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Differential cross sections for *He(y,d)'H for incident energies between 150 and 350 MeV at
center-of-mass proton angles near 60° and 90° have been measured with an absolute uncertainty of
less than 6%. The experiment used a single-arm spectrometer, a gas target, and an uncollimated
bremsstrahlung beam. The results are in good agreement with new measurements of the time-
reversed reaction, 2H(p,’He)y, giving no evidence for a violation of time-reversal invariance. The
differential cross sections decrease smoothly with energy and show only a small contribution from

the A(1232) resonance.

NUCLEAR REACTIONS S3He(y,d)'H, E;=150—350 MeV; measured do/dQ
at 6,(c.m.)=60°, 90° tested detailed balance and time-reversal invariance.

I. INTRODUCTION

The two-body photodisintegration of *He
y+3He—p+d, (1)
and its inverse reaction
p+d—>’He+vy, 2)

at energies near the A(1232) resonance provide an excel-
lent system for testing time-reversal invariance (TRI) and
for studying the dynamics of the three-body system.
Cross sections for reactions (1) and (2) were measured
around 1970 at Caltech and Berkeley by Heusch et al.,'?
and the agreement of the cross sections with the detailed
balance relationship was cited as evidence for TRI. How-
ever, other measurements of the cross section for reaction
(1) (Refs. 3—6) disagree with the Caltech results by as
much as a factor of 2 in either direction, and recent mea-
surements of reaction (2) (Refs. 7 and 8) disagree, though
less dramatically, with the earlier measurement. Such
large discrepancies in the experimental data base have pre-
cluded meaningful tests of TRI and few-body calculations.

Time-reversal invariance implies that a reaction and its
inverse (both averaged over polarizations) are related by
detailed balance. For electromagnetic interactions of had-
rons, however, current conservation prohibits the violation
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of detailed balance at the y-N-N vertex, in which a real or
virtual photon couples to a nucleon which remains on its
mass shell.’ Thus, at low energy, observation of detailed
balance in electromagnetic interactions is a test of current
conservation and not of TRI. At vertices such as y-N-A
and y-N-N*, however, TRI is needed to ensure that de-
tailed balance be satisfied. Meaningful tests of TRI by de-
tailed balance in the electromagnetic interactions are
therefore best performed in the resonance region, where
these vertices play a significant role. Such tests have been
performed using the reaction pairs y+d<n+p,!0~1*
Y4ner~+p,’~2!  and, as mentioned above,
v+ Heop+d.!1 78

The detailed balance relationship between differential
cross sections involving unpolarized particles at the same
center-of-mass energy and angle is

dola +b—c+d) (28, +1)(2S; + )p:*
do(c+d—a+b) (25, +1)(2S,+1)p2?

(3)

The factors (25 +1) are the spin multiplicities, and p}
and p; are the center-of-mass momenta in the initial and
final two-body systems, respectively. (For the photon,
2S5 +1 is replaced by two.) For the reactions listed above,
the interpretation of the detailed balance tests has been
made especially difficult by the lack of agreement among
measurements of the same process. Of the three reaction
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pairs, ¥+ He«wp + d appears to be experimentally the
most tractable as it involves neither a neutron beam nor
the extraction of free-neutron cross sections from a deu-
terium target.

To resolve the large discrepancies among the four pub-
lished data sets for *He photodisintegration at intermedi-
ate energies, we have performed a new measurement of
this reaction using the MIT-Bates Linear Accelerator.
The experimental approach was substantially different
from those of the earlier measurements, and was chosen to
minimize systematic errors. Preliminary results of this
experiment have already been published.?? The final re-
sults and a more detailed account of the experiment are
presented here.

The present experiment differs from the previous mea-
surements of *He(y,p)d in several significant ways.

(i) Only the deuteron was detected. The deuteron pro-
duction angle and momentum were measured in a high-
resolution magnetic spectrometer. The single-arm tech-
nique eliminates the potential difficulties of acceptance
matching inherent in a coincidence experiment, although
special care is required to minimize and investigate back-

grounds.
(ii) A gas target was used, eliminating the uncertainties

involved in controlling and measuring the density of a
liquid *He target. The target thickness was a small frac-
tion of that of the liquid targets used in each of the previ-
ous experiments, greatly reducing the effects of energy
loss and multiple scattering of the outgoing deuteron.

(iii) The incident photon beam was the full, uncollimat-
ed bremsstrahlung beam produced by a well-calibrated
electron beam in a thin radiator of known composition
and thickness. This allowed the absolute flux to be deter-
mined independently of quantameter calibrations and
eliminated the possibility of introducing a net polarization
of the photons as a result of collimation. Production of
secondary particles in the beam by photon interactions in
collimators was avoided, and the beam-target interaction
volume was well-defined and small. Because the electron
beam passed through the target, measurement and sub-
traction of electron-induced events was necessary.

(iv) The momentum calibration of the spectrometer was
checked repeatedly during the experiment. This allowed
the incident photon energy of each event to be determined
accurately, a matter of considerable importance in
measuring a cross section which varies rapidly with ener-
gy.
(v) With minor changes the spectrometer could be used
to select electrons, protons, deuterons, tritons, or *He’s.
This feature allowed us to test the normalization factors
used in calculating the cross section, and to measure the
purity and density of the target gas by elastic electron
scattering.

(vi) Cross sections were measured at a number of elec-
tron beam energies with overlapping photon-energy
ranges.

In Sec. II we discuss the experimental technique in
more detail. The analysis of the data is described in Sec.
III, and the results are presented in Sec. IV along with
comparisons to theory and to other experiments.
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II. EXPERIMENTAL METHOD

A. Photon beams

Cross sections were measured at two deuteron laborato-
ry angles, 72.0° and 103.0°, corresponding to proton
center-of-mass angles of approximately 90° and 60°
respectively. For each angle, measurements were made
using electron beams of four energies: 275, 300, 325, and
360 MeV at 72°, and 210, 260, 310, and 360 MeV at 103°.
Bremsstrahlung photons were produced in a thin radiator
foil located inside the scattering chamber (Fig. 1), 15 cm
from the center of the 3He target. Tantalum was chosen
as the radiator material after some early test runs were
made using both tantalum and aluminum radiators. For
the same thickness in radiation lengths, an Al radiator of
greater areal density is required, producing a significantly
higher empty-target background.

