
PHYSICAL REVIEW C APRIL 1997VOLUME 55, NUMBER 4
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Results are presented for the3He(g,p1p2) reaction in the region 380<Eg<700 MeV, investigated with
the use of a 10% duty factor tagged photon beam, in conjunction with the TAGX multiparticle spectrometer.
The study of such multipion photoproduction reactions has motivated a number of chiral symmetric models,
and is expected to provide an insight on the role of theD andN* resonances in the nuclear medium. From
comparisons of the data with simple reaction simulations, it was found that the data were best fit with a
combination of multibody phase space channels, quasifreeD andN* , andDD production channels. The results
are compared with other double pion photoproduction reactions on hydrogen and deuterium.
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I. INTRODUCTION

For photon energies above 550 MeV, the cross sectio
multipion production on a proton target exceeds that
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single pion photoproduction, and rapidly rises to account
nearly all of thegp→Hadrons cross section in the few
GeV region. Thus, an understanding of multipion photop
duction reactions is crucial to understanding the phot
nucleus interaction in this energy region. Several multip
photoproduction experiments were carried out in the 197
using bubble chamber techniques, and the findings are s
marized in the review article by Luke and Soding@1#.
Briefly, it was found that thegp→D11p2 process domi-
nates the region belowr meson energies, and has a stron
real, nonresonantJp53/22 partial wave near threshold, from
the contact interaction, in addition to pion exchange ans
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55 1833SINGLE AND DOUBLE DELTA PRODUCTION IN THE . . .
channel resonance contributions. The ratio of the cross
tion of this process to thegp→Dop1 reaction was measure
below 700 MeV~9:1! and is consistent withI51/2 in thes
channel, or isovectort channel exchange.

In recent years, a related reaction, pion induced pion p
duction (p,2p) has received intense scrutiny@2–6# due to
advances in the treatment of chiral symmetric Lagrangi
@7#. These models are formulated as the low-energy limit
QCD, incorporating a chiral symmetric Lagrangian, with t
physical chiral symmetry breaking treated as a perturbat
This introduces new nonlinear~loop! terms into the expres
sions for the pion nucleon couplings, which do not occur
nuclear theories based on isospin symmetry alone.

The chiral symmetric framework has recently been
plied to the problem of double pion photoproduction
threshold by Dahm@8#, and recently expanded by Benme
rouche and Tomusiak@9# to includeD contributions. These
calculations, using a chirally symmetric Lagrangian, b
without loop or chiral corrections, show promise in dete
mining corrections to the low-energy theorem~LET! result.
It is hoped that double pion photoproduction experiments
hydrogen and other light nuclei will yield empirical con
straints on the nonlinear couplings that lead to these L
corrections.

These expectations also apply to the model created
Gomez-Tejedor and Oset@10# for the p(g,p1p2)p reac-
tion. They found, in comparison to their model for th
p(p,p1p2)p reaction, that the photoproduction reaction
more heavily dominated byD terms, even at low energie
close to threshold, that nonresonant terms have little stre
in the reaction, and that the role ofN* intermediate states i
much less important at threshold, but becomes more im
tant above 800 MeV, where thegN→N* 1520→Dp process
interferes strongly with the contact interaction~Kroll-
Ruderman! term. This model was extended@11# to the
d(g,p1p2p)n reaction, and the two body exchange cu
rents leading toDD production were derived. A natural ex
tension of these works would be to other light nuclei.

Given the revived interest in the field of multipion pro
duction, it is fortunate that a new generation of high du
cycle tagged photon beams have made these experim
easier to perform. With the upgrade of the Institute
Nuclear Study~INS! electron synchrotron in 1985, tagge
photon beams, with a duty factor of 10–20% and energy
to 1.12 GeV, are available. Double pion production data
the deuteron, from this facility, have recently been publish
@12# for the energy range 570<Eg<850 MeV. The newly
commissioned tagged photon beam facility at Mainz h
yielded proton target results@13# from 450 to 800 MeV, and
new results are forthcoming from Bonn on the deuteron@14#.

In this paper, we present, for the first time, results for
3He(g,p1p2) reaction, which was carried out simulta
neously with the previously reported single pion product
experiment@15#. It is hoped that the results presented m
inspire models incorporating effective chiral Lagrangians
be extended to the nuclear domain, as well as to assist in
understanding of the short-range contributions to nucle
nucleon interactions fromD1232 excitation. Section II of this
paper discusses the equipment and techniques used i
experiment, while Sec. III discusses the methods of part
identification and event selection used in the data analy
c-

o-

s
f

n.

-
t

t
-

n

T

y

th

r-

-

nts
r

p
n
d

s

e

y
o
he
-

the
le
is.

