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The *2C(y,np) and *?C(y,pp) reactions have been studied using the Glasgow photon tagging spectrometer
at the Mainz MAMI electron microtron foE,=150-700 MeV over a kinematic range which extends well
beyond the approximately back-to-back detector arrangements of previous workkCEgrnp) 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 correspondi®gy,pp) channel is overestimated by a
factor of ~3. Detailed comparisons of the experimental data with a Monte Carlo simulation of the diect 2
knockout process provide the first evidence aboveAthresonance for directi2 knockout and show that this
process dominates th&C(y,np) reaction at low missing energies up E,~700 MeV. The 2C(y,pp)
reaction is somewhat less well described by the Monte Carlo simulation. A possible explanation of the
observed discrepancies within a diredd Zramework is presented. At high recoil momenta bott 2action
channels exhibit an excess yield compared to the Monte Carlo prediction of diMekb@ckout. 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 numbds): 25.20.Lj, 27.20+n

I. INTRODUCTION and 3N interactions require measurements over a wide range
of kinematics and photon energy for several nuclei together
The study of the photoemission of nucleon pairs from thewith a reliable theoretical treatment.
nucleus was originally thought to be a good tool for studying In recent years the Valencia group have developed a mi-
short-range correlations. It was later realized that severatroscopic model of photonuclear reactions in heavier nuclei
mechanisms will play a role in these reactions and may makE2]. This includes all the important reaction processes occur-
it difficult to extract information on correlations. Our under- fing in photon absorption at intermediate energies. The prod-
standing of the different processes involved has only proucts of these reactions are then tracked through the nuclear
gressed significantly in quite recent years, through major immedium, using a semiclassical approach to account for any
provements in both the quality of the experimental data andurther interactions in the nucleus. The basic absorption pro-
in the theoretical description of the photoemission process.cesses comprise absorption on two or three nucléanhg
When a photon is absorbed by a nucleus the differenBN) and pion production processedl4 and NN7). The
absorption processes and final-state interactigd's) pose  pion production processes include both resonak} énd
a complicated theoretical problem. In particular FSI's pro-nonresonant terms and include the propagation and interac-
duce two-step reaction processes which make informatiotion of the A in the medium. The model accounts for both
about the initial state difficult to extract. For few-body nuclei long- and short-range correlation effects, with the latter in-
the cross sections can be calculaft&fifrom the basic Feyn- cluded by the use of correlated nucleon pair wave functions
man diagrams. For heavier nuclei the complexity of thewhich are consistent with the expectstl repulsion at short
problem renders this approach intractable. The study ofange. Nucleons produced from the initial reaction processes
heavier nuclei is, however, important, not only to examinecan be scattered by the medium, while pions can be scattered
contributions from nucleons above tiseshell, but also to or reabsorbed in #,NN) and (7,NNN) reactions. The
learn more about how the nuclear medium affects the basimodel has been shown to give a good account of all of these
processes. In particular, extracting information on modificajprocesses in a comparison of recepir(p) data presented as
tions to the fundamentalN interaction and the role ak-N  a function of missing energ\g,, [3,4]. Referencd5] also
shows agreement withy{np) data presented as a function
of proton energy, although some proton angle-dependent dis-
*Present address: School of Physics, University of Melbournegrepancies were evident. For the weakgyp(p) channel the
Australia. magnitude is overestimated by a factor-e8 [3—6] but the
TPresent address: Thomas Jefferson Lab, Newport News, VA. general agreement with the shape of the distribution indi-
*Present address: Amadeus Data Processing, Munich, Germanycates the relative contributions of the different reaction pro-
Spresent address: J.P. Morgan Ltd., London, UK. cesses are fairly well described.
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ical advance, allowing the treatment of the full complexity of range behavior of nucleon pairs in the nuclear medium can
the photonuclear reaction mechanism, this is achieved at sidgpe obtained from the two-body mechanisms, which are
nificant cost. The model is based on a nuclear matter apdominant in this channel at lower photon energies. The
proach which, although related to real nuclei by a local-(y,pp) reaction is expected to be more sensitive to SRC'’s
density approximation, neglects binding effects, and ignoreglue to the suppression of charged MEC’s, although recent
nuclear shell structure. Many other theoretical approaches tga|culations predich mechanisms dominate the cross sec-
(7,NN) reactions concentrate exclusively on the direct twotjgn for E,=<300 MeV[10,13. Above theA resonance the
nucleon knockout proces@N) leaving the residual nucleus rejative role of SRC's is predicted to increase considerably

in a low lying, bound state and this more limited aim allows it a third of the .pp) cross section aE.,=400 MeV
the models to be based on a more realistic description O:;ttributable to SRC |”;1echanisrﬁ354]. The m 4

nuclear structure aximum sensi-
C . . tivity to SRC'’s is predicted to occur for photoabsorption on
The early theoretical approach of Gottfried, which has y b b P

. : éaairs in relative'S, states as the proton-proton pair is at
been the basis of many subsequent experimental analys close range and the contribution of the dominktt com-
uses a ‘“zero-range approximation” for the interaction and 9

restricts the photoabsorption to be on pairsSirelative an- ponent for N knockout involving intermediatd excitation

gular momentum states £0) with the additional assump- (AN —NN) is suppresse{iL5]. _
tion of outgoing plane waves. The cross section can then be Many recent photonuclear experiments above 100 MeV
written as the product of (P), the probability of finding a Nave concentrated on\2emission[3—6,16—23 Measure-
pair in the nucleus at zero separation with a combined moents of the recoil momentum distributions in the
mentum ofP, and a second terr8;; which depends princi- -C(».np) and **C(y,pp) reactions have been obtained
pally on the wave function for the relative motion of the pair. over a wide photon energy rangk (= 150-400 MeV and
The F(P) distribution is obtained simply from folding two Wwith good energy resolution in the so-called quasideuteron
individual nucleon momentum distributions. Due to parity (QD) kinematics, detecting outgoing nucleons near to the
conservation the relativ® state is only allowed if the orbital back-to-back angular correlation which results from photon
angular momentum due to the motion of the center-of-masabsorption on stationary initial paif46,21]. A Monte Carlo
(c.m) of the pair,L, equals 0 or 2 for two (ft) shell nucle- (MC) model of the direct R knockout process, which simu-
ons and these two possibilities make up the)? F(P) lates the measured pair momentum distribution on the basis
distribution. For (51p) knockout the parity of the pair is of the Gottfried model assumptions gave a good description
reversed and the Elp) F(P) includes onlyL=1. Al-  of the shape of they,np) momentum distribution and only
though correlations between the two knocked out nucleongjightly poorer agreement fory(pp) in the missing energy,
do not affect their combined momentum distribution, recentEm’ regions corresponding to absorption orp][ipairs. The
calculations[8] using a leading-order approximation have (v,np) data for the higheE,, region, which is populated by
indicated that {at IargE, this distribution is sensitive to short- absorption on (&1p) pairs, was also found to be quite well
range correlations W'th.the othéh-2) r]ucleons. Th? prob- described by the MC model. These results suggest that the
ability of such largeP is small so this does not imply a 5N mechanism is dominant at lovE. . However the

m-

significant modification of the Gottfried approach. However ear-QD kinematics employed strongly biases the detection
it does suggest an interesting way to access correlation eficar ) ploy gy .
efficiency in favor of the direct ® knockout mechanism so

fects in 2N knockout measurements.

