residual nucleus which can be populated by (1p)2 knockout
the shape of the (g,np) recoil momentum distributions coul
be well described by a 2N knockout Monte Carlo~MC!
model, which predicted the pair momentum from harmon
oscillator wave functions. For (g,pp) the agreement wa
slightly poorer. The large changes in the shape and ma
tude of the cross section away from the back-to-back ki
matics are in good general agreement with the MC pre
01461
.

-

nt

-
.
ss
-

r

e
-
al

-
a

i-

er
e
-

-

i-
-
-

tions, which were normalized to the data in the back-to-ba
kinematics, indicating for the first time that the angular d
namics of the 2N knockout process is well described by th
simple model.

The sensitivity of the 2N knockout reaction to the natur
of the residual nuclear state was explored by separating
excitation regions of the residual nucleus,EX<3 MeV and
3<EX<9 MeV. The shape of the cross section as a funct
of recoil momentum was studied by fitting the distributio
with contributions fromL50,1,2 pairs. For (g,np) most of
the data could be well fitted byL50 and 2 distributions
only, and the ratio of the two contributions was in reasona
agreement with the Gottfried prediction. For (g,pp) the re-
coil momentum data indicated a significant contribution fro
pairs with L51, the relative contribution of which wa
larger for the higher excitation region. TheL51 component
was attributed to the knockout of3P pairs and indicated a
significant breakdown of the Gottfried assumptions for t
channel. The data did, however, indicate significant1S0
knockout, the relative contribution of which was larger f
low excitation and increased withEg .

At large recoil momenta the (1p)2 data indicate a smal
yield in excess of that which can be explained by the sim
2N knockout model. The excess showed little dependence
kinematics or photon energy and was quite well described
the calculated effects of short range correlations on a
momentum distribution for16O. However, predictions from
the Valencia model suggest caution before interpreting
small cross section at high recoil momentum as being
tirely due to the effect of correlations since a significant fra
tion of the strength is predicted to arise from non-2N pro-
cesses.

For theEm540–70 MeV region, where (1s1p) knock-
out is expected to contribute, the detailed agreement of
shape of the recoil momentum distributions with the M
model was inferior to that observed for (1p)2 and a signifi-
cant yield at high recoil momenta was present. For the ba
to-back kinematics the Valencia model indicated a largeN
knockout component but away from these kinematics n
2N processes generally dominate the cross section.
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