The cross section measurements were made using a tan-
talum radiator foil 235 mg/cm? (0.0354 radiation length)
thick. For comparison, additional measurements were
made with tantalum radiators of thicknesses 93 and 441
mg/cm? (0.0137 and 0.0656 radiation lengths) or with a
284 mg/cm? copper radiator (0.0221 radiation lengths).
The thickness of each foil was determined by weighing. A
sample of the standard Ta radiator foil was determined by
mass-spectroscopic analysis to consist of more than 99.9%
Ta. A thin (35 mg/cm? or 0.0009 radiation length) BeO
screen attached to the downstream face of the standard
0.035-radiation-length tantalum radiator was viewed by a
television camera in order to monitor the size and position
of the electron beam on the radiator. The thickness of the
BeO screen was included in the total radiator thickness
used to calculate the photon spectrum.

Average beam currents in the range from 30 to 50 uA
were used in the experiment. Two independent measure-
ments were made of the flux of incident electrons on the
radiator by integrating the current from two separate
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FIG. 1. Geometry of scattering chamber, including brems-
strahlung radiator, target cell, target defining slits, and shield-
ing.
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toroid beam monitors located between the beam switch-
yard and the target chamber. The toroids and integrators
have been calibrated to the 0.1% level,”? and under the
conditions of this experiment are believed reliable to
+0.6%.

At each electron energy, measurements were made for a
range of photon energies from at least 10 MeV above, to
approximately 80 MeV below, the bremsstrahlung end
point energy. Because of the short distance between the
radiator and the gas target, all the photons produced in
the radiator were incident on the target. Thus, only a cal-
culation of the full angle-integrated bremsstrahlung spec-
trum was necessary, a much more accurate and reliable
procedure than calculating the spectrum of a collimated
photon beam, which depends on the angular acceptance.

The photon spectrum was calculated using computer
codes based on three different parametrizations of thick-
target bremsstrahlung.?*~2¢ The three spectra obtained
agreed to within 0.7% over the entire photon spectrum to
10 MeV below the end point. (None of our reported re-
sults include data from the 10 MeV interval below the end
point.) Because the thick-target corrections are small
(< 8%), the calculated spectra are as reliable as the thin-
target Bethe-Heitler formula®*?’ with intermediate screen-
ing, to an accuracy of a few percent.

B. 3He gas target

The 3He gas was contained in a cylindrical aluminum
cell of 10 cm diam with its axis vertical. The target cell
was a copy of the target used by Dunn et al.?® in a mea-
surement of elastic electron scattering from *He. It was
constructed by machining a 0.40-mm-thick, 38-mm-high
window in a thick-walled aluminum cylinder which was
welded to a solid aluminum plate on the bottom and to a
liquid nitrogen reservoir above. Gas was transferred be-
tween the target cell and a storage cylinder through a thin
transfer line by means of a diaphragm pump. The filling
procedure consisted of evacuating the target and fill lines,
filling with room temperature gas, recording the target
pressure, cooling with liquid nitrogen, and recording the
final pressure. In both cases, pressures were recorded
after thermal equilibrium was reached.

During the experiment the target was emptied and filled
several times; the gas pressure in the target was slightly
different after each filling and was typically 1.03 MPa,
measured to +0.3%. The temperature of the target gas
was calculated to be 80.61+1.8 K based on the equilibrium
pressure measurements made during the filling sequence.
The target density was calculated from the temperature
and pressure of the gas; the typical density was about 4.6
mg/cm®. The target cell was valved off from the storage
tank, so that the quantity of gas in the target remained
constant during runs, although the temperature and pres-
sure increased slightly as a result of beam heating. A
small correction (less than 5%) was made for the variation
in local density due to beam heating. This correction was
based on our measurements of electron scattering at vari-
ous beam rates, and agrees with previous results obtained
with this target system.?
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The purity of the gas was reported by the supplier? as
greater than 99.9%. The recoil-energy resolution of our
electron scattering measurements was adequate to provide
an on-line mass analysis of target composition for light
nuclides. The target impurities observed in the spectra
were a poorly resolved multiple peak in the carbon-
nitrogen-oxygen region, corresponding to less than 0.05%
by mass, and a “He component which increased from
0.6% to 1.0% by mass in the course of the experiment. A
mass-spectroscopic analysis of a gas sample after the ex-
periment corroborated the latter *He value. The increase
in “He content is thought to be due to small amounts of
“He not purged from the system prior to the various *He
fillings, and to diffusion through the rubber diaphragm
during pumping.

C. Spectrometer and detector system

Deuterons were detected in the Bates 900-MeV/c high-
resolution spectrometer.’® The trigger required a twofold
or threefold coincidence in a set of five plastic scintillation
counters,’! of thicknesses 1.6, 3.2, 12.7, 12.7, and 12.7 mm
(Fig. 2). The deuteron momentum was measured by a set
of multiwire chambers in the focal plane region.’> Be-
cause high resolution was not necessary for our measure-
ments, only the coarse momentum channels (each corre-
sponding to one of the 100 wires of the vertical drift
chamber without software interpolation) were used. This
results in a channel width of 0.06% in deuteron momen-
tum. The photon energy was calculated from the deute-
ron kinematics: the bin width in photon energy was less
than 0.5 MeV. The photon energy resolution was dom-
inated by the angular acceptance of the spectrometer and
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FIG. 2. Detectors in the focal-plane region of the Bates 900
MeV/c spectrometer. VDC and TA are the multiwire chambers
which provide spatial information, and S;—S’s are plastic scintil-
lation counters.
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the finite target size, and varied from 1.2 to 4.5 MeV
FWHM.

The usable momentum acceptance of the spectrometer
was £2.8%. In order to cover the desired photon energy
ranges, the spectrometer magnetic field was varied in
overlapping steps. The magnetic field was measured by a
nuclear magnetic resonance (NMR) probe in each of the
two dipole magnets which compose the spectrometer. The
calibration of the spectrometer field was verified by means
of measurements of elastic electron scattering and by an
evaluation of the bremsstrahlung end point energy in
3He(y,d)'H spectra.

