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sHe(p, pd) cross sections with tagged photons below the E resonance
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The reaction cross section for He(p, yd) has been measured using the Saskatchewan-Alberta Large
Acceptance Detector (SALAD) with tagged photons in the energy range from 166 to 213 MeV. The
energy and angle of the proton and the deuteron were measured with SALAD while the tagger
determined the photon energy. Differential cross sections have been determined for 40' ( 8„'( 150'.
The results are in agreement with the Bonn and Saclay photodisintegration measurements. The
most recent photodisintegration measurement performed at Bates is higher by a factor of 1.3, which
is just within the combined errors of the experiments. The proton capture results differ by a factor
of 1.7 from the present experiment. Comparisons are made with microscopic calculations of the cross
sections.
PACS number(s): 25.20.Lj, 25.10.+s, 21.45.+v

I. INTRODUCTION

The photodisintegration of He is an excellent test-
ing ground for our theoretical knowledge of the funda-
mental interaction among nucleons in a nucleus [1, 2].
The electromagnetic interaction is well understood and
the ground-state wave function can be calculated "ex-
actly" through the use of Faddeev techniques. Requir-
ing that theory reproduce the photodisintegration of the
deuteron, as well as the two-body photodisintegration of

He, places stringent constraints on the calculations. The
three-body breakup channel of He may be examined for
deviations from the calculations which would be indica-
tive of ingredients missing from the theory. These may
consist of a de6ciency in describing the final-state con-
tinuum wave function, or more interestingly, evidence for
three-nucleon forces. A measurement of the He(p, pd)
reaction will be discussed in this paper. A later paper
will report the three-body cross sections obtained simul-

taneously with the two-body data.
Several measurements of cross sections for the two-

body photodisintegration of He and the inverse reaction
(radiative capture) have been done in the past, as tests of
time-reversal invariance [3—12]. For incident proton en-
ergies below 200 MeV (corresponding to photon energies
below 140 MeV) the Illinois result [3] is in good agree-
ment with the capture measurements of the Orsay group
[4] and, more recently, with those at the Indiana Univer-
sity Cyclotron Facility (IUCF) [5]. For higher energies,
the agreement among the capture measurements is good,
although deviations of up to 35% between the TRIUMF
[6] and SATURNE [7] data are seen for incident proton
energies above 400 MeV (E~ ) 270 MeV). The photodis-
integration experiments have shown deviations, among
themselves and with the capture results, by as much
as a factor of 3. The most recent photodisintegration
measurement at Bates [8] finds cross sections in agree-

ment within errors with the capture measurements at
SATURNE and IUCF. All of these are in agreement with
the Illinois results where they overlap, but are signifi-
cantly higher than the Saclay [9] and Bonn [10] mea-
surements. The Frascati [11] and Caltech [12] results
are higher by factors &om 1.8 to 2.2 and 1.4 to 1.5, re-
spectively. The shapes of the excitation functions are
consistent at 60' but not at 90'. To summarize, for

E~ & 150 MeV the Bates measurement is the only photo-
disintegration measurement in agreement with the cap-
ture results, and the Bonn and Saclay results are the
only photodisintegration experiments which agree with
each other.

The experiment reported here was performed with a
large acceptance detector in a tagged photon beam. The
large acceptance permits the simultaneous measurement
of the complete angular distribution with minimal sys-
tematic error. The photon tagger reduces the uncertainty
in determining the absolute photon Hux normalization as
well as providing a well-determined photon energy. This
is the first reported measurement of sHe(p, pd) with a
tagged photon beam.

II. EXPERIMENTAL SETUP

The experiment was performed using the tagged pho-
ton facility at the Saskatchewan Accelerator Laboratory
[13]. The incident electron energy was 284 MeV with
a typical duty factor of 40%. The primary collimator
(20 mm in diameter) was located 194 cm from the radia-
tor, which was 115 pm thick aluminum. The photon en-

ergy was determined by the photon tagging system with a
resolution of +0.4 MeV, for a tagged photon energy range
from 166 to 213 MeV. The overall uncertainty in the pho-
ton energy was approximately 4 MeV. The tagging eK-
ciency was measured at frequent intervals throughout the
experiment with a lead glass detector, which could be re-
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motely moved into the beam path. These measurements
necessitated lowering the tagger focal-plane rate from
1.2 MHz to about 400 Hz. The efficiency (e& s

——0.756),
and thus the absolute photon fiux, was determined to
within 2.1%, averaged over the course of the experiment.

