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Inclusive *2C(y,pp) cross sections have been measured with tagged photons in theEarg87-227
MeV using the Saskatchewan-Alberta Large Acceptance DetéS#EAD). The large angular acceptance
allowed the measurement of noncoplaparemission. The cross sections were compared to a Monte Carlo
intranuclear cascade calculation. Agreement was reasonable for the shapes of the cross sections but the calcu-
lated total cross section was 3.9 times larger than the data.

PACS numbe(s): 25.20—x, 21.30.Fe, 23.20.En

The combination of a large acceptance detector and which case other more interesting mechanisms may contrib-
tagged photon beam has made it possible for the first time tate significantly. These include short-rang&l correlations,
measure?C(y,pp) cross sections with complete energy andAN interactions, or three-body forces. All three of these
angular distributions, including previously unmeasured outmechanisms represent a significant refinement or departure
of-plane pp coincidence cross sectiond]. These data from the presently accepted modelsMN interactions.
should provide a much more stringent test of theoretical The large number of competing processes makes detailed
models of multinucleon emission than previous inclusivetheoretical calculations intractable. Microscopic calculations
(v,N) experiments. of both (y,7N) and (y,NN) interactions are at an early

The mechanisms leading to the photon-induced emissiostage. Qualitative agreement with data has been obtained
of multiple nucleons are not well understood. Many with intranuclear cascade models, which use a Monte Carlo
(v,NN) experiments have concentrated onr{p), which is  technique to simulate all the interactions in the nuclgis
dominated by dipoleE1) absorption. Cross sections fdi-  There is a need for coincidence experiments with complete
rect(y,pp) are roughly an order of magnitude smaller, sinceangular distributions, to disentangle the many possible reac-
the absorption of the photon can only proceed through théion mechanisms.
weaker neutral pion-exchange diagrams. The suppression of The data were taken using the Saskatchewan-Alberta
the strong charged meson-exchange diagrams)yfgrif) im-  Large Acceptance Detect¢SBALAD) at the Saskatchewan
plies that the reaction must proceed via other reactioriccelerator LaboratorySAL). The experiment used tagged
mechanisms: quadrupole and higher-order multipole absorgehotons in the rang&,=187-227 MeV to measure inclu-
tion on app pair, absorption on ap pair followed byNN  sive '?C(y,pp) cross sections. An electron beam of 290
rescattering, or real pion production followed by pion ab-MeV and~45% duty factor was incident on a 1}8m alu-
sorption on eNN pair. The latter two processes are driven by minum radiator producing bremsstrahlung photons. The pho-
final-state interaction@=SI) which make it difficult to study tons were tagged via the standard photon tagging technique
the initial photon interaction vertex. These three mechanismasing the SAL photon taggé¢8]. The average tagged photon
may not account for the complete/(NN) cross section, in  flux was 2x 10° photons/s integrated over the photon energy
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range. The tagging efficiency was measured approximately
every 24 h during the experiment by using a lead glass
Cerenkov detector directly in the beam to detect photons in
coincidence with electrons in the focal plane. The photon
flux from the accelerator was too intense for ther€éhkov
detector and was reduced by 3 orders of magnitude in order
to perform these measurements. Tests have been performed
that show the measured efficiency is insensitive to the photon
flux in the range of interest in this experiment. The tagging
efficiency was approximately 55%.
SALAD [4] consists of four cylindrical wire chambers -
surrounded by a plastic scintillator calorimeter segmented 0 0.5 1.0 1.5
into 24 AE-E telescopes. A high-pressure cylindrical gas tar- Larger PID
get cell is placed along the axis of the detector. The target,
wire chambers, and calorimeter are designed to minimize FIG. 1. Two-dimensional histogram of particle identification for
energy loss as well as dead areas in the detector. two-track events in SALAD. Events are identified ag,gp),
Data for “He were taken simultaneously with th8C  (y,pd), and (y,pm). Electrons are located in the lower left corner
data. At the beginning of the run the target was filled withof the plot.
“He gas at 714 kPa pressure. The carbon targets were in the
form of three solid polyethylene disks, which had an averagdion, which is used to determine the detection efficiency,
thickness of 1.58+ 0.01 mm and a radius of approximately since identical cuts are applied to the simulation and the data.
30 mm, mounted inside the target cell. They were suspendetfjowever, a correction must be made for pions and deuterons
perpendicular to the beam, approximatelyzat 0, = 300  misidentified as protons. By fitting thelD spectra it was
mm, wherez is the distance along the beam path from thedetermined that misidentified particles gave an 11% contri-
center of the detector. bution in the proton peak. A correction for this was made by
The SALAD trigger requirement was 2 AE signals  multiplying the (y,pp) yields by a constant factor.
above a threshold ang 2 telescopes for which the sum of ~ The minimum proton energy threshold for SALAD was
theE andAE signals was above another threshold. ’Timm T, = 28 MeV at the event vertex fo#=90°. To avoid
thresholdtrigger was used to reject electron events and issensitivity to the precise placement of the threshold, a soft-
described in Ref[4]. A coincidence was then required be- ware threshold was applied &, = 34 MeV.
tween SALAD and the photon tagger electronics. An addi- Cuts were placed on theposition of the event vertex to
tional software condition was placed on the coincidenceselect only'’C eventdthe hydrogen in the solid target being
TDC spectrum to select “true” events. unable to contribute viay,pp)]. A correction was made for
The data were analyzed using tracking information from*He(y,pp) events within the?C cuts. Since the distribu-
the SALAD wire chambers as well a8E-E information  tions for “He(y,pp) events were found to be very similar to
from the calorimeter. For events which had tracks, tfigi-  those for*?C(y,pp), the *°C yields were simply multiplied
mum distancéetween two tracks was defined as the shortesby 0.91 to correct for the inclusion dfHe events.
line segment joining the tracks. The vertex was then defined The final step in the analysis was the subtraction of ran-
as the midpoint of this line segment. Cuts were applied to thelom coincidences between the photon tagger and SALAD.
minimum distance between the tracks.40 mm and the The random contribution was determined from the yield on
radial position of the vertex< 60 mm) to select events with either side of the coincidence peak in the TDC spectrum to
a two-track vertex. be 11%.
The energy deposition in the calorimeter was used to de- Once the yield of events for a specific reactidt, is
termine the particle type associated with each track. Th&nown, the differential cross section for the reaction can be
stopping power dE/dx) vs energy E) was linearized using calculated with respect to any selected variahe, as