Section IV presents comparisons of the data with Mo
Carlo simulations and cross sections for the modeled re
tion channels. Section V summarizes the conclusions of
work.

II. EXPERIMENTAL TECHNIQUE

The TAGX facility has been described in detail elsewhe
@16#, so only a brief description is given here.

A. Tagged photon beam

INS employs a 15-MeV injector linac coupled to a 1.
GeV electron synchrotron to produce a tagged photon be
with a duty factor of 10–20%@17#. For this experiment, the
nominal value of the synchrotron energyES was 800 MeV,
and the duty factor was approximately 10%, which cor
sponds to an electron beam pulse extraction time of 5 ms
the energy of the synchrotronES varies sinusoidally with a
47-ms period, the determination of the instantaneous ene
of the extracted electronsEe was determined by measurin
the electron extraction timing from the synchrotron with o
line electronics.

The extracted electrons were then incident upon a t
platinum radiator, which produces bremsstrahlung photon
the vicinity of a rectangular analyzer magnet with fie
strength of 1.17 T. The scattered electrons were bent ou
the beamline by the field, to intersect an array of 32 elect
tagging counters and 8 backing counters, which determ
the energies of the tagged photons via the difference in e
tron energies before and after scattering from the radia
Eg5Ee2Ee8. Each element in the tagging array had a sc
tered electron momentum acceptance of 10 MeV/c, yielding
a total tagging array coverage from 380 to 700 MeV. T
magnet/tagging counter system will be referred to as the
ger in this work. The average tagged photon intensity w
kept to 23105g/s, to reduce the rate of accidental eve
triggers.

Due to the collimation of the photon beamline dow
stream of the tagger, not all of the tagger hits recorded c
respond to tagged photons incident upon the target. To
rect the number of tagger hits for the number of tagg
photons, the tagging efficiency of each of the 32 tagg
was found by setting a lead glass Cˇ erenkov counter in the
photon beam downstream of the target, to measure the
of tagged photons to the number of tagger hits. The tagg
efficienciesh tag of 8062 %, and the radiator in/out ratios o
1 to 2 %, were used to correct the tagger count rate to y
the tagged photon rate.

After these corrections, the total number of tagged p
tons in each energy bin was

Ng~Eg5420640 MeV!537.23109,

Ng~Eg5500640 MeV!541.53109,

Ng~Eg5580640 MeV!547.43109,

Ng~Eg5660640 MeV!556.63109.
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B. Liquid 3He target

The design and operation of the3He target is described in
Ref. @18#. The target cell was connected, via a long, thi
vertical, stainless steel pipe, to the refrigeration system
cated above the TAGX spectrometer magnet. The target
was a cylinder of 50-mm diameter and 90-mm height. T
target cell’s vacuum wall was a honeycomb design
Nomex plastic@19# of 3.331023 radiation lengths@20#. The
target temperature for the experiment was 1.98660.001 K,
corresponding to a density of 0.0786 g/cm3 for the 3He.

C. TAGX spectrometer

The TAGX magnetic spectrometer had a charged parti
acceptance ofp sr and a neutral particle acceptance
0.85 sr. Two identical semicylindrical drift chamber
~CDC’s!, two sets of counter hodoscopes@inner ~IH! and
outer ~OH!#, and four electromagnetic background~EM!
veto counters were located in the magnet gap. A top view
TAGX is shown in Fig. 1.

1. Analyzer magnet

The dipole magnet had a 60-cm pole gap and a 107-
circular pole face diameter, with a nominal field strength
0.5 T. The distribution of the magnetic field was measured
104 points with Hall probes, and the measured nonuniform
ties were taken into account in the offline data analysis.

2. Cylindrical drift chambers (CDC’s)

The two CDC’s, surrounding the target area, were e
ployed to determine the charged particle momentum v
track reconstruction. The CDC’s spanned horizontal ang
from 15° to 165°, on both sides of the beamline, and a v
tical acceptance of618.3°. Each CDC contained 1100 gold
plated molybdenum wires for field shaping, 230 gold-plat
tungsten wires for drift time readout, and 94 stainless st

FIG. 1. The TAGX spectrometer consists of two semicylindric
drift chambers~CDC’s! situated in a 0.5 T magnetic field for mo-
mentum determination, two sets~IH and OH! of plastic hodoscopes
for time of flight determination, and an upstream photon taggi
facility. The tagging system was calibrated with the use of the le
glass Čerenkov detector shown downstream of the spectromete
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wires for charge division readout~not used in this work!. The
wires were strung vertically and arranged in twelve conc
tric layers. The sense wires were held at 2.95 kV voltage~the
field shape wires being grounded! and used in a gas mixtur
of 50% Ar and 50% C2H6. Signals from the sense wire
were amplified by charge sensitive preamplifiers and fed i
discriminator modules. They were then digitized with sta
dardCAMAC TDC’s for the drift time measurements.