Charged particles produced by the tagged photon
beam were detected in the Saskatchewan-Alberta Large
Acceptance Detector (SALAD) [14]. The particle an-

gle was determined by tracking through three cylindrical
wire chambers (one of the four SALAD chambers was
inoperative during this measurement). The particle en-

ergy was determined and the particle type was identified
by 24 AE —E plastic scintillator segments surrounding
the wire chambers. Figure 1 is a side view of the de-
tector, which has cylindrical symmetry about the beam
axis. A trigger threshold was applied to the sum of the
b,E and E signals from each segment to reduce electron
triggers as described in Ref. [14]. The experiment trig-
ger was formed from a coincidence between any two of
the calorimeter segments and the tagger. The angular
and energy resolution for this experiment are displayed
in Figs. 2 and 3, respectively. The resolution along the
length of the wires was measured with a collimated pho-
ton source and the results were input to a simulation
of SALAD. The simulation was then used to generate
Fig. 2. Figure 3 shows the energy resolution of the E
scintillator, since this is typically the dominant contribu-

FIG. 3. rms energy resolution of SALAD for the E scin-
tillator blocks. The solid circles and triangles are measured
resolutions for protons and deuterons, respectively, from the
He(7, pd) reaction. The solid line is a fit to the data of the

form A+ B~E.

tion to the determination of the energy of the particle at
its production vertex.

The target was a cylinder of 0.036 cm aluminized My-
lar containing He gas at 255 kPa and room temperature.
The 60 cm long cylinder was 10 cm in diameter. The in-
stantaneous target temperature and pressure were mon-
itored throughout the experiment to an accuracy (1%.
The center of the cell was located 10 cm downstream
of the center of SALAD. This corresponds to maximum
geometric detection angles of 13'—169' in the laboratory
frame. The angular coverage of SALAD, for single tracks,
varied from 85 to 94% of 4z along the length of the target
cell.

The center of SALAD was located 451 cm downstream
of the radiator. Since the average angle of photon emis-
sion is given by m, /E, = 1.8 mrad, this would imply a
beam spot radius of 0.8 cm at the center of SALAD. The
angle subtended by the primary collimator gives a radius
of 2.3 cm at the center of SALAD, still well within the
radius of the target.

III. DATA ANALYSIS

The acceptance of SALAD is determined via simula-
tion. The large overdetermination of the kinematics for
sHe(p, pd) allows for accurate verification of such items as
total material thickness between the target and calorime-
ter, light output for protons and deuterons as a func-
tion of energy, attenuation lengths of the scintillators,
and particle identi6cation. The kinematics of the re-
action were determined using the tagger measurement
of the photon energy and the proton angle measured in
SALAD. A y was then calculated &om the other mea-
sured observables: energy deposition in the E and AE
scintillators for the proton and deuteron, deuteron scat-
tering angle, and coplanarity of the proton and deuteron.
The particle type assigned to a track was determined by
choosing the arrangement with the lower y2. The resul-
tant reduced y distribution is displayed in Fig. 4, where
the tracking cuts described below have been applied. The
solid histogram is &om a Monte Carlo simulation of the
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FIG. 4. y per degree of freedom for the He(p, pd) ob-
servables. The solid circles are the data with statistical errors
and the solid histogram is a simulation of the detector. The
arrow denotes the location of the cut applied. The dashed
histogram is for simulated three-body breakup events.

FIG. 6. Distance of closest approach of the tracks for the
proton and the deuteron measured with SALAD. The solid
circles are the data with statistical errors and the solid his-
togram is a simulation of the detector. The arrow denotes the
location of the cut applied.

reaction and agrees with the measured distribution ex-
cept in the tail region where the contribution from the
three-body breakup of He becomes significant. The ar-
row on the figure denotes the location of a cut applied
to reject background events inconsistent with He(p, pd)
kinematics. The contribution from He(p, pp)n remain-
ing in the data set was estimated to be less than 5%. The
y~ for simulated three-body breakup events, misidenti-
fied as two-body, is shown as the dashed histogram in
Fig. 4.

Requiring that both tracks come from a point inside
the target volume leads to cuts on the vertex location
along the photon beam path, the perpendicular distance
of the vertex Rom the photon beam path (Fig. 5), and
the distance of closest approach of the two tracks to each
other (Fig. 6). The bump near 14 mm in the closest
approach distribution is a purely geometric effect stern-
ming from the discrete P values allowed by the wires in
the tracking chambers. The solid histograms are from
the simulation and the arrows denote the locations of
the cuts applied. For Figs. 4—6 the statistics of the sim-
ulation were equal to that of the data.