The angular acceptance of the spectrometer was deter-
mined by two pairs of remotely driven jaws which define
the horizontal and vertical apertures. The spectrometer
jaws were set to define a solid angle of 2.00 msr (+7.9
mrad horizontal by +63.4 mrad vertical) at the center of
the target cell. A steel-and-tungsten slit with a 2.54 cm
horizontal aperture was used inside the scattering chamber
to prevent the spectrometer from viewing the target cell
windows (Fig. 1). These apertures defined a product of
target length times solid angle which was equal to 5.61
cmmsr when the spectrometer angle was 72° and 5.48
cmmsr at 103°, each known to a precision of +2%. The
edges of the target-defining slit consisted of cylindrical
tungsten rods 0.95 cm in diameter. Each rod was embed-
ded in, and protruded 0.76 mm from, a steel block 2.54
cm thick whose inner faces sloped outward toward the
spectrometer to eliminate slit face scattering. The use of
dense material to form the slit minimizes particle penetra-
tion of the slit edges; penetration by deuterons with mo-
menta in the spectrometer acceptance range was calculat-
ed to contribute a background of no more than 0.7%
under the conditions of the experiment.

For each event, spatial information from the focal plane
chambers and pulse heights from the five scintillation
counters were recorded. Discriminator thresholds were set
well below the pulse height for deuterons at each spec-
trometer field setting. The event trigger accepted all
deuterons, as well as many protons which were easily re-
jected in subsequent analysis.

D. Run procedures

The measurements at two spectrometer angles and four
end point energies at each angle result in eight data sets
which compose the main part of the experiment. Four or
five overlapping magnetic field settings were used at each
end point energy in order to measure the desired range of
photon energies. For each data set and field setting, four
different types of runs were required:

(1) radiator in, target full (IF);

(2) radiator out, target full (OF);
(3) radiator in, target empty (IE);
(4) radiator out, target empty (OE).

The IF runs include the true *He(y,d)p events. The OF
runs measure the yield due to electron interactions in the
target, which are also present in the IF runs and must be
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subtracted by a procedure described in Sec. III. The IE
and OE runs measure a small background which is sub-
tracted from the full-target data.

In addition to the main data set described above, several
auxiliary data sets were taken for the purpose of calibra-
tion and testing. These measurements include the follow-
ing:

(i) runs in which only a single parameter was changed,
such as radiator thickness and material, gas pressure, or
spectrometer acceptance; (i) elastic electron scattering
from *He; (iii) deuteron photodisintegration: 2H(y,p)n;
(iv) “He(v,°H)'H; and (v) *He(y,d).

The experimental changes required for these supplementa-
ry measurements were small, consisting only of changing
the target gas, adjusting the gain on the scintillator output
pulses, or, for the electron scattering measurements, re-
versing the spectrometer field.

III. ANALYSIS AND TESTS

A. Event reconstruction and selection

The measurement of the angle and energy of the deute-
ron is sufficient to determine the kinematics of a
He(y,d)p event. (Deuterons produced in multiparticle fi-
nal states, such as d-N-m, are kinematically excluded for
photon energies within 120 MeV of the end point.) The
crux of the experiment is the ability to ascertain that the
detected particle is, in fact, a deuteron. The deuteron en-
ergy was always greater than 38 MeV, enough to pass
through at least two of the five trigger counters. For par-
ticles of equal momentum, as selected by the spectrometer,
the ionization energy loss of a deuteron was about twice
that of a proton and % that of a triton, so that the pulse
height data in several counters provided the basis for a
clean separation of deuterons from background particles.

Figure 3(a) shows the distribution of raw events accord-
ing to pulse height and momentum in counter 1. Distinct
groups corresponding to protons, deuterons, and tritons
are clearly seen. As the discriminator threshold for each
of the trigger counters was set safely below the deuteron
distribution, many protons were accepted. The observed
tritons cannot be produced by any one-step reaction on
3He, and originate in the target walls. Even if they were
not rejected on the basis of pulse height, most tritons
would be eliminated by the empty-target subtraction. The
slope and curvature of the particle distributions are due
primarily to the attenuation of light in the long scintilla-
tion counters. The pulse height was corrected to a
position-independent value by means of empirical correc-
tion functions fitted to the data. After correction, the
deuteron events form a distinct peak in each counter.
When pulse heights in two counters are correlated [Fig.
3(b)], the deuterons are even more easily identified. The
final selection of deuteron events was made on the basis of
cuts on corrected pulse height correlated in two or more
counters. A small number of events, normally fewer than
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FIG. 3. (a) Distribution of events versus momentum and
pulse height in scintillation counter 1. Higher channel number
corresponds to lower momentum. (b) Distribution of events
versus pulse heights in scintillation counters 1 and 2. The pulse
heights have been corrected for light attenuation as a function of
position in the focal plane.

1%, did not fall neatly into a particle classification, hav-
ing deuteronlike pulse heights in the upstream counters
but anomalously high pulse heights in the downstream
counters. These were interpreted as due to deuterons in-
teracting in the upstream counters and were accepted.

The selection cuts were determined separately for each
radiator-in, full-target run (category IF defined in Sec.
IID). For the background runs (OF, IE, and OE), which
had far fewer events, cuts were made using the values
determined for the associated IF run.

The events which passed these cuts were then normal-
ized to the total charge of the incident electron beam as
measured by the beam toroid integrators and corrected for
losses due to dead time and detector inefficiencies. Dur-
ing a typical beam pulse of 15 us width and 6 to 10 mA
peak current, there were typically several background
events in the wire chambers uncorrelated with a valid
trigger signal. If one of these events occurred within
~300 ns of a good event, it had a high probability of
confusing the delay-line electronics and causing the event
to be rejected in the subsequent analysis. Wire chamber
inefficiencies result in a similar rejection. A simple algo-
rithm, whose applicability was checked by examining the
raw data from the drift chamber delay lines, was used to
correct for these rejected events. Another type of dead
time arises because the electronics could not digitize more
than one set of scintillator signals per beam burst. By
counting the number of such unanalyzed events (usually
less than 3%) one can correct in a straightforward manner
for these losses. The total correction for both categories
was normally between 3% and 5%, ranging up to 12% in
a few runs at the highest counting rate.