3. Counter hodoscopes

The two sets of plastic scintillator hodoscopes, inner a
outer~IH and OH!, were employed to give triggering signa
to the online acquisition system, and to measure the time
flight ~TOF! of charged particles. The IH’s consisted of 1
~632! 5-mm thick scintillator elements, located inside th
inner surface of the CDC’s, on a circle of 75-mm radi
about the target cell. As the IH’s were within the magne
field region of the analyzer magnet, photomultipliers w
fine mesh dynodes were used.

The OH’s consisted of 33~16117! 10-mm thick scintil-
lator elements. Each OH was equipped with photomultipli
attached to both vertical ends, to allow determination of
track angle with respect to the median plane of the spectr
eter, placed outside of the magnetic field. The TOF reso
tion measured between the OH and IH was found to be 0
ns.

4. Electromagnetic background veto counters

Although the geometry of the spectrometer was such
the system avoided high amounts of electromagnetic ba
ground from direct interaction with the photon beam, ele
tron positron pairs were still swept into the spectrometer
the analyzer magnetic field, possibly mimicking real even
To prevent this, four sets of veto counters were placed h
zontally across the front (u,90°) and back (u.90°) OH
counters, in the median plane of the spectrometer. Each
ment consisted of a plastic scintillator 155-mm long, 50-m
high and 5-mm thick. A signal taken from any one of th
veto counters was taken to indicate the presence of pair
duction accidentals background, and the event was rejec
This effectively reduces the fraction of background trigge
while making only a small reduction in the trigger rate f
physically interesting events. These counters are describe
more detail in Ref.@21#.

D. Trigger and data acquisition

The pair production accidental rate precluded the use
single arm triggering, and the trigger condition thus requir
that there be at least one charged particle on each side o
photon beamline~in each CDC hemisphere!. A two level
trigger system was employed to optimize the data taking
pretrigger consisting of

PT5IHL3IHR3STAGB3EM vetoF

~coincidence between the IH’s, the back photon taggers,
the absence of the forward EM veto counters! was used as
the gate signal for the ADC’s and as the start signal for
TDC’s. The pretrigger rate was typically;2 kHz. The main
trigger consisted of the logical product of the pretrigger w
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55 1835SINGLE AND DOUBLE DELTA PRODUCTION IN THE . . .
the OH signal, the main tagger signal, the absence of
back EM veto signal, and the absence of the computer inh
signal;

MT5PT3 OHL3OHR3STAG3EM vetoB3Inhibit.

If the main trigger was satisfied within a 400-ns period, t
event was recorded, otherwise, theCAMAC modules were
cleared, and the system awaited the next trigger. The m
trigger rate was;20 Hz. The trigger system is explained
further detail in Ref.@21#.

Three processors were used for the recording and ana
ing of events. The event by event readout was performed
a microcomputer, with the data stored inCAMAC memory
modules of 140 event capacity. These data were stored
tape, and also sent to an analysis computer running in pa
lel. This analysis provided preliminary analyses, includi
track reconstruction and particle identification. The acqu
tion system lifetimeh live was 97.4%.

III. DATA ANALYSIS

This work used the standard TAGX event reconstruct
analysis, which has been described in Ref.@16#. Here, we
describe the most important points of the analysis proced

A. Background rejection and track reconstruction

To reduce the large amount of pair production ba
ground present in the data sample, cuts were placed on
TDC spectra for each of the 32 taggers, and all events wi
simultaneous coincidence between two~or more! tagging
counters were rejected. This had the effect of reducing
background by 90%. A sample timing histogram for one ta
ger before these cuts were applied is shown in Fig. 2.

The track reconstruction was used as the basis for fur
event rejection. As the confidence in the track determina
decreases with the presence of background, and as the r
tion of background depends, in part, on track determinat
an iterative process between track determination and b
ground rejection was employed.

For the purpose of the offline analysis, the CDC’s we
considered to be divided into 15 sections, each subten

FIG. 2. Sample timing coincidence plot for an element~TAG
No. 15! of the photon tagging array before final data processing
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10°. A track was then considered to be reconstructible i
spanned less than 5 adjacent sections, and each section
tained between 4 and 20 sense wire hits~each section con-
tained between 25 and 35 sense wires!. All events whose
tracks did not conform to these limits were rejected. T
requirement is based on the maximum track curvature
events originating from the target, and so provides a re
tion criterion for charged particles coming from far u
stream. It does not interfere with the acceptance of physic
expected events.