Figure 7 shows the time difference between the tag-
ger and SALAD after all cuts have been applied. This
spectrum has been corrected for the photon flight path
variation along the target length and for the propaga-
tion time in the scintillators. The peak is approximately
4.5 nsec FWHM with little background remaining from
random coincidences. A window was placed about the
peak at the indicated locations to reject random coin-
cidence events. No subtraction of random events was
done under the peak due to the low background observed.
Random events remaining in the prompt peak are esti-
mated to be less than 1%.

The detection efBciency as a function of proton center-
of-momentum angle (8„*)is displayed in Fig. 8 for the
highest photon energy bin centered at 208 MeV (solid
circles). This function was calculated from the simula-
tion by taking the ratio of the number of Monte Carlo
events which passed all analysis cuts relative to the to-
tal number of generated events. To reduce systematic
uncertainties the same analysis software was used to an-
alyze the Monte Carlo events and the experimental data.
The error bars reflect the uncertainties in the thickness of
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FIG. 5. Radius of the vertex as measured with SALAD.
The solid circles are the data with statistical errors and the
solid histogram is a simulation of the detector. The arrow
denotes the location of the cut applied.
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FIG. 7. Time difference in channels between the photon
tagger and SALAD. The horizontal line denotes zero counts.
The arrows denote the locations of the cuts applied.
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of 200 MeV. The number in parentheses is the statistical
error on the measurement. The quality of the current
data do not permit extraction of cross sections at angles
greater than 70' or less than 40' due to electron back-
grounds in the detector. Further data taking is planned
to improve these preliminary measurements. Also shown
in Table I are recent results from LEGS for a photon en-
ergy of 200.8 MeV [17]. These have a systematic error
of 5%. The agreement between the SALAD and LEGS
results is within 10%. This is evidence that the overall
normalization of the current experiment is understood
within the quoted systematic uncertainty.

FIG. 8. Detection efficiency of SALAD as a function of
proton center-of-mass system scattering angle, determined by
Monte Carlo simulation, for a photon energy bin centered
at 208 MeV (solid circles). The long-dashed histogram is a
simulation without nuclear reaction losses in the calorimeter.
The short-dashed histogram is without reaction losses and
with 100% eKciency for the wire chambers of SALAD. The
solid histogram is with only the applied the software cuts.

material between the target and the calorimeter, the nu-

clear reaction loss corrections for protons and deuterons
in the scintillators, the effects of angular bin size, and
the statistical uncertainty in the simulation. The reac-
tion loss corrections were determined by GEANT for pro-
tons and found to be in good agreement with the com-
pilation of Ref. [15]. For deuterons the calculations of
Ref. [16] were used. The long-dashed histogram shows
the simulated detection efBciency without nuclear reac-
tion losses. The short-dashed histogram shows the de-
tection efficiency without reaction losses and with the
intrinsic efficiency of the wire chamber cells set to 100'%%uo

in the simulation. The solid histogram shows the eKect of
only the software cuts on the detection eKciency. These
cuts, described above, reduce the efficiency by 10%.

The normalization of the data was checked by mea-
suring zH(p, p)n with SALAD for photon energies from
180 to 220 MeV. This tests the photon Qux normaliza-
tion as well as the detection eKciency. The target for
these ineasurements was a 2 m long gas cell [14] with
710 kpa of deuterium gas at room temperature. The re-
sults are displayed in Table I for a central photon energy

IV. DISCUSSION AND RESULTS
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The final differential cross sections are shown in Fig. 9
and Table II for four photon energy bins spanning the
tagger focal plane. The error bars include the statistical
uncertainty in the data as well as angle-dependent errors
on the calculated detection efficiency (Fig. 8). Other sys-
tematic errors on the cross sections not included in the
errors in the figure and table are the uncertainty in the
absolute tracking efficiency (9.5'%%uo), photon ffux (2.1%),
and target density (2%). If added in quadrature, these
give an overall systematic error of 9.9% for the experi-
ment. The relatively large systematic uncertainty in the
tracking efficiency was due to one of the tracking cham-

Hp

(deg)
do /dO'
(iib/sr)

TABLE I. Center-of-mass system differential cross sec-
tions for H(p, p)n as a function of proton center-of-mass
system scattering angle at a photon energy of 200 MeV. A
systematic error of 5 Jo for the LEGS data is not shown.
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FIG. 9. Center-of-mass system differential cross sections
for the two-body photodisintegration of He as a function
of proton center-of-mass system scattering angle, for four
photon energy bins spanning the tagger focal plane. A sys-
tematic error of 9.9% is not included in the displayed error
bars. The curves are calculations by Laget including two-body
mechanisms (dashed) and a meson double-scattering diagram
(solid).
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bers being inoperative.
Figure 10 shows a comparison between diferent ex-

periments for the highest photon energy bin of this ex-
periment (E~ = 203—213 MeV). The results of the other
experiments have been adjusted to the central photon
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TABLE II. Center-of-mass system differential cross sec-
tions for He(p, pd) as a function of proton center-of-mass
system scattering angle, for four photon energy bins. A sys-
tematic error of 9.9% is not included in the quoted errors
shown in parentheses. 0
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475 (70)
624 (70)
629 (64)
428 (52)
363 (46)
315 (43)
206 (35)
189 (34)
160 (32)
78 (25)