In recent years far more detailed microscopic models ofhat measurements over a wider kinematic range could still
2N knockout have become availadie—13. These models show a significant contribution from other mechanisms to the

include a distorted wave treatment of the emitted nucleon8Verall (v,\NN) yield. o

and a detailed description of the contributing photoabsorp. Subsequent measurements of the angular distributions of
tion mechanisms, meson exchange curr€sisC'’s), A con- back-tq-back pairs from the ()~ shells of ZC [2_3] S_hOW?d
tributions and short-range correlatiofRC’S and are lead- arge differences betweery(np) and (y,pp) indicating dif-

ing to a much deeper understanding &f Rnockout. In these fe.fef“ microscopic mechanisms for .the. two reactions. The
models the formal factorizatiof,(P) X S, of the Gottfried dissimilar shapes also gave a strong indication that final-state

treatment is lost, although the pair momentum distribution idnteractions(FSI's) following an initial (y,np) reaction do
still a determining factor in the angular correlation of the N0t dominate the ¢,pp) yield for this low E, region. Pre-

outgoing nucleons. For they(np) reaction above 200 Mev  dictions from the microscopic code of Ryckebugdi] re-
photon energy Ref$11,13 indicate that absorption on pairs p_roduce the genergl features of the angular distributions and
in relative S states is still dominant as assumed in the Gott-91Ve @ good description of the energy dependence of both
fried treatment. However, for +,pp) this simp- reactions. _ . .
lification has serious shortcomings since sonikhockout Recent measurements with pc_)larlzed phOFO”S have illus-
mechanisms would be expected to proceed via absorption OtFpted the limitations of the Gottfrlgd assumptions. Measure-
pairs in higher relative states of angular momentum. Foments of the asymmetry for théC(,pp) reaction at Mainz
(y.np) the dominant reaction mechanisms are predicted t624] and a measurement ofiO at LEGS[25] indicate that
be meson and\ currents with smaller contributions from the reaction cannot be explained simply by photoabsorption
mechanisms involving SRC’s, although these significantlyon PP pairs in relativeS states. The measured asymmetries
increase withE,, [10]. Valuable information on the medium for the (y,np) reaction on*?C [26] and 'O [25] indicate
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differences between thep andnp channels at low missing
energy.

The present experiment was designed to measure th
(v,NN) cross section over a phase space region predomi
nantly away from the usual back-to-back kinematics of pre- beam dump
vious measurements. This provides a far more stringent tes
of the photoreaction models, because the relative contribu
tions from different processes are expected to vary consider
ably over such a region. The wide detector acceptance als
allows the 2\ knockout component of the yield to be studied
in kinematic regions where the initial momentum of the
nucleon pair is necessarily large. This range of pair momente
and the similarly wide photon energy range of the present
data will test the limitations of the previous analy$é§—
21], in which it was assumed that the variation of the
(v,NN) cross section is dominated by its proportionality to
F(P), which was calculated using harmonic oscillator wave
functions and the Gottfried prescription. The pair momenta
also reach the region in which sensitivity to SRC’s is pre-
dicted[8]. In addition, the cross section in regions whehé 2
knockout is not dominant allows a more quantitative assess
ment of the possible contribution of other processes at low
E.,, information which is particularly important for compari-
son of data with modern microscopic models.

Pi P "'\ target

Il. EXPERIMENT

The experiment was carried out at the 855 MeV Mainz
microtron(MAMI-B ) [27] using the Glasgow tagged-photon
spectrometel28] together with two plastic scintillator arrays
to detect the emitted nucleons. The photon beam was colli-
mated 2.5 m downstream from the radiator by a circular 5
mm diameter aperture. This produced a resultant beam spc
diameter of~1.5 cm at the target. The tagging efficiency
(fraction of tagged photons reaching the tajgeas mea-
sured in separate experimental runs at reduced beam inten-
sity with a lead glass detector placed in the photon beam
line. The average value was found to 8&6%. During nor- . . )
mal runs the photon beam intensity and position were monit@dii of ~11 cm and~30 cm. Compared with previous mea-
tored using an ion chamber and high sensitivity TV camergurement$3-5,16—23 the addition of the second half ring
placed downstream of the target. improves the identification of particles detected in the TOF

The positioning of the detectors for the experiment isa'ray. The graphite target, of density 685.3 md/cwas
shown in Fig. 1. Protons were detected in a charged particlglaced at an angle of 45° to the photon beam direction. The
hodoscopéPiP) [29] placed in a backward position covering Packground of events not originating from reactions in the
the polar angular range 78°—158°. The reaction timing wa$arget was measured in runs with the target removed. Detec-
obtained from a segmented half ring of 1 mm thick scintil- tor calibrations were carried out using a 216.0 md/ger-
lators (AEpp) centered on the target and positioned on thedeuterated polyethylene target (9DThe combined missing
PiP side of the photon beam at a radius-af1 cm. The first  €nergy resolution, averaged over the photon energy range of
level trigger required a hit in PiP along with a hit in\Ep;p the experiment, was found to be8 MeV [full width at half
element between PiP and the target. maximum (FWHM)].

Coincident protons and neutrons were detected in an array
of time-of-flight plastic scintillators TOF) [30], which were
positioned to cover a wide angular range (36.7°—-142.0°)
opposite PiP and 16°—31° on the PiP side of the beam. The The identification of protons in the PiP detector used a
TOF flight paths were in the range 4.0—6.2 m, giving a totalrange method, the details of which have been described pre-
solid angleAQ)=0.91 sr. Separation of charged and un-viously [29]. The loss of proton yield through nuclear reac-
charged particles in the TOF array was carried out usindions in the scintillator was corrected by applying an energy
information from two segmented half rings of scintillator dependent weight to the retained proton events, which was
(AE1, AE2), each 2 mm thick, centered on the target atcalculated from a GEANTZ31] simulation of the detector

FIG. 1. Layout of the tagger and particle detectors.