A spline fitting method was employed to reconstruct t
particle track. Particle charge, emission angle, and mom
tum were determined for each individual track, with the m
mentum resolution beingDp/p5931025p11022, where
Dp andp are both measured in MeV/c. In determining the
particle tracks, the track fitting routines took into accou
both the nonuniformities in the TAGX magnetic field, a
well the as the asymmetries in ionization drift times, due
the effect of the TAGX magnetic field upon the ions arrivin
from either the left or the right of a sense wire.

In extrapolating the particle tracks to the target area
was found that not all event origins intersected the tar
cell, as determined by the point of closest approach betw
the tracks for an event. A ‘‘target cut’’ was imposed on eve
origins, requiring that they exist within or near the targ
cell. This had the effect of removing many events due to p
production in the air upstream of the target cell. Initially,
generous 5-cm target cut is used~the target cell being 2.5 cm
in diameter!, and later a more stringent target cut was us
when the confidence in track reconstruction was more c
tain. Furthermore, 27% of the beam sample was dedicate
empty target cell runs, which were subtracted from the d

In order to ensure the rejection of the bulk of the p
production background, two requirements are imposed,
one of the two detected particles has a momentum of
MeV/c or greater, and that the other detected particle ha
momentum of at least 100 MeV/c ~as calculated in the cente
of the target!. This requirement was found to remove th
remaining electromagnetic induced background events.

B. Particle identification

The momentump obtained from the CDC track fitting
and the time of flight~TOF! provided by the OH-IH scintil-
lator timing, give the mass of a particle according to

mc25
p

c
AS c3TOF

dpath
D 221,

wheredpath is the distance traveled by the particle betwe
the IH and the OH, taking into account the track curvature
the TAGX magnetic field. This distance varies between
and 95 cm for the pions in this experiment.

If the particle mass is between 0 and 400 MeV/c2, it is
tentatively identified as a pion, and energy loss correcti
are applied to reconstruct the energy at the center of
target. Figure 3 shows the separation in pion identificat
bands realized at the end of this analysis. The upper b
corresponds top1 tracks, and the lower band is due top2

tracks. In order to be identified as a pion, the particle m
have momentum between 100 and 500 MeV/c, and must fall
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in one of the two loci in Fig. 3. All events in the figure a
due to thep1p2 coincidences discussed in this work. Th
lack of extra bands in the figure indicates the successfu
moval of the data sample’s unwanted pair production ba
ground events.

C. Event reconstruction

The number ofp1p2 events remaining after the analys
and empty target subtraction was

Y~Eg5420640 MeV!586,

Y~Eg5500640 MeV!5722,

Y~Eg5580640 MeV!51659,

Y~Eg5660640 MeV!52161.

From the reconstructed pion momenta,pW 1,pW 2, the invari-
ant mass,p1p2 opening angle, missing momentum comp
nents, missing energy, and missing mass were calculate
each event according to

Invariant Massmpp5
A~E11E2!

22~pW 11pW 2!
2c2

c2
,

Opening Angleupp5ArcCosS pW 1•pW 2
p1p2

D ,
Missing MomentumpWm5pW g2pW 12pW 2,

Missing EnergyEm5Eg2E12E2 ,

FIG. 3. Charge3 momentum, from the CDC, versus time o
flight, from the OH-IH scintillator timing, forp1 andp2 coinci-
dences detected in this experiment. The upper band is due top1

tracks, and the lower band is due top2 tracks. Proton candidates
falling outside to the upper right limit of the plot, are not show
The lower pion momentum threshold of 100 MeV/c ~corrected for
energy loss from the center of the target! is clearly visible. Elec-
tron/positron tracks are largely confined to the region betw
2100 and1100 MeV/c in this figure, and the absence of structu
along the threshold cut indicates the successful removal of the
sample’s unwanted background events.
e-
-

-
for

Missing Massmm5
AEm

2 2pm
2 c2

c2
.

Monte Carlo simulations, described in Sec. IV, provide
the acceptance of the detector system as a function of in
dent photon energy. Although the acceptance for pions w
momenta greater than 100 MeV/c wasp sr, the choice of
reaction mechanism causes thep1p2 coincidence accep-
tance to differ from the product of the individual particl
acceptances because of emission angle correlations, or
cause the available energy may require that the pions
often emitted below the detection threshold. Typical valu
of the coincidence acceptance for the reaction mechanis
studied were 0.5 to 0.9 %.

Figure 4 indicates a small, expected, left-right asymme
in the momentum-emission angle correlation of the spe
trometer for low momentap1 andp2. This asymmetry is
because oppositely charged particles follow paths of diff
ing curvature in the spectrometer magnetic field, resulting
slightly different forward angle acceptances for the two pa
ticle types. The asymmetry is mirror symmetric for the tw
particle types across the beamline, and was incorporate
the acceptance simulations.