B. Event subtraction

The radiator-in, full-target runs (IF runs) contain two
types of deuteron background: (i) deuterons produced in
multistep reactions, or rescattered after production, and
(ii) events induced by the electron beam passing through
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the 3He target, either via additional real photons produced
in the target walls and gas, or through the electrodisin-
tegration reaction He(e,e’d)p. The latter process is the
dominant background; a simple calculation using the
Dalitz-Yennie virtual photon model®® predicts the (e,e'd)
contribution to be approximately 30% of the total event
rate with the standard tantalum radiator. When the radia-
tor is removed (as in the OF runs), electrodisintegration is
the dominant process.

In the limit of an infinitely thin radiator, the rate of
good *He(y,d)p events is given by the simple subtraction

Rin—Row=(Rp—Rip)—(Ror—Rog) - 4)

The last four subscripts refer to the categories defined in
Sec. II D, and the rates are normalized as described in Sec.
III A. The relative magnitudes of the four rates are shown
in Fig. 4(a). The spectra have been converted from the
form R (P), where P is the deuteron momentum, into the
form R (k), where k is the effective photon energy, i.e., the
energy of a photon required to produce a deuteron of the
given momentum P at the specified angle via the reaction
SHe(y,d)p. For both photodisintegration and electrodisin-
tegration events, k must be less than the electron beam en-
ergy. The end point is clearly discernible in the full-target
rates (IF and OF) of Fig. 4(a).

The finite thickness of the radiator complicates this
subtraction, as the electrons which pass through the 3He
target in the IF and IE runs have been degraded in energy
by the radiator, and thus produce a slightly different spec-
trum of deuterons than do the undegraded electrons in the
OF and OE runs. The electron-induced counting rate in a
spectrum bin is a function of both the effective photon en-
ergy k and the electron energy E. For a bin of effective
photon energy k, the desired subtraction is

E
R, (k,E)=R;,(k,Eo)— [, ° Rou(k,E)dN /dE)dE ,
(5)

where E| is the incident electron energy and dN /dE is the
differential energy spectrum of electrons emerging from
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FIG. 4. (a) Spectra of the four raw data categories described
in the text: IF (radiator in, target full), IE (radiator in, target
empty), OF (radiator in, target full), and OE (radiator in, target
empty). (b) Spectrum after the subtraction described by Eq. (5).
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the radiator. The quantity dN /dE can be calculated by
the simple formula*

dN /dE =[E ()] [In(E,/E)]" !, (6)

where I' is the gamma function, and ¢’ is the radiator
thickness in radiation lengths divided by In2. This formu-
la is not significantly different from more elaborate for-
mulas quoted by Tsai®’; its adequacy was verified by
means of a Monte Carlo shower calculation using the
Stanford EGS code.®> The integral in Eq. (5) was evaluated
numerically using 5-MeV bins. The integrand for the
highest-E bin (which includes more than 80% of the elec-
trons) was evaluated using R, (k,E,). For the lower-E
bins, R, (k,E) was approximated by fitting empirical
curves to the data taken at the four values of E; the vari-
ation with E over the necessary range is small enough that
one can be confident of the extrapolation. The degraded-
energy subtraction of Eq. (5) typically results in a 5%
higher cross section than the simple subtraction given by
Eq. (4). An example of the result of this subtraction is
shown in Fig. 4(b).

As shown in Fig. 4, the region of effective photon ener-
gy above the end point has very few counts in the indivi-
dual rates. Although most of this background is removed
automatically by the subtractions discussed above, a small,
apparently flat, residual background is observed above the
end point in some runs. A constant background, equal to
the average rate observed above the end point, was sub-
tracted from the radiator-in and radiator-out data
separately. This adjustment resulted in a reduction of 1—
6% in the event rate for the highest energy bin of each
subtracted spectrum, and had a much smaller effect on
the lower energy bins. (The absence of more significant
backgrounds is demonstrated in Sec. III F below.)

C. Energy calibration

As can be seen from the raw and subtracted spectra of
Fig. 4, the counting rates for this reaction are strongly
dependent on photon energy. For this reason, it is essen-

tial that the photon energy of each event be well known. -

In our experiment, the photon energy was determined by
reconstruction of the two-body kinematics of the event us-
ing the deuteron momentum and angle. In order to test
the photon energy reconstruction, we performed least-
squares fits to the event spectrum in the end point region,
with the end point energy as one of the varied parameters,
using the theoretical bremsstrahlung spectrum shape near
the end point,?® corrected for resolution, and a simple
parametrization of the cross section. Despite the limited
statistics, the end point energy can be fit with a statistical
uncertainty of less than =1 MeV (Fig. 5). In all cases the
result is within 2 MeV of the beam energy as determined
from the beam switchyard magnet calibrations. The beam
energy was also confirmed by the electron scattering mea-
surements which were made during our experiment.
Combining the results of all runs, we obtain an uncertain-
ty of +1.2 MeV in our reconstructed photon energy, far
better than in previous measurements of this reaction.
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FIG. 5. Spectrum of events (radiator in) near the bremsstrah-
lung end point. The solid curve is the result of a least-squares
fit which was used to determine the end point energy (212.1+0.2
MeV).

D. Cross section calculation

The differential cross section for the bin of photon ener-
gy ktAk/2is

Y(k)J (k,60)

Q=L K0)
do/d ‘N, (p(LAQ) ’

(7

where Y (k) is the net number of good events in each bin
(corrected for dead time and chamber inefficiency), p is
the target gas density, L AQ is the product of target length
viewed by the spectrometer and the spectrometer solid an-
gle (Sec. IIC), and

J(k,0)=dQ(lab)/dQ(c.m.)

is the kinematic conversion factor from laboratory to
center-of-mass cross sections. N, (k) is the number of in-
cident photons in the energy interval Ak (10 MeV in our
analysis). It is proportional to the integrated electron
charge, the radiator thickness, and the bremsstrahlung
spectrum calculated as described in Sec. I A. The factor
€ contains the following small corrections to the cross sec-
tion:

(i) deuteron losses through interactions in the target
wall, spectrometer end window, chambers, and upper
counter (1.5%);

(ii) reduction of the local gas density in the target be-
cause of beam heating (3.8—5.5%);

(iii) contributions of 1.5—3.7% from the *He and
heavier impurities in the target gas based on the measured
contaminations and on measurements of the yield of
deuterons from a “He-filled target.