Ill. DATA ANALYSIS
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neutron detection efficiency calculations with tBeANTON
[33] code. Each neutron event was weighted using the cal-
culated (energy-dependentefficiency. This ranged from
~11% for 50 MeV neutrons te-8% at 400 MeV. To re-
move the region of very low neutron detection efficiency, a
software threshold was applied to the speed of the neutrons,
equivalent to an energy of 19 MeV. The maximum neutron
energy (~640 MeV) was determined by the software cut
required to remove the flash events. The threshold energy
for TOF proton events was determined by the software pulse
height threshold of 9 MeVM(electron equivalentat the TOF
bar which corresponds te 35 MeV at the target. The maxi-
mum energy of protons detected by TOF wad90 MeV,
determined by the position of the proton-pion separation cut
(Fig. 2.

r deuterons The effect of random coincidences in the tagger and the
40 / TOF neutron events were accounted for by using a weight

120 -
100

80 |

protons

60 -

Total pulse height (arb. units)

method[34]. Random protons in TOF were found to be neg-

_ ligible due to the additional requirement of a TQFE hit.
tritons Events from prompt time regions were incremented in the
1/ final yield with a weight factor of 1. Samples of events out-
. side these regions were identified as random and incre-
mented in the final yield with an appropriate negative

20 -

rL_ pions
I |

0 PRI SRR VAU S weight, scaled to account for the difference in width between
4 8 12 16 20 24 the prompt and random regions. The ratio of real to random
Inverse speed (ns/m) events in the prompt tagger region was3. For TOF neu-

FIG. 2. A 2D plot of pulse height versus inverse speed fortrons thg real to random ratio depended on the neutron angle
charged particles in TOF. The lines on the figure indicate the cul';md varied from~2 to ~7. . .
applied to the data to select protons. The sources of systematic error in the measured cross
sections are discussed in Rpf] and are estimated to be up
[32]. The energy range of the PiP detector wa81-270 to =12% for the ¢,np) reaction and up ta=11% for the
MeV. The minimum energy threshold was determined by thg y pp) reaction. An overall check of the reliability of the
proton energy losses between the reaction vertex and th@ieasured cross sections was provided by a measurement of
front face of PiP and the 8 MeV pulse height threshold ofthe D(y,np) cross section as a function &f, using a CQ
PiP. High-energy protons which entered the back layer ofarget. This was found to agree with previous measurements
PiP were vetoed and a software cut was applied to the rg:35 3¢ taking account of the statisticat-(15%) and system-
maining proton events to give a well determined maximumatic (~12%) uncertainty.
energy. An attempt was also made to compare the present data
In TOF charged and uncharged particles were distinyith previous results obtained with the PiP-TOF setup. Since
guished by noting whether the correfE1 andAE2 ele-  the visible cross sections depend markedly on the detector
ments fire along the particles’ path from the target. To deterarrangements, which were different in the earlier work, this
mine the correcAE elements for each TOF bar the pattern comparison has only been possible for a small number of
of hits in AE elements was examined for single TOF protonoverlapping angles from one previous experim@#]. The
events. The TOF detectors were placed two deep to increaggesent results are slightly lower than the cross sections re-
the efficiency for the detection of neutrons. For unchargegorted at low missing energy in RéR3] but the difference
particles a hit in both front and back layers was assumed t@es easily within the combined systematic errors.
arise from scattering into the back layer. For high-energy
charged particles, which could pass through the front TOF
Iayer and into the back Iayer,_the two signals were added t0 |\, REACTION MECHANISMS LEADING TO TWO
obtain the total TOF pulse height. A plot of total TOF pulse NUCLEON EMISSION
height versus inverse speed for charged particles is shown in
Fig. 2. The cut indicated on the figure shows how protons The results of the present experiment are presented in this
were selected for analysis. For uncharged TOF hits a miniand the following section. This section starts by surveying
mum time-of-flight requirement was imposed to remove thethe available data and then discusses what can be learnt
“ y flash” peak[30]. about the mechanisms contributing to the photoemission of
A pulse height threshold of 9 MeVklectron equivalent nucleon pairs by comparing the data with the Valencia
was applied to the TOF detectors to reduce the effect ofmodel. The following section considers the dirett Rnock-
randoms and to allow a standard threshold to be used for theut mechanism in more detail.
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for the 2C(,np) reaction, for the
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specified in the text. The Valencia
model predictions are separated
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A. General points In presenting the ¥,NN) data two variables, the recoil

The experimental results in Figs. 3—10 are presented ifnomentump,, and the missing energf,, are of general
the form of measured visible cross sectiorg’f) defined utility. The momentum of the recoiling systen®, =P,
simply as the cross section which produces an event within- Py;— Py», is obtained from the measured momenta of the
the acceptance of the PiP/TOF detectors. Comparison witincident photon and the emitted nucleons. If FSI and the
theoretical models can be made by filtering the results of theffect of the nuclear potential on the outgoing nucleon mo-
theoretical calculation through a simulation of the detectormenta are neglected, then for absorption by two nucleons the
setup, including the angular and energy acceptances of eadhitial pair momentumpP is given byP+P,=0. TheP dis-
detector. The experimental data obtained for the\N(N) re-  tributions can be calculated and comparison with the mea-
actions are separated into three kinematic regions accordirguredP, distributions allows the possibility of distinguishing
to the polar angle of the TOF particiendicated on Fig. 1~ between different absorption mechanisms and also of identi-
Regionl was chosen to include back-to-back QD kinematicsfying the presence of more complex mechanisms which in-
and covered a polar angle range of 36.7°-71.2°. The otherolve FSI since this tends to produce higher value$of
regions sampled progressively more extreme kinematics witfthe missing energy is defined &,=E,—Tn1—Tno— T,
polar angle ranges of 78.8°-142.4° for regith and whereE, is the incident photon energ¥y; and Ty, are the
13.7°-30.2°(on the opposite side of the photon beam to theenergies of the outgoing nucleons afidis the (typically
other TOF detectoidor regionlll . small energy of the recoilingA-2) system which is calcu-
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FIG. 4. Missing energy spectra
for the 2C(,pp) reaction, for the
kinematic regions specified in the
text. The Valencia model calcula-
tions are distinguished as in Fig. 3
and have been multiplied by a fac-
tor of 0.4.
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lated from its momentun®, . The missing energy gives in- Other processes giving large amounts of strength in regions
formation about the energy associated with excitation of thef higher E,,. However significant lowE,, strength can be
residual(A-2) system or by other undetected particles and isseen up toE,=700 MeV, even though the upper energy
therefore expected to show sensitivity to the underlyingcutoff of the detectors reduces the detection probability for

mechanism involved. low E,, events at high photon energy.
The cross sections for the more backward neutron angles
B. The '2C(y,np) missing energy spectra of region Il show significantly different behavior. For all