IV. RESULTS AND DISCUSSION

Previous works have shown that several competing re
tion mechanisms play a significant role in this energy regio
and are expected to contribute to the reaction studied h
Therefore, special care must be taken when attempting
sort out the contributions of each in the data sample.

The most important of the contributing reaction mech
nisms is the quasifree mechanism. Reference@1# shows that
thegp→D11p2 reaction is the dominant two pion produc
tion process on the proton in this energy range, althou
gp→D°p1 also contributes. Thegn→D2p1 reaction pro-
ceeds with about half of the corresponding proton cross s

n

ta

FIG. 4. Charge3 momentum versus horizontal emission ang
for p1 andp2 detected in this experiment. The left-right differenc
in p1 andp2 distributions are the result of differing TAGX accep
tances for low momentum tracks at forward angles. Positive
charged pions curve clockwise in the spectrometer magnetic fi
~as seen from above! and so have larger acceptance for beam-rig
emission than beam-left emission. Negatively charged pions cu
counterclockwise, and so have mirror symmetric acceptance.
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55 1837SINGLE AND DOUBLE DELTA PRODUCTION IN THE . . .
tion @22#. Some strength due toN* intermediate states ha
also been identified@1#. So the quasifree mechanism wou
have the two pions produced in an interaction with a sin
nucleon, and the two remaining nucleons in3He as specta-
tors. Some argument can be made that the final state inte
tions caused by the presence of these additional parti
cannot be ignored.

The DD mechanism has generated theoretical interes
both pion-@23# and photon-induced@11# reactions. The con-
tributions of this channel were recently isolated in photoa
sorption on the deuteron in a slightly higher energy ran
@12,14#. In this case, the photon is absorbed on two nucleo
exciting them toD ’s, which then decay to produce th
p1p2. The gpn→D11D2 reaction dominates, althoug
gpn→D1D° also contributes.

Finally, nonresonant mechanisms contribute, in which
emitted particles are distributed solely by phasespace con
erations@1#. In this case, the reaction mechanism matrix
ement is a constant, and the only considerations dictating
population of events in a particular kinematic region are e
ergy and momentum conservation. The contribution ofr in-
termediate states is expected to be negligible in this ene
region @1,10#.

We will refer again to these mechanisms, and others
the following analysis and discussion.

A. Characteristics of the data sample

The intention of this section is to describe the basic ch
acteristics of the data, and the role that detector accepta
and trigger conditions play in its composition.

Figure 5 shows a scatterplot of the reconstructed miss
mass versus the invariant mass for this experiment. Since
missing mass is the magnitude of the four momentum tra
fer to the 3He nucleus, this figure is a Chew-Low plot. Th
populated region is approximately triangular in shape. T
upper limit of the distribution cutting across the diagonal
the figure is imposed by energy and momentum conse
tion. The limit on the bottom is dictated by the minimum
possible missing mass, that of3He, although the distribution
extends slightly below 2808 MeV/c due to the resolution of

FIG. 5. Missing mass versus invariant mass forp1 and p2

detected in this experiment, forming a Chew-Low plot. The mo
heavily populated region in the center indicates that the reactio
nonperipheral in nature, involving one or more target nucleons
the reaction mechanism.
e

ac-
es

in

-
e
s,

e
id-
-
he
-

gy

in

r-
ce

g
he
s-

e
f
a-

TAGX. The limit on the left is dictated by the mass of th
two pions, and the momentum threshold of the detector.
more heavily populated region in the center of the plot in
cates that the reaction is nonperipheral in nature, involv
one or more target nucleons in the reaction mechanism.
other structure is discerned, indicating that there is no str
correlation between the momenta of the two emitted pio
as we expect, as the experiment is below ther energy region.
Any correlation between an observed pion and an un
served particle, such as proton via aD, would not be readily
evident without detecting the additional particles.

Figure 6 shows the missing momentum versus invari
mass correlation for each of the four photon energy bins.
see that the character of the correlation changes significa
from the lowest to the highest energy bin, indicating chan
in the responsible reaction mechanism. Some manipula
of the equations listed in Sec. III C shows that these t
variables are related via

mppc
25A~Ep11Ep2!22Eg

22pm
2 c212Egpmc.

If the missing momentum is small, such as in a specta
type reaction, the fourth term will dominate, leading to
linear relation such as that shown in panel~a!. However, if
the missing momentum is large, such as when undete
nucleons are ejected followingD decay, the third term domi-
nates, leading to a more complex relationship, as in~d!.
Thus, the systematic change in the shape of the correla
from the lowest to the highest photon energy bin indicate
change in the reaction mechanism, from one in which
3He nucleus remains intact in~a!, to one in which one or
more undetected particles are ejected at relatively high
mentum in~d!.