Smaller PID

[(E+AE)"—E"] do N

= 2 - =
PID=""bax ZA, @ dg, N Nqedg;”

2

whereAx is the path length through th&E scintillator and  Here,N,, andNy are the number of incident photons and the
the constant® anda were fitted to proton data. Since this is number of target nuclei, respectively. The yield, cross sec-
an approximationPID is only roughly equal t@?A and a tion, and efficiency are all functions of the kinematic vari-
scaling factor was added such thltD = 1 for protons. Fig-  ables which specify the reaction. The integrated flux is given
ure 1 is a two-dimensional plot of particle type for eventsby N, =N¢X €54, WhereN; is the total number of electrons
with two tracks from a vertex. The data are sorted such thastriking the tagger focal plane arg,q is the average tagging
the larger value appears on thexis and the smaller on the efficiency.

y axis. Events corresponding to/(pp) are clearly seen, as In Eq. (2), the factore is the effective efficiency of the
well as (y,pd) and (y,pw). Since the channels are not detector, which is the convolution of the intrinsic efficiency
cleanly separated by particle identification, corrections musand the geometric acceptance of SALAD, and is calculated
be made for misidentification of particle type. Misidentifica- using a Monte Carlo simulation. The technique of determin-
tion of protons is taken care of in the Monte Carlo simula-ing € involves three stepg1) events are generated which
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satisfy the kinematics for the desired reacti®),the detec-

tor response to these events is simulated, @dhe simu- %

lated data are analyzed, with exactly the same software and= "
cuts. The detector efficiency is calculated as the ratio of de-& ¢4

Qg

tected events to generated events. Provided that the Montg=

Carlo simulation faithfully reproduces the detector response, %

the calculated efficiency is accurate. = 00
The efficiency depends on the energiesandE, of the
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dE,dE,d cog¢y)d cog 6)dA ¢ FIG. 2. Comparison of differential cross section défiled
N(E;,E,,cog 6,),cog 6,),A ¢) circles with the calculation of Carrascet al. (solid histogramas a
= ., (3 function of the proton kinetic energy, (a), cosine of the proton
N,Nre(E1,E;,C0861),c086,),A$)(11;Aq)) angled, (b), cosine of the opening angt,, (c), and phi difference
A ¢ (d). The theoretical curves have been divided by 3.9. The error

whereq; = E;, Ep, cos(f;), cos(;), or A¢. Single-  pars are smaller than the plot symbols and are a combination of the
differential cross sections are determined by integrating ovetatistical error in the yield and the nonsystematic error in the de-
the other variables. tection efficiency.