TheE,, spectra from the,np) measurement in the three e_xcept the_ lowedE,,, region the cross section decreases rela-
kinematic regions are shown in Fig. 3, for photon energytive o0 regionl by a roughlyE, independent factor of-2.
bins up to 700 MeV. The data from regidérshow the char- However the lowE, peak decreases by a factor-e® even
acteristic peak at low missing energy corresponding to théor the lowestE, range and by a factor of-10 for E,
residual nucleus being left in or near its ground state. This iss200-300 MeV. The even more extreme kinematics of
generally attributed to the detection of two nucleons ejectedegionlll , where both particles are detected on the same side
by a direct N knockout process. The strength at Idw,  of the beam, produces an even greater depression of the low
becomes relatively much less important&gsincreases with  E, events and the cross section in thig region becomes
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extremely small abové,=300 MeV. The lowE,, cross to the cross section at high, .
sections in regionH , lll are significantly smaller than in the The VM predictions for regiorll again indicate that 19
back-to-back kinematics as thé\knockout processes now knockout will be dominant at lovi,,,, although with a lower
require very large initial pair momenta, which have a verycross section and decreasing with photon energy at a faster
small probability in the momentum distribution. For higher rate than regiot, in agreement with the data, because larger
En, events the cross sections are largest at the more forwakghjyes of the initial pair momentum are involved. The higher
angles sampled in regiosandlil . o E. regions are predicted to have relative contributions of the
_A comparison of the ¢,np) missing energy distributions  gitferent processes similar to regidnalthough FSI follow-
with the predictions of the Valencia mode/M) described jg 2N and @ absorption has increased. The main FSI
in Re_f. [2] is shown in Fig. 3. The model treats photon ab'_strength generally occurs at highg, than in regionl indi-
sorption by two nucleons, by three nucleons and also quasaging that a lot of the strength comes from harder final-state
free pion production on a single nucleon, and allows forineraction processes which give more energy to the residual
subsequent scattering of pions and nucleons and for Pio%ystem and spread the strength over a wiglgirange. The
reabsorption. Several combinations of these processes afminance of theN-+ ABS process is again evident for

identified in the figure and in the figure caption. It can beg — 300 MeV and the overestimation of the data is similar
seen that Bl knockout may be separated reasonably well Onfoythat observed for regioh

the basis of missing energy alone, but the remaining mecha- Even in the extreme kinematics of regioh the VM

nisms cannot be distinguished this way due to their ConSid%redicts significant B knockout at lowE,, for E, below 300

erable overlap. Undoubtedly better separation could b
achieved from the study of energy and angle correlations o agnitude fairly well. For photon energies through the

theTtr\]/voyl\ljlcleor&;,tput this h';\s not yett bgen atger?rﬁ)ted. resonance th&l 7+ ABS process is again predicted to give
N predictions can be seen 1o describe e generghqe main contribution and the VM gives a good account of

trends of the ¢,np) .”“53"‘9 energy spectra fof all the mea- the shape of the missing energy distribution but is less good
sured photon energies and kinematics. This gives better con; predicting the strength

fidence in the_treatment Of. the cgntributing Processes by the Although describing the trends of the measured cross sec-
M tLharlL_preylous co(rjnpa_rlls?]ns\}r':/lmorg_ re_stnc;ed km_imat'tions the VM does not give the same level of agreement
Ics. Looking in more detall, the VM predictions for regibn  ,,sereq in comparisons with previous experimental data on
attrlbl_Jte the lowk,, peak very largely to R knocko_ut. The 12C(y,pn) [3,4] where protons were detected at more for-
VM gives better agreement in theéN2knockout region than ward angles (51°—129°) than in this work. A similar angle-

is apparent from Fig. 3 as the VM does not include the exyenendent discrepancy is indicated in R&f.where the VM
perimental resolution which deteriorates at higegr Com- gives a good description of th&C(y,p) and 2C(y,np)
parison of the VM predictions with data integrated over theq,sq sections at forward emission angles for the proton but

2N region (Figs. 5 qnd QSh.OW quite good agreement in all overestimates the data by a factor of upt@ at more back-
photon energy regions using a common normalization. Alyard emission angles

high E,, the 2N knockout strength is particularly interesting
as the photon must necessarily sampleN¢ interaction at
short range. The VM treatment includes the effects of hoth
meson currents and SRC and if their contributions to the The measured cross sections for the weakepp) reac-
cross section at higle,, turn out to be large, it should be tion (Fig. 4) exhibit some different characteristics to those
possible to obtain information on these mechanisms from @bserved for §,np). A comparison of the lowE,, yields
comparison with the data. This possibility is being investi-shows the f,pp) cross section is an order of magnitude
gated. smaller, due primarily to the suppressionofand charged
The large strength at high&,,, (=100 MeV) in regionl, MEC contributions to the knockout qfp pairs. The lowk,
which is seen for photon energids,=300 MeV is pre- cross section diminishes rapidly with increasig and es-
dicted by the VM to arise mainly from quasifree pion pro- sentially disappears fok, above 500 MeV. Some of the
duction followed by pion reabsorptioABS). The model reduction in lowE,, strength at high photon energies has the
clearly overestimates the strength of this process in the resame cause as in the,fip) case, namely the upper limit on
gion | kinematics although thE,, distribution shape is quite the energy acceptance of the particle detectors which is more
well described. In total the overestimation may be more serestrictive for protons than for neutrons. The strength and
rious than shown in Fig. 3 since the VM does not include 2 missing energy variation of they(pp) cross section for
photoproduction, which is expected to be significantr 2 E,,=100 MeV varies withE, and between the three kine-
photoproduction on the proton is negligibleE~500 MeV ~ matic regions in a very similar way to they(np) cross
but rises to~50% of the singler production cross section at section.
700 MeV[37]. A recent theoretical studyd8] has indicated A comparison of the VM model predictions with the
that the cross section for72 photoproduction may be en- (y,pp) missing energy distributions is shown in Fig. 4. The
hanced in the nucleus compared to the free nucleon due telative contribution of the different processes =100
significant medium modifications of the production processMeV looks similar to (y,np). As has been noted before
Also the VM only accounts for thd and does not include [3-6] the model overestimates the strength of thep(p)
the higher excited states of the nucleon which may contribut@rocess by a factor of 2—3 and for presentation in Fig. 4 the

eV and describes the photon energy dependence of its

C. The *2C(y,pp)missing energy spectra
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VM predictions have been multiplied by a factor of 0.4. De-tribution of initial nucleon pair momenta in the nucleus,
spite the overestimation, the VM gives a reasonable descrifF(P), obtained from folding two individual nucleon momen-
tion of the shapes of the missing energy spectra for mosium distributions. The overall missing energy distribution in
photon energies and kinematic regions, although the extefthe residual system after theN2knockout process summed
of the overestimation depends on both of these variablegyer all break up kinematics is obtained iteratively by adjust-
Howevgr, these varigtions are small compared with the_overmg its shape(which is an input to the MCuntil the pre-

all scaling factor which suggests some common error in thgjicted shape of the missing energy distribution visible in the

calculation of thepp channel for all kinematics. Initial 2 getectors matches that of the experimental data. The iteration
production processes not at present included in the VM ma}Srocedure is undertaken in regidnwhere the contribution

have a significant contribution fd, =500 MeV and would from non-2N events is least. By also normalizing the model

worsen the disagreement. predictions to the data in this region both the shape and
magnitude of distributions in the more extreme kinematic
regions (I andlll ) can be predicted. This provides a more