While we have been able to form some preliminary co
clusions on the nature of the data without recourse to mod
to make more quantitative conclusions, the use of simu
tions is required. We can use the kinematic behavior of
data from investigations similar to those described above
confirm that the model comparisons yield reasonable con
sions.

B. Simulations and fitting procedure

Based on the reaction mechanism expectations discu
in Sec. IV, a minimal set of simulations of possible reacti
channels for3He(g,p1p2) was performed, all incorporat
ing the full geometry of the spectrometer.

~1! quasifreeD production, in which the incident photo
is absorbed by one nucleon, simultaneously exciting it t
D and emitting a pion. TheD then decays to produce th
second pion, thus the two pions have different kinema
signatures. The two remaining nucleons in3He are specta-
tors, and are emitted with momentum distributions peak
near 90 MeV/c, in accordance with Fermi momentum expe
tations @24#. As prior works @1# have shown that the
D11p2 contribution dominates, only the g3He
→p2D11(pn)SP reaction was modeled, and the other cha
nels incorporated via isospin corrections.

~2! DD production, in which the photon is absorbed o
two nucleons, exciting them toD ’s, which then decay to
produce two pions. These two pions have statistically sim
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FIG. 6. Missing momentum versus invariant mass for~a! Eg5420640 MeV, ~b! Eg5500640 MeV, ~c! Eg5580640 MeV, ~d!
Eg5660640 MeV. The changing shape of the correlation with photon energy indicates a change in the underlying reaction mec
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kinematic signatures, although they come from different v
tices. Only the dominantg3He→D11D2(p)SP reaction was
modeled, with other channels again incorporated via isos
corrections. The spectator recoils with its Fermi momentu

~3! three body phase spaceg3He→p1p23He, in which
the recoil nucleus is left intact. The three outgoing partic
have randomly selected energies and momenta, consi
with kinematic conservation laws.

~4! five body phase space,g3He→p1p2ppn, in which
the recoil nucleus is broken into its three nucleonic com
nents. The distributions of particle momenta are simila
determined by kinematic factors alone. Four body ph
space was excluded, on the grounds that the resulting par
distributions would be nearly indistinguishable from fiv
body phase space, considering that the binding energy o
deuteron~and, hence, the difference between four body a
five body energy constraints! is only 2.22 MeV.

While it is possible that other mechanisms, not enum
ated above, may contribute to the3He(g,p1p2) reaction, it
is difficult to defend the removal of any of the above mech
nisms on physics grounds. Predicted distributions of
missing mass, missing momentum,p1p2 opening angle,
andp1p2 invariant mass were generated for each reac
channel and each photon energy bin. Fits were performe
all four kinematic variables simultaneously, and separa
for each of the four photon energy bins. In each photon
ergy bin fit, the relative weighting of each reaction chan
r-
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was varied independently, with the constraint that the sum
the simulated events from all of the channels had to ag
with the experimentally observed number of events with
the experimental statistical error. The combination of re
tion channel fitting factors which simultaneously yielded t
best agreement with all the four experimental distributio
was determined via a globalx2 minimization procedure.

After this procedure was completed, it was decided t
the agreement between the experimental data and the su
the simulations was not satisfactory, and so a number
additional mechanisms were investigated, and added to
four mechanisms discussed above, in an effort to impr
the quality of the fit. The additional simulation was on
retained if thex2 of the fit improved measurably. There wa
only one such mechanism that met this requirement:

~5! quasifreeN1440* production, in which the incident pho
ton is absorbed by a neutron, simultaneously exciting it t
N1440* and emitting ap2. This resonance then decays into
p1n. This is the onlyN* mechanism that results in
p1p2 pair. Spectator Fermi momenta are incorporated a
simulations~1! and ~2!.

The other simulations which were investigated, but n
retained, are discussed later. The fits were repeated to en
consistency, and independence from the initial starting c
ditions.

The result of these fits, for each of the four photon ene
bins, are shown in Figs. 7–10. The agreement between
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FIG. 7. Fits for the missing mass over the energy bins~a!
Eg5420640 MeV, ~b! Eg5500640 MeV, ~c! Eg5580640
MeV, ~d! Eg5660640 MeV. The filled circles correspond to th
data, while the lower solid line is the sum of the quasifreeD and
N* mechanisms, the dashed line is theDD mechanism, and the
dotted line is the sum of the three and five body phase space.
upper solid line is the sum of the simulations.