The major sources of systematic error in the normalized
cross sections were tagging efficien@0), particle misi- nucleus. Thus, separation energies must be put in explicitly.
dentification(3%), *He background§2%), energy loss in the At each Monte Carlo step, the reaction probability is evalu-
detector(2%), and tracking efficiencys5%). The errors, com- ated and further nucleons may be excited via pion absorp-
bined in quadrature, give a total systematic error of 7%. tion, pion scattering, oNN scattering. The Monte Carlo
Calculating the?C(y,pp) cross section is complicated propagation of nucleons induces large uncertainty for low-
due to the many different reaction channels which can conmomentum particle$6], which imposes a minimum proton
tribute. The data are inclusive with respect to undetectedrertex energy for reliable FSI calculation. The present calcu-
protons, neutrons, or other charged particles which were outation used a cutoff of 28 MeV.
side the detector acceptance or below threshold. In addition Before comparing data and theory, the results of the cal-
to direct absorption on two or more nucleons, pion photoproculation must be modified to reflect the angular acceptance
duction can also produce a two-proton final state. A pionand the energy threshold of the SALAD detector. This is
produced in the nucleus has a large probability of being scaiccomplished by setting the calculated cross section to zero
tered or absorbed, exciting more nucleons. In addition, anyn any bin where the efficiency of the SALAD detector,
nucleons produced are subject to rescattering which will altee(E; ,E,,cos(0;),cos(9,),A ¢), is identically zero. In this
their energy and angular distribution and may excite andvay the theoretical calculation is limited to the same phase
emit other nucleons. A full quantum mechanical treatment ofspace as the experimental data.
all these processes is intractable. Integrating the data, one obtains a total cross section of
To circumvent this problem, a traditional approach is the24.5-0.1 ub while the calculation gives 95:80.1 ub, a
Monte Carlo intranuclear cascade calculation. An intrafactor of 3.9 discrepancy. The error on the data is a combi-
nuclear cascade calculation by Carrastal. [5] has been nation of the statistical error in the yield and the nonsystem-
compared to theé”’C(y,pp) data of the current experiment. atic error in the detection efficiency. The error on the calcu-
This particular theoretical treatment has the advantage dation reflects the statistics of the Monte Carlo calculation.
separability of the contributions from different reaction chan-Previous SALAD experiments have reproduced known cross
nels. In addition, final-state interactiofiSSI) are accurately sections using the same Monte Carlo method to calculate
treated with a Monte Carlo technique which makes it easiefletector efficiency{7]. Both the *He(y,pd) and the well-
to apply experimental energy thresholds to the calculate#nown D(y,p)n cross sections have been reproduced to
cross sections. within 10%. The SALAD 2C(y,pp) cross section agrees
Reaction probabilities for photons, pions, and nucleonsvith a previous experimer(t8], but large statistical errors
are obtained from true microscopic calculations of these elmake this agreement approximate and the comparison can
ementary processes. Carrasco and Q2ggive a full de- only be made over a small fraction of phase space.
scription of the microscopic calculation of the total photon Figure 2 shows the differential cross sections for the ki-
absorption cross section. After the primary photon interacnetic energy of the protoi, (a), cosine of the proton angle
tion, excited nucleons and pions are propagated as classica), (b), cosine of the opening angle between the two protons
particles. The nucleons and pions are excited from a Fermd,, (c), and phi difference between the two protag (d).
sea which does not respect the shell structure of the targdthe calculations have been scaled down by the factor of 3.9.
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in proper separation energies for the nucleons would tend to
shift some of this distribution to higher missing energies.

This makes it impossible to separate quasifree absorption
| kinematics from the other contributions on the basis of the
energy correlations.

The theory suggests that the bulk of the cross section is
due to quasifreeap absorption followed by a final-state in-
teraction that produces two protons above detector thresh-
olds. The prospects, at this time, of extracting information on
NN correlations from such a process seem doubtful.