) o ~_stringent check of the 12 knockout MC model than previ-

As already discussed the VM, although giving good indi-gysly undertaken, allowing comparison of both the shape and
cations of the strength of different processes, is not ide::xll;émgmar dependence of the predicted cross sections to the
suited to detailed comparisons with the experimental data &xperimental data.
low E,, due to the absence of shell structure and the approxi- predictions from a “phase-space simulatioiPS are
mate description of nuclear binding. In particular the pre-aiso presented. In this simulation the available energy in the
dicted 2N knockout contribution cannot be separated accordfing| state is split between the two nucleons and the recoiling
ing to emission from specific shell combinations. system according to the available phase space. The phase-

The VM calculations presented in the previous sectionspace prediction gives an indication of the energy available
suggest that the strength observed at the lowest missing efy the recoil nucleus if it is involved in the reaction mecha-
ergies in the ¢,NN) reactions is due largely to directN2  nism as opposed to its spectator role in th RBnockout

knockout. In this section a quantitative check of this assignmodelled by the MC. The PS model is normalized to the data
ment is made over the whole measured kinematic range byeparately for each region.

examining the recoil nucleus momentum distributions as
done previously in Refd.16,17,21. The recoil momentum
distribution shape depends on the shells from which the
nucleons are removed and experimentally tie Khockout ) o
process from different shell combinations is separated using Recoil momentum distributions from tHéC(y,np) mea-
simple cuts orE,,,. In °C the E,,<40 MeV region corre- Surement in the three kinematic regions are shown in Fig. 5
sponds to absorption on )2 nucleon pairs, whileE,  for En<40 MeV. _ _
=40-70 MeV corresponds to absorption ons{p) pairs The shape of_ the regioncross section can be_ seen to be
[16]. No attempt is made to extract thes)? strength as its very well described by the 12 knockout MC (thick solid
contribution is expected to be weak and spread over a widdne) for photon energies up te- 600 MeV. The large differ-
range ofE,,. ences between theN2knockout MC and the PS predictions
The Monte Carlo simulations which are used to allow(dotted ling at higherE, make the observation even more
simple models to be compared with the data are outlined i$triking. Although the MC gives slightly poorer detailed
Sec. VA. In Secs. VB and V C the full recoil momentum agreement with the shape of thg=600-700 MeV data the
distributions are studied to assess the relative contribution d¥redicted distribution is much closer to the data than that
direct 2N knockout to the cross section in the differdgy,  obtained from the PS simulation.
regions. Section V D looks in more detail at the high momen- The regionll andlll data, away from the back-to-back
tum end of the recoil momentum distribution for the knock- kinematics, sample larger values of recoil momeftapro-
out of (1p)? pairs to explore possible SRC effects. In Sec.gressively higher with increasing,. For momenta up to
VE the ratios of strength with.=0,1,2 are extracted from 400 MeVk both the shape and magnitude of the data are

the (1p)? knockout data and compared to the ratios predicte@enerally well described by the MC model indicating that
on the basis of the Gottfried modgf] assumptions. almost all of the measured yield in these more extreme kine-

matics can still be attributed toN2knockout. The sensitivity
of the cross section in these regions to high pair momenta
shows the existence of some additional strength in the ex-
For comparison with the lovE,, data a Monte Carlo perimental data foP,=400 MeV/c, which is not described
model of the direct B knockout proces$MC) is used, the by the MC. However, this excess strength is small compared
details of which have been described previoldly,17]. The  to the main A knockout strength sampled in regibn
Monte Carlo simulation allows the effect of the detector ac- Overall these results foE,,<40 MeV show the domi-
ceptances to be included in the reaction model predictionsiance of the R knockout process even when including re-
The MC reconstructs the spectra of observables assumirgjons well away from the usual back-to-back kinematics.
direct 2N knockout from a spectating residual nucleus. TheThis reinforces the findings of previous works6—22 by
Gottfried factorization is implicit in the model with the dis- showing that the observed dominance &f Rnockout at low

V. DIRECT TWO-NUCLEON KNOCKOUT

B. Recoil momentum distributions for (y,np)
and the mechanism of the reaction

A. Monte Carlo simulation of the 2N knockout process
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FIG. 5. Recoil momentum distributions fdfC(y,np) in the
(1p)? knockout region aE,,<40 MeV. The lines on the figure
show the predictions of theN2 knockout MC (thick solid), phase
space modeldotted and the predicted totadot-dash, direct 2N
knockout(dash and 2N+FSI (thin solid cross sections from the

Valencia model. The Valencia model predictions have been multi- o ] o )
plied by a factor of 0.5. data in Fig. 5 with the predictions of the Valencia model,

although the absence of shell structure in the model and the
E,, was not simply due to the positioning of the detectors inresidual disagreements with the missing energy distributions
a suitable geometry. The data also extendEheange and in Figs. 3 and 4 give expectation of only limited agreement.
indicate the existence of directN2knockout of (Ip)? pairs ~ The VM predictions for the direct! knockout cross section
for photon energies well above 400 MeV. Little is known (dash and the total R emission cross sectiofdot-dash,
about the reaction mechanism at high photon energy, aboth multiplied by a factor of 0.5 are plotted. The VM pre-
though the smaller wavelength may produce an increasedictions support the previous findings that dire¢t Rnock-
sensitivity to the shorter range part of thNN interaction. out dominates the cross section for the removal of)f1
The higherA or N* baryon resonances may also play a rolenucleons. Despite its limitations the VM gives a consistent
in the knockout mechanism. A detailed study of the de- description of the variation of they{np) cross section at
pendence of the reaction is presently underway. low missing energy and recoil momentum over a wide range
The data also indicate that the pair momentum distribuof photon energies and kinematics. A more detailed investi-
tion F(P), employed in the MC simulation of the process, gation of the highP, data is presented in Sec. VD.
accurately represents the momentum distribution of the pair. Data from the 2C(y,np) (1slp) knockout region for
Since the distribution was derived assuming pimepair is in ~ E,,=40-70 MeV may be more affected by processes other
a relativeS state it appears that absorption on such pairs ighan direct N knockout as these generally result in more
dominant. A more detailed investigation of this assignment isnergy being given to the residual system. However as
made in Sec. VE. shown in Fig. 6 theP, dependence of the cross section in
A further, independent indication of the relative contribu- region| is quite well described up to 700 MeV photon en-
tion of direct 2N knockout is made by comparison of the ergy by the MC predictions, although the detailed agreement