FIG. 8. Experimental distribution and simulations for the mis
ing momentum. The legend is the same as in Fig. 7.
experimental distributions and the sum of the models fit
generally acceptable, although there are some discrepan
We find that the experimental invariant mass and miss
momentum distributions peak slightly more sharply than
sum of the simulations is able to reproduce, and that
missing mass distribution peaks at a slightly higher va
than could be modeled. The opening angle distributions
fit reasonably well, considering the statistical fluctuations
the data. Two variable correlations, such as those prese
in Sec. IV B, were also generated and compared to the d
The quality of the agreement between the simulated corr
tion, incorporating all of the reaction channels, and the da
was similar to the agreement shown in Figs. 7–10. The
are clearly more successful at describing the data below
MeV, than above this energy.

An error function was calculated for each photon ene
bin, based on the discrepancy between the sum of the fina
and the experimental data over the four kinematic variab
and this error was incorporated, along with the statistical a
systematic errors, into the total cross sections reported
Sec. IV C. In all cases, the variation in fitting factors whic
yielded reasonable, but not the best fits to the data,
smaller than the error limits quoted below. Thus, any err
due to the uniqueness of the fits are incorporated in our fi
results.

We have investigated several alternate processes, in o
to gain more insight into these differences between the d
and the simulations.

~1! Final state pion-nucleus interactions~FSI’s!:
It has been reported recently@25# that approximately 30% of
the 3He(p1,ppp) events were due to the two step proce
pN→p8N8, followed by pNN→NN absorption. At the

he

-

FIG. 9. Experimental distribution and simulations for th
p1p2 opening angle. The legend is the same as in Fig. 7.
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1840 55D. G. WATTSet al.
highest energy of this work, the emitted pions have appro
mately 140-MeV energy, each, which can certainly produ
FSI. However, quasielasticpN→p8N8 scattering will only
remove energy from the detected~scattered! pion, and, thus,
the deviation from the simulations in Fig. 8 would be ev
more pronounced.

~2! Three pion productiong3He→p1p2p°
3
He and

3He(g,h)X:
The detection threshold for the three pion production re
tion in our experiment is aboutEg5520 MeV, and the ex-
periment also covers the dynamic range where
h→p1p2p° is produced. In these cases, the unobser
p° carries away momentum according to three body ph
space, and removes energy equal to or greater than its
mass. Such processes populate regions of missing mom
tum, in Fig. 8, where the simulations already overpredict
data, and does not address the source of the discrepanc

We are led to conclude that the discrepancies between
sum of the simulation fits and the data are due to no
specific cause, but are probably the cumulative effect of
proximations to the3He medium in our models. Three bod
calculations may be helpful in improving the fit of the rea
tion channels to the data, and would result in a reduction
the size of the error limits quoted.

C. Cross sections

The cross sections for each reaction channel over e
energy bin were calculated according to

s~E!5
Y

Ngh livehdetr tgt
,

FIG. 10. Experimental distribution and simulations for t
p1p2 invariant mass. The legend is the same as in Fig. 7.
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whereY is the number of ‘‘fitted’’ events in a given energ
bin, Ng is the total number of photons incident on the targ
for that energy bin,h live is the livetime of the computer’s
acquisition electronics,hdet is the detection efficiency of the
TAGX spectrometer for the reaction channel in quest
~given by the Monte Carlo simulation for each reaction cha
nel and energy bin!, andr tgt is the target density as seen b
the incident photon beam~in nuclei/cm2).

The cross sections assigned to each reaction channe
each energy bin, are listed in Table I. Figures 11–13 sh
that these cross sections are in line with reasonable expe
tions. The stated error bars include all sources of statist
and systematic error, of which a very large contribution
due to the uncertainty in the fits presented above.

The cross sections in Fig. 11 include both theD andN*
channels. This is consistent with the presentation of the o
gp→D11p2 results@1#, which clearly indicate the presenc
of N* resonances in the cross section energy depende
This is justifiable, because the broadN1440* ~G.250 MeV!
significantly overlaps theD1232resonance. Our cross section
rise rapidly with energy, from threshold to 550 MeV, b
remain less than three times the analogousD excitation cross
sections on the proton. This is likely due to the fact that
gn→D2p1 cross section is smaller than that of the proto

A special note needs to be made regarding
d(g,p1p2p)n results of Ref.@12#. These data were als
obtained with the TAGX spectrometer, and incorporate a 3
MeV/c proton detection requirement, which effectively e
cludes events in which the proton is a spectator. Howe
the neutron has no such requirement, and so may either
ticipate in the reaction, or be a spectator. The first case wo
lead to theDD channel, while only the second case leads
the quasifree channel. Thus, their proton detection requ
ment that the quasifree mechanism must occur on the pr
only, and the cross section which they identify as being d
to theD11p2nSP process is treated as proton data here.

The DD cross sections, in Fig. 12, appear to rise w
energy, but with some uncertainties. In this case, the neu

TABLE I. Reaction channel cross sections and uncertainties
the four photon energy bins. The reported error bars include
statistical and systematic errors, including those of the simula
fitting procedure.