The normalization factors and uncertainties are summa-
rized in Table 1.



2240 D. I. SOBER et al. 28

TABLE I. Normalization constants, corrections, and uncertainties.

Units 04=72° 6,=103°
Factor
Target density mg/cm? 4.59+0.10 to 4.64+0.10 4.48+0.10 to 4.58+0.10
Target length X
solid angle cm msr 5.61+0.11 5.48+0.11
Correction
Events from target
impurities % —3.1£0.7 to —3.7+0.7 —1.5£0.3 to —1.8+£0.3
Beam heating of
target gas % +3.8+1.2 to + 5.5+1.6 +44+t13 to +5.5+1.6
Deuteron interaction % + 1.5+0.5 + 1.5+0.5
Dead time and chamber
efficiency % +29+1.0 to + 10.4+2.0 +2.8+1.0 to 4+ 7.9+2.0
Other uncertainties
Electron flux ’ +0.6% +0.6%
Tantalum radiator thickness +0.5% +0.5%
Bremsstrahlung spectrum +2.0% +2.0%
Particle identification +1.0% +1.0%
Detector efficiency +1.0% +1.0%
Slit penetration +0.3% +0.3%
Energy scale (£1.2 MeV) +1.6% +1.0%
Background subtraction +3.0% +3.0%
Total systematic uncertainty +5.8% +5.7%

TABLE II. Tests of normalization.

External tests®
Relative to

results of
Olab Eo Ref. Ratio
*He(e,e) 72° 180 MeV 28 1.02+0.02
He(e,e) 103° 210 MeV 28 0.98+0.04
2H(y,p)n 72° 250—320 MeV 10 1.10+0.08
11 0.94+0.06
12 0.94+0.06
40 0.99+0.05
“He(y,t)p 103° 240—300 MeV 5 1.00£0.13
41 0.99+0.09
Internal tests
Expected Measured
ratio ratio
Thicker Ta radiator 1.765 1.748+0.088
Thinner Ta radiator 0.400 0.412+0.034
do/dQ with Cu radiator
compared to Ta radiator 1.00 1.03 +£0.05
Halve vertical acceptance 0.501 0.479+0.035
Halve horizontal acceptance 0.500 0.497+0.035
Reduce gas pressure 0.542 0.550+0.035

2 Ratio of the cross section measured in this work to other published results. (Includes systematic errors
in published results.)
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E. Tests of normalization

Because of the wide variations among the previously re-
ported measurements of this reaction, we felt it was im-
perative to calibrate our measurement in as many ways as
possible within the allotted running time. Our compar-
isons were of two different types: “internal” (measure-
ment of the same *He(y,d)p cross section with different
experimental parameters) and “external” (measurement of
other reactions with only small changes in our experimen-
tal configuration). These tests are discussed below and
summarized in Table II.

1. External tests

a. Elastic electron scattering. Measurements of elastic
electron scattering from *He were made for incident ener-
gies of 180 MeV at 72° and 210 MeV at 103°. The elasti-
cally scattered electrons formed a background-free peak in
the focal plane. The summed counts in the peak, correct-
ed for radiative energy loss, yielded values of the *He elas-
tic form factor [Fig. 6(a)] which agreed within 2% with
the results of previous experiments.?®3%3” The normaliza-
tion of these experiments is not substantially in doubt be-
cause of the strong theoretical requirement that the
distortion-corrected form factor extrapolate to one at zero
momentum transfer. Thus, our measurements constituted
a powerful check on several important factors in the
*He(y,d)p cross section: electron beam intensity, target
density, effective target length, and solid angle. Including
the quoted uncertainties of the previous measurements of
3He(e,e) and the effects of the uncertainty in incident ener-
gy (< 0.5 MeV), the sensitivity of this normalization test
is better than 4%.

(a) (b)

2241

The (e,e) measurement afforded several additional
checks on systematic effects.

(i) Target impurities were accurately determined by
measuring the elastic scattering peaks due to the contam-
inants and comparing them to known elastic scattering
cross sections for “He (Ref. 36) and N, 3%%

(ii) The position of the elastic peak in the focal plane
checked the momentum calibration of the spectrometer
and the energy calibration of the electron beam.

(iii) By varying the spectrometer field to step the elastic
peak along the focal plane, we confirmed the uniformity
of the efficiency of the chambers and scintillators.

(iv) By varying the electron beam current by a factor of
3, we checked the effects of beam heating on the target
gas density.

b. Deuteron photodisintegration. Differential cross sec-
tions for d(y,p)n were measured for photon energies be-
tween 250 and 320 MeV at 72° (approximately 90° in the
c.m.s.). In this region, the most recent published measure-
ments!®~ 1240 of this process agree to within +8%. Our
measurement is fully consistent with these [Fig. 6(b)]. In
this case, the factors tested also include the radiator thick-
ness and the calculated bremsstrahlung spectrum. Our ex-
cellent agreement with the most recent measurement at
Bonn,* using tagged photons, is especially significant, as
the tagged-photon measurement is free of uncertainty in
the photon flux, one of the limiting errors in any brems-
strahlung measurement.