FIG. 6. Recoil momentum distributions fd?C(y,np) in the
(1slp) knockout region aE,,=40-70 MeV. The different calcu-
lations are distinguished as in Fig. 5. The Valencia model predic-
tions have been multiplied by a factor of 0.5.
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(v;np) (v,ppP) though the detailed agreement is not as good as that observed
[ E,=200-300 MeV [ E,=200-300 MeV for the (y,np) reaction. The model predicts strength at low
[ - 25 [ 7 P, which is not visible in the experimental data, a small but
- e e . . . . .
N consistent effect also evident in earlier comparisidrg 21
: under different kinematic conditions. In Refgl6,21] this
L disagreement was interpreted as a sign of contributions from
- ',,'_.E'Y;éob-";édrhév' e mechanisms other than direptp knockout, but it is now
thought to be the result of an inappropriate pair momentum
distributionF (P) in the MC simulation. This is discussed in
Sec. VE. For regionH andlll the MC model again gives a
reasonable general description of the large changes in
il strength and shape of the lowBf data but as already ob-
100 served in the corresponding/(p) distributions it does not
0, account for strength &@,=500 MeV/c. However when all
o . three kinematic regions are considered direct knockout can
FIG. 7. Angular distribution of the recoil system f&fC(y,np)  pe seen to account for most of the measured strength.
a;]nd (v.pp) 'E. the (1s1p) I;noft_:kout rﬁglon iEm_:A'Q_?_O MeV in The VM predictions shown in Fig. 8 have been multiplied
the regionll kinematics. The figure shows the distribution forRll o '¢ayor of 0.15 for comparison with the experimental
(circles and P =400 MeVic (triangles. The lines on the figure data. The direct R knockout process is predicted to domi-
show the predictions of theN2 knockout MC (solid) and phase- ’ . . . . - S
space modeldotted. nate the Iov\Pt yield in a!l kinematic regions, giving support
to the above interpretation. The VM also gives a qualitative
in shape is inferior to that observed forf)f knockout and  description of the relatively small strength at high, attrib-
a small excess strength is evident at high. The data in  uting most of the yield to processes other than direct knock-
regionsll andlll do show significant additional strength at out.
higher P, , the relative contribution of which increases with  Figure 9 shows thé?C(y,pp) recoil momentum distribu-
photon energy. Although unable to describe the strength atons for E,,=40-70 MeV. In the back-to-back kinematics
high recoil momentum, the MC model does generally repro-of regionl the MC predictions of direct knockout of §1p)
duce the shape and strength of the lowerdata, showing pairs(thick solid line do not describe the data f&, above
that the angular dynamics of the €1lp) cross section for ~300 MeVct indicating a large contribution from other pro-
P,=<300 MeV/c are consistent with a dominant\2knock-  cesses. This is also evident in the data from REgf§,21].
out contribution. Indeed, as can be seen in Fig. 7 the distriThe trend is accentuated in regidhsandlll . The MC gives
bution in polar angle ¢,) of the recoil momentum for events a reasonable general description of the IBwcross section
in theE,,=40-70 MeV region wittP, <400 MeV/cis con- as shown by the, distributions plotted in Fig. 7 but cannot
sistent with the MC prediction shown by the solid line. describe the significant strength in the data at higher
Although the experimental results in regioh show a The VM predictions multiplied by a factor of 0.15 are
significant cross section at higR, the measured (€1p) also compared with the experimental data in Fig. 9. The VM
cross section is dominated by the yield in the back-to-backloes not predict that direct\N2knockout is dominant at any
kinematics, which has a distribution close to that expectegphoton energy, even for regioh This result brings into
from direct 2N knockout. question the validity of the normalization of théNZknock-
The VM predictions shown in Fig. 6 are multiplied by the out MC to the experimental data in this region. For the other
same factor of 0.5 applied in the ¢)? region. The largest kinematic regions direct knockout is predicted to play an
contribution in the back-to-back kinematics of regibris  even smaller role with the bulk of the measured cross section
predicted to be from direct® knockout but a significant attributed to other processes by the VM which does repro-
contribution from other processes is also suggested and thiflice the general trends of the recoil momentum distribu-
could explain the lack of detailed agreement between the M@ons. A study of direct knockout of ELp) proton pairs will
and experiment in Fig. 6 and Refgl6,21. The predicted only be possible if an accurate treatment of the contribution
relative contribution of the other processes increases rapidlgf other processes is available.
away from the back-to-back kinematics.

do""® / de, (nb/degree)

o
mb
s
_8 [
sF
ol
5 |
<[

_ID

»

N O

D. Recoil momentum distribution at high P,—
C. Recoil momentum distributions for (y,pp) Possible short-range effects

and the mechanism of the reaction It has often been suggested that a study of theN(N)

The cross section for they(pp) reaction at lowE,, is  reaction can produce information on SRC’s since the corre-
reduced, as noted above, at high due to the restricted lations can directly affect the absorption mechanism. How-
upper energy limit of TOF for identifying protons. Recoil ever, it is possible that this information can be obtained from
momentum distributions are therefore only presented fothe (y,NN) data in a different way, less sensitive to the
E,=<600 MeV in Figs. 8 and 9. details of the reaction mechanism, which are still not fully

For E,,=<40 MeV shown in Fig. 8 the MC describes the understood. In Ref.8] Orlandini and Sarra calculate the ef-
shape of the available regioh data reasonably well, al- fect of SRC’s on the pair momentum distribution #0O.
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FIG. 8. Recoil momentum distributions fdfC(y,pp) in the
(1p)? knockout region aE,,<40 MeV. The different calculations
are distinguished as in Fig. 5. The Valencia model predictions have 0 500
been multiplied by a factor of 0.15. P, (MeV/c)

FIG. 9. Recoil momentum distributions fd?C(y,pp) in the
Each of the nucleons, which make up the pair, carries infor¢1s1p) knockout region aE,,=40-70 MeV. The different calcu-
mation on its previous short-range collisions in the form oflations are distinguished as in Fig. 5. The Valencia model predic-
an enhancement of its momentum wave function at high motions have been multiplied by a factor of 0.15.
mentum and this produces enhancements in the momentum

?éSStJII?SUtISOSC?; uguﬁg';ﬁgx\’f 4:’30 awi\;f:césfg gt]r?e pr(tehser:th. resent results include only low-lying states. Equivalent cal-
P ngth at N9Yjations for one-nucleon knockout find that the additional

recoil momentumP, compared to the I8 knockout Monte high momentum strenath produced by SRC's is predomi-
Carlo prediction which does not take account of correlations, 9 gih p y P

It is apparent in Figs. 5 and 8 that such an excess strength %antly associated with large excitations in the residual

observed even for the lowest missing energy Hip,<40 nuc_:rleus. h ibl £ th ield h |
MeV, where final-state interactions and other mechanisms Wo other possible sources of the excess yle ave aiso

are least important. Recent?’C(e,e’'pp) data [39] also been examined. First, the effect which would be obtained by

shows significant excess strength in this high momentum rgi€Placing the harmonic-oscillat¢HO) wave functions used
gion. in the MC model with more realistic nucleon wave functions