The theory predicts that only a small portion of the cross
section at these energies is due to photopion production fol-
lowed by the reabsorption of the pion. Thus, for this mea-
surement, the missing momentui(=P,— P, —P,) distri-
bution is not expected to be a measure of the initial

0 200 400 600 momentum of aNN pair in the target nucleus. Instead, the
missing momentumn (MeV/c) missing momentum is determined by the dynamics of the
final state in the way in which energy and momentum are

FIG. 3. Comparison of differential cross section as a function ofshared.
missing energy(@ and missing momentuntb) for data (filled Figure 3b) compares the data to the calculated missing
circles, full calculation (solid histogramy, pp absorption(short-  momentum spectrum. Again the calculation has been scaled
dashed histograjnandnp absorption(long-dashed histogramiThe  down by the factor of 3.9. The shape of the calculation is
dotted histogram is the sum of quasifree absorption on three nuclg-gnsistent with the measurement. The missing momentum of
ons and pion production followed by reabsorption. The theoreticaihe two protons is too low for a single undetected nucleon in
calculations of missing energy have been shifted by 27 N&& e fina| state to explain the large missing energy. Thus, two
texp. The theoretical curves have been divided by 3.9. The emop, e yndetected nucleons must be emitted in the reaction.
bars, typically smaller than the plot symbols, are a combination of These comparisons show that the shape of the distribu-

the statistical error in the yield and the nonsystematic error in th%ions for 120(3/ pp) is well described by the calculations
detection efficiency. although the discrepancy in absolute magnitude is large.

The shape of tha/dT, anddo/d cos(6,) distributions in Though the calculation of Carraset al.[5] is very good at

Figs. 2a) and 2b) gives reasonable agreement. The agree[solating the contribution of a given mechanism, the final
men:[ is excellent for the angular distributions .in cross section it produces is an incoherent sum of all these

S L mechanisms. If interference between the andnp absorp-
ZT: é(ﬁlé%oﬁigséa@egngyzf )(.:u;he <d1|20|£1 d;éigd(ﬁ olz]etar: e tion channels is important, this will be absent in the calcu-
- pp ' i
data. As the opening angle between the two tracks becomé%ted cross section.

large, the position of the vertex is poorly defined. In the limit Boffi and Gianninil9] have suggested that the effect of

of back-to-back or parallel tracks, the vertex position is com-Strong short-range correlations would be to decrease the

pletely undefined. To eliminate this uncertainty, in this firstrn""gn't.l"r(]je of .the.f('/,NNI) Cross s_ecﬂc;}n by a 1I‘actqr O.f up to
report of our results, events with opening angles greater th 00, without significantly modifying the angutar distribution.
150° were rejected. This excluded 25% of the data. ven a much more m_odest decrease in the cal_culated cross
In order to gain insight into the mechanisms responsiblese?tlon WOIUId. greatlyr:mprove the Zg&:mement with the data.
for two proton emission, it is useful to calculate the missingtionr; ﬁg?ncgutsallggé:jv%hoa':\c/)?lsm;nazjsl;r Iarg(g,gcpc):)eS’[gﬁiesggjcector
energyTy=T,~ T, T, whereT, is the photon energy and compared the data to an intranuclear cascade model. The

T, andT, are the kinetic energies of the two protons. Figure o .
3(a) compares the data to the calculated missing energy spe(r:rlOSt striking disagreemea factor of 3.9 between theory

trum (solid histogram The calculations have been scaled and experiment is in the size of the total cross section for

1 H —
down by the factor of 3.9. It also shows the contributions to “C(y,pp) for the range of photon energiés, = 187-227

the cross section from each of the primary photon absorptiorMeV' In general, a simple model, such as the impulse ap-

processesNN absorption(split into np and pp channels proximation, overestimates the cross section. Refining the

. ) . . _model invariably lowers the cross section as interference ef-
3N absorption and pion production followed by reabsorption , . 4
: . . fects and final-state interactions are added. The model of
of the pion by 2 or 3 nucleons. Either directly or through

rescattering. these three processes can lead to two rOtog\gflrrascoet al. already represents a significant refinement of

bein emit?éd with enou hpener to be detected in SAFI)_AD earlier intranuclear cascade methods, but perhaps future re-
g em 9 9y : finements may decrease its predicted total cross section.

The missing energy spectra f_rom the calculation of Carrasc%iven the large effect predicted by Boffi and Gianriei

etal. are shifted by 27. MeV in a rough attempt to accountthe inclusion ofNN correlations may prove worthwhile.

for the lowest separation energp-f shell of two protons

from *2C. This does not deal properly with protons frgm The authors would like to thank R.C. Carrasco for sup-

s or s-s shells or events in which other undetected nucleonglying the computer code for the theoretical calculations.

are emitted. Significant strength from quasifige absorp-  This work was supported by the Natural Sciences and Engi-

tion seems to be ruled out due to the shape; however, puttingeering Research Council of Canada.
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