463 (65)
642 (66)
728 (64)
524 (52)
399 (45)
320 (39)
302 (39)
300 (39)
188 (32)
90 (24)

9 (9)
15 (15)

570 (68)
735 (64)
719 (58)
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444 (43)
308 (36)
267 (34)
151 (26)
102 (24)

8 (8)
13 (13)

FIG. 10. Center-of-mass system differential cross section
for the two-body photodisintegration of He as a function of
proton center-of-mass system scattering angle for a central
photon energy of 208 MeV. The solid circles are from this
experiment. Other results shown are from Bonn [10], Saclay
[9], Bates [8], TRIUMF [6], and SATURNE [7]. A system-
atic error of 9.9% for the present experiment is not included
in the displayed error bars. 'The curves are calculations by
Laget including two-body mechanisms (dashed) and a meson
double-scattering diagram (solid).

energy of 208 MeV, where appropriate, using the form
A(l/E~ + B/E ). The adjustment factors A and B for
a given experiment were determined &om the results of
that experiment. This correction did not exceed 3.3%.
The agreement with the photodisintegration measure-
ments at Bonn [10] and Saclay [9] is within the errors
of the present experiment. The Bates [8] measurement
is a factor of 1.3 higher which is just within the corn-
bined systematic and statistical errors of the two exper-
iments. This factor of 1.3 holds true for all four photon
energy bins measured in the present experiment. The
capture measurements are higher by factors of 1.7 (4—5
standard deviations) for TRIUMF [6] and 1.2—1.8 (1.3—6
standard deviations) for SATURNE [7]. The shape of the
TRIUMF angular distribution is consistent with the
present experiment. The SATURNE data points at 95.6'
and 105.0' (rightmost two open triangles in Fig. 10) were
taken with an incident deuteron beam, in contrast to the
point at 92.7' which was done with incident protons. The
former angles are in agreement with the present mea-
surement while the latter is in strong disagreement. This
may indicate problems with the normalization of these
capture data.
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V. MODEL CA.LCULAX'XONS

Previous theoretical calculations have demonstrated
the importance of meson-exchange currents in the two-
body photodisintegration of He, either through explicit
diagrams [2, 18] or in a "quasideuteron" model [19, 20].
The latter calculations find good agreement with the pro-
ton capture and the Bates photodisintegration cross sec-
tions for a proton cms angle of 60 . The agreement is
somewhat poorer at 90'. These two-nucleon model cal-
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culations are presented in Refs. [6, 7]. No angular dis-
tributions are currently available from these calculations
for the photon energies of the present experiment.

At photon energies of 240 and 340 MeV, the micro-
scopic calculations of Laget [18] underpredict the di6'er-

ential cross sections for angles greater than about 60 .
This discrepancy is signi6cant as the two-body matrix
elements are calibrated against H(p, p)n and the three-
body wave function has been tested with He(e, e'p) H.
Calculations by Laget [21] for the photon energies mea-
sured in this experiment are shown in Figs. 9 and 10.
The dashed curves include all two-body absorption mech-
anisms. The solid curves include, in addition, a meson
double-scattering mechanism which involves all three nu-

cleons. In the central angular range, the calculation
which includes meson double scattering is in better agree-
ment with the data. However, the cross section is over-
predicted at forward (8„' ( 50') and backward angles
(8' ) 120').

VI. SUMMARY AND CONCLUSIONS

We have measured the sHe(p, pd) absolute cross sec-
tions with tagged photons in four photon energy bins
ranging from 166 to 213 MeV. The use of a large accep-
tance detector permitted coverage of the full angular dis-
tribution of the reaction while reducing systematic errors
in the shape of the distribution. Our cross sections are
consistently below the most recent photodisintegration
experiment performed at Bates. The agreement with the
TMUMF and SATURNE proton capture measurements
is poor, but the deuteron capture data from SATURNE
are in agreement with the present experiment. We also
6nd agreement, within the errors, with the older Saclay
and Bonn photodisintegration measurements. The theo-
retical calculations of Laget are in reasonable agreement
with the magnitude of our cross sections, but differ in
shape, particularly at the extreme angles of this mea-
surement.
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