A search for SRC effects has been carried out using th&as investigated. The dashgibtted lines show the ratio of
presentE,,<40 MeV data for the §,np) reaction since, as the pair momentum distribution obtained with Woods-Saxon
discussed in Secs. VB and V E, the form of the pair momen{Hartree-Fock wave functiong40] to the HO result. These
tum distribution is better established fgp emission than for  indicate that the excess is not a result of an inadequacy pe-
(y,pp). The ratio of the experimental data to the MC modelculiar to the HO wave functions. Second the VM predictions
predictions is presented in Fig. 10 to highlight the excess atFig. 5 were examined in more detail to see if processes
high P, . Although there is some scatter in the points Fig. 10other than direct R knockout could be responsible for the
does indeed show an excess of measured strength compameasured excess. The result is inconclusive; other processes
to the MC calculation foP, =450 MeV/c and theP, depen-  do produce an excess aboRg~450 MeV/c but with only
dence of the ratio is similar for all kinematic regions andabout 50% of the observed strength. Furthermore, since a
photon energies. The calculation of Orlandini and S@8a large part of the strength is due ttNZknockout followed by
(solid line) is in reasonable agreement with the experimentaFSl, it is important to know how significantly the FSI
data. It shows the ratio of the pair momentum distributionchangesP, in order to know whether suchNe+FSI events
which they obtain for'®0O including SRC’s divided by the should be counted as part of the excess or part of the basic
distribution obtained without SRC’s. The agreement with the2N strength, and this information is not at present available
data should be treated with caution since the calculation infrom the VM code. Although Fig. 10 suggests a measurable
cludes all excitations in the residual nucleus, whereas thafluence of SRC’s on the pair momentum distribution, more
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In the (y,NN) reaction the spin and parity of the final
states in the nucleus can act as a filter with particular states
populated only by photoabsorption on pairs in specific com-
binations of relative(l) and c.m.(L) angular momentum
states. For (fb)? knockoutL=0,1,2 are allowed for the ini-
tial pair and the present data are, therefore, fitted with this
combinationX a, F (P) where the pair-momentum distri-
butions,F, (P), for each angular momentum value are cal-
culated from harmonic-oscillator wave functions. To con-
serve spin and parity in the knockout of {)f pairs even
(odd) valued| states must couple to eveodd) valued L
states. The allowed combinations for each state in the re-
sidual nucleus are tabulated [ih0,13. The Gottfried zero-
range approximation, which implies that the initial pair is in
a relativeS state, leads to a pair momentum distribution for
annp pair havingL components in the ratio 0.33:0:0.67 for
L=0,1,2, respectively. Using more realistitC wave func-
tions [41] this becomes 0.40:0:0.60 for pairs in spin triplet
(S=1) states, which are thought to make the main contribu-
tion to the (y,np) reaction[7]. Before being fitted the recoil
momentum distributions have been corrected for the effect of
detector acceptance using a correction function determined at
each photon energy from theN2knockout MC simulation.

To improve the presentation of the fits in Figs. 11 and 12, the
?ﬁlﬁl P? phase-space factor in the momentum distributions has
d Ay been divided out. _ S
A TEW o Fits to the ¢y,np) recoil momentum distributions are pre-
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N sented in Fig. 11 for two photon energy bins and two 6 MeV
00 750 wide bins of observed excitation enerds , in the residual

P, (MeV/c) 108 nucleus,—3<Ey<3 MeV and 3<Ey<9 MeV. The
data forP, <400 MeV/c are fitted with combinations df
FIG. 10. Recoil momentum distributions foC(y,np) for ~ =0,1,2 distributions and the relative contributions extracted
E,<40 MeV presented as a ratio to th&l knockout MC predic-  from the fit are shown in Table I. Th¥B nucleus has many
tions. The plot shows data from the kinematic regiofsguares I levels in each of the fittedEy regions. Nonetheless differ-

(triangleg, and IlI (circles described in the text. The solid line ences are already evident between the two excitation regions,
shows the ratio of the pair momentum distribution obtained withalthough the separation of transitions to different individual

SRC'’s to that calculated without SRC's fdfO [8]. The dotted  states will have to wait for a measurement with finer resolu-
(dashedllines show the ratio of th@, distribution predicted using  tjon, as already proposed at Maif¢2].

Hartree-Fock(Woods-Saxonwave functions(with no SRC'’s to The P, distribution of theEy<3 MeV data is well de-

that using HO. scribed in bothE,, regions byL=0,2 contributions alone,
i with a relative contribution close to that expected from the
Sknockout of pairs initially in relativeS states. However, the
higher Ey region does indicate a significabht=1 contribu-
tion, which is largest at lovie,. For direct N knockout this
suggests the contribution of pairs in relatiPestates. Al-
though FSI effects could possibly add strength in this1
In Secs. VB and V C they,NN) recoil momentum dis- region, the predictions of the Valencia model indicate little
tributions are compared with simulations which use the Gottcontribution from processes other than diredt Rnockout.
fried expression foFF(P). For the (y,pp) case these com- The microscopic theory by Ryckebust], which does not
parisons show the same small, systematic discrepancies se@ake any restrictions on the relative wave function of the
in earlier experiment$16,21]. It is explained below that initial nucleon pair, does in fact predict a contribution from
these discrepancies are an expected consequence of the lirglative P states at photon energies belev200 MeV where
tations of the Gottfried approach. In fact a detailed examinathe larger magnitude of the photon wavelength would lead
tion of the recoil momentum spectra can be used to explorene to expect a breakdown in Gottfried’s “zero-range” ap-
the expected sensitivity ofN2 knockout to the nature of the proximation. On average this contribution increases the cal-
residual state and hence to the reaction mechanism. Belogulated cross section in the 150—200 MeV regiont® by
this is done for the (ft)? knockout region since this feeds ~15% which is comparable with tHe=1 strength averaged
the relatively well separated lower lying bound states. over bothEy bins in Fig. 11. The relativ®-wave contribu-

detailed analysis of other contributing mechanisms
needed.

E. The angular momentum components of (P)
and the limitations of the Gottfried approach
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FIG. 11. 2C(y,np) P, distributions for twoE,, cuts within the FIG. 12. 2C(y,pp) P, distributions for twoE,, cuts within the