¢. Two-body photodisintegration of *He. A measure-
ment of “He(y,t)p was made with photon energies near
250 and 290 MeV, detecting the triton in the spectrometer
at 103°. The resulting cross sections [Fig. 6(c)] agree well
with published results from Saclay’ and Bonn.*' This

(c)
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FIG. 6. Tests of normalization using measurements of other reactions taken during this experiment. (a) Form factor for elastic
electron scattering from *He at 72° and 180 MeV, compared with charge form factor from Refs. 28 and 37. Our result has been re-
duced by 2.8% to correct for magnetic scattering, and its error bar includes the effects of energy uncertainty. (b) Cross section (with
statistical errors) for deuteron photodisintegration at 6,(lab)="72° [6,(c.m.)=86.4"—88.1°], compared with results (including sys-
tematic errors) of Refs. 10 (squares), 11 (triangles), 12 (open circles), and 40 (crosses), shifted to the same laboratory angle by means
of their published angular distribution fits. The curves are drawn to guide the eye. (c) Cross section (with statistical errors) for
“He(y,t)p at O (lab)=103° adjusted to Op(c.m.)=60°, compared with results (including systematic errors) of Refs. 5 (squares) and 41

(triangles).
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provides an additional independent test of the overall nor-
malization.

2. Internal tests

a. Variation of end point energy. For most measured
photon energies, cross sections were obtained from data
taken at two or more end point energies. If correctly mea-
sured, the photodisintegration cross section at a given
photon energy must be independent of the end point ener-
gy of the bremsstrahlung beam, but in an experiment two
types of end point dependent effects might be anticipated:
those due to incorrect calculation of the bremsstrahlung
spectrum, and those due to background events initiated by
photons of higher or lower energy. In our data (Fig. 7), no
significant end point dependence is seen: the data points
measured at two or more end point energies are consistent,
yielding a X? of 9.7 for 11 degrees of freedom at 72° and
7.6 for 9 degrees of freedom at 103°. When compared
with the statistical errors on the data points, this sets an
upper limit of approximately 2% on background effects
which have an end point dependence different from that
of the good events.

b. Variation of radiator. The cross section data were
taken with a 0.0354-radiation-length tantalum radiator
foil, but some runs were repeated with thinner and thicker
tantalum radiators, or with a copper radiator, as described
in Sec. II. After subtraction, the number of events per in-
cident electron was found to be exactly proportional to the
photon flux calculated for each radiator, within the sta-
tistical uncertainties of 4—8 % (Table II). This test is
especially important as it sets severe upper limits on possi-
ble background processes, as discussed in detail below.
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c. Variation of spectrometer aperture and target gas
pressure. To search for other potential systematic effects,
the horizontal and vertical spectrometer apertures and the
target gas density were each reduced by a factor of ap-
proximately 2 for some test runs. The subtracted event
rates in each case changed as expected (Table II), indicat-
ing no significant contributions from target vessel or slit
rescattering.

F. Discussion of backgrounds

In a single-arm measurement of a low-cross-section re-
action, it is necessary to take special care in investigating
possible contamination of the good-event signal by back-
ground processes. In the present experiment, four classes
of deuteron background events are possible, initiated by
the following: (1) photons incident on *He, (2) photons in-
cident on the target cell walls, (3) hadrons produced by
real photons within the radiator foil, and (4) hadrons pro-
duced by virtual photons within the radiator. In each
case, a subsequent interaction in the gas, target walls, or
slits is necessary, as the spectrometer does not view the ra-
diator or the target entry and exit windows directly.
[Note that electron-induced events corresponding to
classes (1) and (2) are eliminated by the radiator-out sub-
traction.] Background events of category (1) are due
mainly to the slit scattering of deuterons (known to be
small by our aperture-varying tests) and the production of
deuterons by outgoing protons in the gas or target wall.
The known cross sections for deuteron production by pro-
tons*? precludes a contamination of more than 0.1% from
this effect.

Process (2) can be stringently related to process (3) by

400 , : .
(@ | ' ! (b)
L i
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300- é
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FIG. 7. Cross sections (in the laboratory system) measured using different bremsstrahlung end point energies. Error bars show

statistical errors only.
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the fact that the hadron production cross sections per nu-
cleon are approximately the same in aluminum and tan-
talum, while the radiator is much thicker than the target
wall. Thus, an upper limit on class (3) leads to a much
smaller upper limit for class (2).

Because the virtual photon spectrum®? is known to be
roughly equivalent to bremsstrahlung from a real radiator
of thickness 0.02 radiation lengths, the number of events
of classes (3) and (4) must be roughly equal. Thus, an
upper limit on either of these two background categories
places firm limits on the total background present in the
data. Backgrounds of type (3) have a unique experimental
signal: they are proportional to the square of the radiator
thickness ¢. Fitting a polynomial in ¢ to the data taken at
several radiator thicknesses (Fig. 8), we find an upper lim-
it of 1.7% for the 2 contribution at the normal radiator
thickness. The small empty-target background shows a
significant 2 contribution which, however, has a negligi-
ble effect on the final results.

The absence of measurable background of this type is
not surprising when specific examples are considered. We
calculated the expected rate due to 7~ photoproduction in
the radiator followed by *He(w,d)n in the target gas, one
of the few two-step processes that can produce deuterons
of sufficiently high energy. Using cross section estimates
based on experimental data,*’ we found a predicted contri-
bution of no more than 0.1% of our good-event rate at
any angle or energy.

From the agreement of the cross section measured at
different end point energies, as well as the considerations
discussed in this section, we are confident that the back-
ground contamination in our cross section is everywhere
less than 3%, and contributes only modestly to the total
systematic uncertainty.

2243

IV. RESULTS

A. Comparison with other measurements
and detailed balance

The cross sections obtained in this experiment, binned
in 10-MeV intervals centered on the indicated photon en-
ergy, are plotted in Fig. 9 and tabulated in Table III.
Measurements at different end point energies have been
combined. The uncertainties quoted are statistical only; a
systematic uncertainty of +6% is not shown. The values
plotted in Fig. 9 have been adjusted slightly so as to corre-
spond to center-of-mass proton angles of exactly 60° and
90°. The angular adjustment factors are derived from the
angular distributions of Refs. 4 and 6, and do not exceed
9%.