Mechanism Eg @MeV# s6ds @mb#

Phase Space
420640 1167
500640 965
580640 35611
660640 39613

QuasifreeD andN*
420640 23613
500640 84627
580640 123637
660640 151645

DD

500640 963
580640 2668
660640 42613
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must play a role in both the deuteron and3He experiments,
and the agreement between the two~after multiplication by
1.5! is much better. The multiplication factors of 3 and 1.5
used in Figs. 11 and 12, respectively, are simple choic
based on the independent particle picture, and are not me
to be definitive.

In Fig. 11, we show theD contributions portion of the
p(g,p1p2) calculation of Gomez-Tejedoret al. @10# mul-
tiplied by three, and in Fig. 12 we show thei
d(g,p1p2)pn DD mechanism calculation@11# multiplied
by 1.5. In both cases, we see that their models underpre

FIG. 11. Cross sections for the sum ofD and N* excitation
contributions of this work, as described in the text, and previo
related works. The plotting symbols are as follows:@solid square#
This work, g3He→DpNNSP data. @diamond# Ref. @22#, @empty
square# Ref. @26#, @triangle# Ref. @27#, are allgp→D11p2 data,
multiplied by three.@solid circle# Ref. @12# is gd→D11p2nSP
data, also multiplied by three, as described in the text. The curve
the D contributions calculation of thegp→p1p2 reaction from
Ref. @10#, multiplied by 3, and the X is the threshold calculation o
Ref. @9# (np1p2123pp1p2).

FIG. 12. Cross sections for theDD excitation contribution of
this work, and previous related works. The plotting symbols are
follows: @solid square#. This work, g3He→DDNSP data. Both
@solid circle# Ref. @12#, and @empty circle# Ref. @14#, are
gd→D11D2 data, multiplied by 1.5. The curve is the calculatio
for thegd→D11D2 reaction of Ref.@11#, multiplied by 1.5.
,
s
ant

ict

the channel strength close to reaction channel thresh
While predictions based on chiral symmetry are expected
be accurate at very small external momenta, there are o
ing questions about the application of chiral loop correctio
even at threshold. The models of Refs.@10,11# contain sev-
eral ingredients other than chiral symmetry, and it is like
that one of these other factors is responsible for the failu
of their calculations to reproduce the low-energy data.
speculation on the cause of this deficiency may be an inc
plete treatment of the width of theD resonances, whose low
mass components play an especially important role at thr
old.

The near constancy of the sum of the phase space c
nels in Fig. 13 is expected, after noting the constancy of
deuteron’s phase space channel with photon energy. The
culation of Benmerrouche and Tomusiak@9#, incorporating
chiral corrections to the LET, is indicated in both Figs.
and 13. We plot here theirnp1p2 cross section plus two
times thepp1p2 cross section. This calculation incorpo
ratesD resonance contributions, and finds them to hav
significant effect, even at the threshold. Our experim
lacks the statistical precision to make any meaningful co
parison.

D. Summary and conclusions

A first study of the3He(g,p1p2) reaction has been per
formed with incident photon energies from 380 to 700 Me
using the TAGX spectrometer. This is an energy range wh
a number of calculations have been performed using ch
symmetric models. It also allows the further investigati
into the role of theD, and other resonances, in the nucle
medium.

Three of the reaction channels considered were thos
quasifreeD andN1440* , andDD production, in addition to the
usual phase space reaction channels~three and five body!.
The cross sections found for these channels have been

s

is

s

FIG. 13. Cross sections for the phase space contribution of
work, and previous related works. The plotting symbols are as
lows: @solid square#. This work, sum of three and five body phas
space on3He, as described in the text.@solid circle# Ref. @12#, four
body phase space ond multiplied by 1.5. The X is as in Fig. 11.
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sented for four incident photon energy ranges 420640 MeV,
500640 MeV, 580640 MeV, 660640 MeV. The singleD
channel rises with energy up to 550 MeV, but remains l
than three times the equivalent cross section on the pro
The doubleD channel cross section is nearly 1.5 times high
than similar data obtained earlier on the deuteron. In b
cases, the results exceed the low-energy expectations o
cently published models based on chiral symme
Lagrangians@10,11#, but this is likely due to other ingredi
ents of the model. Both phase space reactions are relat
constant over the four energy regions.

To extend these results further, multipion photoprod
tion should be performed on other light nuclei, both at high
energies and closer to threshold. Work is currently underw
at TAGX to extend the3He(g,p1p2) reaction to 1120
MeV, and to incorporate the effects of ther° resonance into
o-
s,’

e,

ns
i-
s

s
n.
r
th
re-
c

ly

-
r
y

the analysis. The study of this, and other reactions, will h
extend our knowledge of photon-nucleon interactions.
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