(1p)2 knockout region. The data have been corrected for phase(—lp)2 knockout region. Labeling as in Fig. 11.
space and detector effects. The curves show the result of fitting the
data with the combinatioB, a, F, (P) (solid) and the separate con- able than that observed for the,Qip) reaction, suggesting
tributions from theL=0 (dash, L=1 (dotted, and L=2 (dot- 3P pairs give a significant contribution to thEp knockout
dash components. The relative contribution of the different com-process. Thé =0,2 components in the momentum distribu-
ponents are shown in Table I. tion indicate that'S, knockout contributes to the cross sec-
tion (*D, knockout is predicted to give small contributions
tion is predicted to decrease with increaskg, as observed in this E,, region[10]), mainly throughL =2 pairs and in-
in the data. creases in importance with, . The increase of'Sy knock-
For proton-proton knockout the residu&Be nucleus has out with photon energy could be due to either a larger SRC
a larger spacing between the lowest lying residual statesontribution or a significant contribution from higher multi-
[07(g.s),2"(3.37 MeV)] than 1%B so theEy<3 MeV cut  polarity photons to the knockout process via thenecha-
will emphasize the cross section to thé @round state, al- nism.
though the experimental resolution does not permit a total In going from lower excitation to the 8Ex<9 MeV
separation. For,pp) the AN— NN knockout mechanism region, the relative contribution &f=0 knockout in bottE,,
following initial A excitation is suppressed for magnetic di- regions is reduced, indicating that this process mainly feeds
pole (M1) photoabsorption ortS, proton-proton pairs be- the lower lying bound states in the residual nucleus.1
cause of total angular momentum and parity conservatioknockout gives a large contribution to the cross section in
requirements in the decay of the intermedisité state[15].  both photon energy regions feeding thé and possibly also
The A mechanism only contributes td\2knockout through 2" state in this regior{10,13. 'S, knockout with L=2
photon absorption on pairs in higher relative waves than thgives a similarly large contribution in thisy region.
S state or transitions involving higher multipolarity. The results presented above reveal the limitations of the
Fits to the y,pp) recoil momentum spectra are presentedGottfried approach to ¥,NN) reactions, in which only
in Fig. 12 and the relative contributions for differdnvalues  nucleon pairs in relativé states contribute. For they(pp)
are shown in Table |. Th&ey<3 MeV data shows the reaction the present analysis reveals a large contribution
knockout of proton-proton pairs with=1 is far more prob- from 3P pairs. This explains the lack of detailed agreement
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TABLE I. Ratio ay:a, :a, obtained from fitting theC(y,np) and *C(,pp) recoil momentum spectra
with the combination=, a, F (P) for two excitation regions of the residual nucleus d@hgdregions below
and through thé\ resonance. Errors in the fitted parameters are shown in brackets.

E, Ex=<3 MeV 3=<Eyx=9 MeV

(y,np) 150-200 0.35¢£0.02): 0.02(-0.13): 0.63¢-0.07) 0.20¢-0.01): 0.53¢-0.13): 0.27¢-0.07)
200-500 0.3740.01): 0.01¢-0.10): 0.626-0.05) 0.22¢-0.01): 0.43¢-0.08): 0.35¢0.04)

(y,pp) 150-200 0.11£0.02): 0.59¢-0.29): 0.30¢-0.18) 0.06¢-0.01): 0.54¢0.17): 0.40¢0.12)
200-500 0.15¢0.02): 0.16(-0.17): 0.69¢-0.09) 0.06¢-0.01): 0.62¢-0.09): 0.32¢-0.05)

seen in Fig. 8 and in Ref§16,21] between §,pp) data and tions, which were normalized to the data in the back-to-back
a 2N knockout MC model based on the Gottfried approachkinematics, indicating for the first time that the angular dy-
The magnitude of the asymmetry from recentfp) mea- namics of the A knockout process is well described by this

surements for2C [24] and 10 [25] is also inconsistent with  Simple model. .
that predicted for solely'Sy knockout, The sensitivity of the Rl knockout reaction to the nature

Although the knockout ofP pairs via theA mechanism of the residual nuclear state was explored by separating two
gives a large contribution to they(pp) cross sectionS, excitation regions of the residual nuclels;<3 MeV and

<Ey< . [ i
knockout, which may be sensitive to SRC'’s, is also signifi—3 Ex=9 MeV. The shape of the cross section as a function

. ) _ 1 of recoil momentum was studied by fitting the distribution
cant especially in the lowedy region. A large”S, Cross i contributions fromL=0,1,2 pairs. For ¢,np) most of

section at low excitation has also been inferred from rece : _ ftrib it
160(e.e' pp) data[43-45 in which the cross section for ”gwnei datad could pe well fitted by_ 0 _and 2 dl_strlbutlons
1 . y, and the ratio of the two contributions was in reasonable
So knockout to the ground and low-lying states was pre-agreement with the Gottfried prediction. Foy,pp) the re-
dicted to be dominantly due to mechanisms involving SRC'S 5| momentum data indicated a significant contribution from
However real photon experiments are expected to show 'e%irs with L=1, the relative contribution of which was
sensitivitylto SRC'’s and recent angular distribution Measurepyrger for the higher excitation region. The=1 component
ments for **C(y,pp) atE, =250-300 MeM[23] are consis-  \ya< attributed to the knockout GiP pairs and indicated a

tent withA excitation via higher photon multipoles. The pos- gjgnificant breakdown of the Gottfried assumptions for this
sibility that sensitivity to SRC’s can be regained in a higher.ponnel The data did. however. indicate significa

resolution fy,pp) measurement in a specific kinematic re-nqckout, the relative contribution of which was larger for
gion is presently being investigated. low excitation and increased with,,.
At large recoil momenta the @)? data indicate a small
VI. CONCLUSIONS yield in excess of that which can be explained by the simple

The 2C(y,NN) reactions have been measured for a wide2N knockout model. The excess showed little dependence on
kinematic range including regions away from the back-to-Kinematics or photon energy and was quite well described by

back geometry of most previous experiments. The generdn€ calculated effects of 520” range correlations on a pair
features of thet?C(y,np) reaction are well described for all momentum distribution for®0. However, predictions from

E,, by the Valencia model, even in regions away from thethe Valencia model suggest caution before interpreting the

back-to-back kinematics. This gives much improved confi-Small cross section at high recoil momentum as being en-

dence that the processes included in the model can give t'gely due to the effect of correlations since a significant frac-
good general description of the reaction. The VM overesti{ion of the strength is predicted to arise from noN-pro-
mates the correspondingC(y,pp) cross section by a factor C€SS€s: B _

of ~3 which is photon energy dependent and also to a lesser FOf theEn=40-70 MeV region, where (§lp) knock-

extent angle dependent. This large overestimation of th@Ut iS expected to contribute, the detailed agreement of the
cross section is similar in all of the kinematic regions stud-S"ape of the recoil momentum distributions with the MC

ied. For both channels theN2knockout process, with litle M0del was inferior to that observed for g and a signifi-

distortion from FSI or non-B processes, is predicted to give c@Nnt yield at high recoil momenta was present. For the back-

the largest contribution at low missing energy. to-back kinematics the Valencia model |nd|ca_ted a Igrgle 2
A detailed study of the direct!2 knockout process was knockout component but away from these kinematics non-

carried out for the lovE,, data. For excitation regions of the 2N Processes generally dominate the cross section.
residual nucleus which can be populated bp)2knockout
the shape of they,np) recoil momentum distributions could
be well described by al® knockout Monte Carlo(MC) This work was supported by the U.K. EPSRC, the British
model, which predicted the pair momentum from harmonic-Council, the DFG(Mu 705/3, BMFT (06 Tu 656), DAAD
oscillator wave functions. Forypp) the agreement was (313-ARC-VI-92/118, the EC [SCI.0910.QJR], and
slightly poorer. The large changes in the shape and magnNATO (CRG 920171, CRG 970268T.T-H.Y, S.M, J.A.M,
tude of the cross section away from the back-to-back kineand D.P.W would like to thank the EPSRC for financial sup-
matics are in good general agreement with the MC predicport during this work.
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