The results of previous measurements of *He(y,p)d are
also shown in Fig. 9. The present results are significantly
higher than those of Saclay® and Bonn,® and lower than
those of Caltech! and Frascati.® In Fig. 10 we compare
our cross sections with the results of several measurements
of the time-reversed reaction d(p,y)’He. The latter are
multiplied by the detailed-balance factor of Eq. (3),
2(p*/k*)?, where p* and k* are the center-of-mass mo-
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FIG. 8. Dependence of counting rates on radiator thickness.
t.sr is the thickness in radiation lengths, corrected slightly so that

the calculated number of photons per radiation length in the ac-
cepted photon energy interval is the same as for the 0.0354-
radiation-length radiator.
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FIG. 9. Center-of-mass cross sections for y +°He—>p + d
measured in this experiment, adjusted to 6,(c.m.)=60° and 90°
(solid circles), compared with other measurements of this reac-
tion: Refs. 1 (squares), 3 (X), 4 (+), 5 (inverted triangles), and
6 (triangles). The error bars for this experiment indicate statisti-
cal errors only, those for the other measurements indicate total
error (statistical and systematic errors combined in quadrature).
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TABLE III. Differential cross sections in the center-of-mass system for He(y,d)p at laboratory
deuteron angles of 72° and 103°, determined for 10-MeV-wide bins of photon energy centered on the
specified values of E,. The errors quoted are due to statistics only. There is an additional systematic

uncertainty of +6%.

64(lab)=103.05+0.02°

64(lab)=72.01+0.02°

E, 0,(c.m.) do/dQ Op(c.m.) do/dQ
(MeV) (deg) (nb/sr) (deg) (nb/sr)

155 64.0 1277+£39

165 63.6 1152+40

175 63.2 1010+38

185 62.9 885+25

195 62.5 835+21

205 62.2 767+32

215 61.9 713124

225 61.6 599+28 92.9 325.4+16.9

235 61.3 570+23 92.6 280.4+10.9

245 61.0 563+18 92.3 229.0+£10.5

255 60.7 507+22 92.0 193.7+8.5

265 60.4 510+18 91.7 167.8+9.1

275 60.1 459421 91.4 149.4+8.4

285 59.8 396+17 91.1 121.1+7.8

295 59.6 360+20 90.9 127.8+8.6

305 59.3 318+31 90.6 112.1+9.0

315 59.0 283+21 90.3 93.749.2

325 58.8 285+23 90.1 101.6+11.4

335 58.5 278+22 89.8 81.84+9.6

345 58.3 242422 89.6 60.5+10.6
menta of the proton and photon, respectively. While the | I ' !
agreement with the published data of Refs. 2 and 7 is b 9. ( - |

. . c.m.) = 60°
poor, our data are in excellent agreement with recent data % P
from TRIUMF.® We also note that new data from the 1000~ ®ee —1000
UCLA-Saclay collaboration,** which differ from the pub- < 'Q. ]
lished results of the earlier measurement by this same —_ e, 0 ]
group,’ are also in good agreement with our experiment. ] #‘F,ﬁ .
With few exceptions, the measurements of He(y,p)d S 7

and d(p,y)’He agree at least qualitatively as to the shape Sl ]
of the energy and angular distributions in this region,
differing primarily in normalization. The disagreement 1000 7Y
between our results and those of the previous *He(y,p)d c _:100
experiments is considerably greater than their estimates of E C ]
systematic uncertainty (which are included in the plotted orl §
error bars). It is probable that some or all of these experi- bl ¢ #
ments have underestimated their systematic uncertainties. % i .S} 0p (c.m) = 90°
The most likely sources of error appear to be the deter- Br ,¢
mination of liquid target density and the calibration of the © 4‘?&
photon energy. Other factors common to previous experi- 100} e This Experiment ’# % —t100
ments include the use of the following: (a) collimated C d(p.y) 3He: 4 ¢ ‘# &
photon beams, requiring more complicated and possibly [ oc alt’ech—LBL + ]
less reliable calculations of the photon flux and quantame- L A TRIUMF-Alberta |
ter calibrations, (b) thick targets in which the effects of L o0 UCLA-Saclay 1 ]
multiple scattering and energy loss can be large, especially OUCLA-Saclay 2 . .
at low energies, and (c) range telescopes for detection of 100 200 £, 39 (Mev) 400

either the proton or deuteron, leading to substantial
corrections for interactions in the range material. The
present experiment is far less susceptible to such errors
than its predecessors.

To illustrate the differences among the various mea-
surements in this energy region, we have performed a

FIG. 10. Cross sections for ¥ +>He—p + d measured in this
experiment (solid circles) compared with measurements of the
inverse reaction p + d—>He+y multiplied by the detailed bal-
ance factor: Refs. 2 (squares), 7 (open circles), 8 (triangles), and
44 (diamonds). The error bars for the other measurements in-
clude systematic errors.
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quantitative comparison of the absolute value and energy
dependence of each cross section. First, an empirical for-
mula of the form

do 1 B C
=A|l—0—+ S+ @)
dQ E, E2 * (E,—D)*+F?

was fitted to the data points of this experiment at each of
the two angles. The third term in brackets contributed
negligibly, and the fit yielded a X? of better than 1.2 per
degree of freedom in each case. This function was then
used as a reference shape, and was fitted to the data (with
statistical uncertainties only) of the other *He(y,p)d and
d(p,y)*He experiments which fell in the energy range
covered by our measurement, with only the overall factor
A varied in the fit. The X? of this fit thus describes the
agreement of the relative energy dependence of the two ex-
periments, while the ratio of the multiplicative factors

R =A (other experiment)/A(this experiment)

indicates the consistency of the absolute cross sections
averaged over this energy region. For the radiative cap-
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ture experiments, a ratio of 1 indicates agreement with the
detailed balance relationship of Eq. (3). The results of
these fits are shown in Table IV. The uncertainty in the
ratio R includes the statistical uncertainty in the fits (mul-
tiplied by the square root of the X per degree of freedom
when the latter exceeded 1) as well as the quoted systemat-
ic uncertainties of the experiments. When the present ex- -
periment is compared with the most recent d(p,y)*He re-
sults of TRIUMF (Ref. 8) and UCLA-Saclay,* no evi-
dence is seen for a violation. of detailed balance; the ratio
is unity to an accuracy of better than 15%.

B. Comparison with theory

There are few theoretical calculations of 3He(y,p)d in
the energy range of this experiment. Finjord* calculated
the cross section between 165 and 330 MeV, using the
Chew-Goldberger-Low-Nambu (CGLN) photoproduction
amplitude*® and a pseudoscalar 7NN interaction to com-
pute the two-nucleon pion-exchange contribution. The re-
sults are in approximate agreement with the Saclay data,’
but are very sensitive to the choice of wave functions and
to the assumptions about nucleon off-shell effects.

TABLE IV. Comparison of *He(y,p)d and d(p,y )*He cross sections at 0,(c.m.)=60°" and 90", using fits to the cross sections mea-

sured in this experiment.

Data X? per No. of Uncertainty Systematic
set DF? data points in fit uncertainty® R°

*He(y,p)d at 60° (E,=150—350 MeV)

This expt 1.14 20 1.0% 6%

Bonn (Ref. 6) 2.29 9 3.5% 10—-15 % 0.65+0.10

ALS (Ref. 5) 4.73 11 3.6% 10% 0.66+0.09

Caltech (Ref. 1) 21.1 7.7% 6% 1.16+0.42
d(p,y)*He at 60°¢ (E, =150—350 MeV)

TRIUMF (Ref. 8) 3.48 5 3.9% 12% 0.98+0.15

Saclay (Ref. 44) 2.30 4.5% 16% 0.97+0.18

Caltech (Ref. 2) 1 10% 1% 1.3240.13
He(y,p)d at 90° (E,=220—350 MeV)

This expt 0.85 13 2.4% 6%

Bonn (Ref. 6) 6.09 5 5.9% 10—15% 0.72+0.15

ALS (Ref. 5) 2.60 10 1.1% 10% 0.75+0.09

Caltech (Ref. 1) 9.04 3 5.9% 6% 1.45+0.20

Frascati (Ref. 3) 19.2 5 11% >5% 1.64+0.78
d(p,y)*He at 90° (E,=220—350 MeV)

TRIUMF (Ref. 8) 3.83 5 6.5% 12% 1.01+0.19

Saclay (Ref. 44) 1.00 8 2.2% 16% 1.24+0.22

Caltech (Ref. 2) 2.08 2 15% 1% 1.60£0.36

# Number of degrees of freedom (DF) is one less than the number of data points.

® As stated in cited publication.

“Ratio to present experiment. Uncertainty includes the uncertainty in fitting the factor 4 of Eq. (8) (multiplied by V' x*/DF when
the latter is > 1) and the systematic uncertainties of the experiments.

9 Multiplied by detailed balance factor.
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Craver, Kim, and Tubis*’ performed a calculation using
Faddeev three-body wave functions based on the Reid soft
core nucleon-nucleon interaction.*® Above 100 MeV, their
cross sections are much lower than experiment, and the
angular distribution has an incorrect shape.

Prats* found that agreement with experiment near 150
MeV could be obtained by adding a “quasideuteron” dia-
gram to the direct photon-nucleon interaction employed in
previous calculations. His calculation has recently been
extended®® to the energy region of the present experiment
by the addition of an explicit A(1232) contribution to the
photon-deuteron interaction, with a single parameter
chosen to give agreement with experimental measurements
of deuteron photodisintegration near 250 MeV. The re-
sults of this calculation, with and without the A(1232)
term, are shown with the data in Fig. 11. The agreement
with the results of this experiment is excellent at 60°, but
at 90° the calculation appears to overestimate the size of
the A(1232) resonant contribution.

In a similar spirit, Fearing has performed a phenomeno-
logical calculation using deuteron photodisintegration
data as input; his results are plotted in Ref. 8 and are in
reasonable agreement with the TRIUMF data.

C. Influence of the A(1232) resonance

Neither the data nor the calculations discussed above
exhibit a sharp enhancement at the A(1232) peak energy,
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FIG. 11. Cross sections for ¥ +3He—p + d measured in this
experiment, compared with the theoretical calculation of Prats

(Refs. 49 and 50). The solid curves include an explicit A(1232) -

contribution; the dashed curves show the same calculation with
the A(1232) term omitted.
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in contrast with the cross section for d(y,p)n in this ener-
gy region. The calculation of Prats,*”>* which is plotted
in Fig. 11, predicts a larger contribution of the A at 90°
than at 60°, but the experimental results at 90° show no
evidence for this. The relative insignificance of the
A(1232) for this reaction is also exhibited by a plot®' of
the square of the invariant matrix element, defined by
k* do

| M | 2=(87r/ﬁc)22(2S3He+1)sp—*E 9)
versus the squared four-momentum transfer ¢. (s, k*, and
p* are, respectively, the total center-of-mass energy
squared and the photon and proton three-momenta in the
center-of-mass system.) Results for our measurements at
both angles are shown in Fig. 12. The arrows indicate the
t values at which Vs —m4=1232 MeV for 60° and 90°.
In reactions such as pion photoproduction and deuteron
photodisintegration, in which the A(1232) is known to be
important, a similar kinematic prescription predicts where
the maximum contribution of the A(1232) resonance is to
be found,”? and at such values of ¢ the magnitude of
| M |? is strongly dependent on s. For this experiment,
the 60° and 90° data fall on a single curve, indicating that
in this energy region the cross section is a function only of
t and phase space factors.

D. Conclusions

Our new measurement of *He(y,d)p is in good agree-
ment with the two most recent measurements of the in-
verse reaction d(p,y)’He. There is therefore no evidence
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FIG. 12. Invariant matrix element [Eq. (9)] extracted from
the cross sections of this experiment, plotted versus invariant
momentum transfer squared. The arrows indicate where the
maximum contribution of the A(1232) is expected at each angle.
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for a violation of detailed balance, although the precision
of the test is limited to about 15%, mainly by the sys-
tematic uncertainties of the data sets. This is a more pre-
cise test of detailed balance than has been obtained in any
other electromagnetic process at intermediate energy
without bound-nucleon corrections or an arbitrary overall
normalization.

Because of uncertainties in the precise role of the
A(1232) resonance in this reaction, it is not possible at this
time to convert this result to a quantitative test of time-
reversal invariance, and we have not attempted to calcu-
late an upper limit on a possible time-reversal-violating
phase or other model-dependent parameters. Future
theoretical work should make such a calculation possible.
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