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Measurements of relative angular distributions for the H(y, n)H reaction below 18 Mev
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High-accuracy angular distribution measurements relative to that at 90 were performed for the

H(y, n)H reaction throughout the energy range of 4—18 MeV and for reaction angles of 45, 135',
and 155 . The results indicate a significant departure from existing theoretical calculations below a

photon energy of 10 MeV.

I. INTRODUCTION

Recent studies of the H(y, n)H reaction' and the in-
verse process have indicated that the reaction mechanism
or the meson-exchange current corrections are not fully
understood even at low photon energies. As a further test
of our understanding of this simple nuclear reaction,
high-accuracy measurements of the angular distribution
have been performed. It has long been recognized that
high-accuracy angular distribution measurements of
deuteron photodisintegration are necessary as an impor-
tant test of the multipole decomposition of the elec-
tromagnetic excitation. For example, it is now well estab-
lished that the cross section for photodisintegration of
the deuteron near a reaction angle of 0' or 180' is sensi-
tive to spin-orbit components of the interaction, while
that near 90' is dependent primarily upon the absorption
of electric dipole photons. At the intermediate angles
there is enhanced sensitivity to electric quadrupole excita-
tion and an accurate measurement of the angular distribu-
tion would provide an important constraint on the mul-

tipole character of this simplest nuclear reaction. The
present work reports on relative angular distribution mea-
surements of unprecedented accuracy for the H(y, n)H re-
action.

The primary obstacles to performing high accuracy
photoneutron measurements have been the lack of an ac-
curate means to calibrate the efficiency and solid angle of
the detectors and minimize multiple scattering effects
with the use of thin targets. In the present work, we have
minimized these systematic errors by (i) performing mea-
surements relative to the cross section at 90', (ii) the use
of a multidirectional electron beam handling system
which permits a simple calibration of the solid angle of
the detectors, (iii) measurement of the energy dependence
of the neutron efficiency with the use of a well-known fis-
sion reaction, and (iv) minimizing neutron multiple
scattering in the target with the use of the thinnest targets
heretofore reported.
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tern permitted the electrons to approach the target from
one of three different angles which are 90 with respect to
one another and form a plane which is perpendicular to
the usual reaction plane. These three different electron
beam directions are labeled 3, B, and C in Fig. 1. When
the electron beam approaches from direction A the pho-
toneutron reaction angles of 90', 135, and 155' are acces-
sible, from direction B the angles 45 and 90' are possible.
In principle, a reaction angle of 25' is also accessible
when the beam approaches from direction B, but the copi-
ous flux of y rays from the Al beam stop and bremsstrah-

lung radiator rendered a measurement at this angle to be
impractical.

In summary, the ratios of the cross sections at 45',
135, and 155' to that at 90' were measured. The pho-
toneutrons from the target were detected in two plastic
scintillators of dimension 10 cm)&20 em&5 cm thick.
The detector located at 90' was held fixed while the other
detector was free to move to the other positions.

Typical time-of-flight spectra are given in Fig. 2 for an
electron energy of 19.0 MeV. The targets consist of rec-
tangular samples of C H2 and equal thicknesses of CH2
for the background measurements. The normalized back-
ground is also shown in Fig. 2 and we note the excellent
signal-to-background ratios. The spectrum at 155 is
somewhat more compressed owing to a shorter neutron
flight path of only 12.8 m rather than 20 m for the other
detectors.

The relative efficiencies and solid angles of the detec-
tors can be calibrated when the electron beam is directed

II. EXPERIMENTAL METHOD l55

The experiment was performed with the novel mul-
tidirectional beam transport system at the Argonne high-
current electron linac. A schematic diagram of the exper-
imental setup is shown in Fig. 1. The beam transport sys-

FIG. 1. Schematic diagram of experimental setup. The elec-
tron beam can approach the target from three different direc-
tions labeled A, 8, and C in the illustration.
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FIG. 3. Typical ratio of photoneutron yields as a function of
photon energy. The ratio is the yield at 90 compared with that
at the 135' position when the electron beam is along position C
in Fig. 1. A ratio of unity indicates that the product of the
detector solid angle and efficiency is the same for the two detec-
tors. The line at the value of 1.0 is for comparison only.
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FIG. 2. Raw time-of-flight spectra for the H(y, n)H reaction
for E,= 19.0 MeV. Results for both C H2 and CH2 samples are
shown.

to the target from position C. It is this last feature which
ensured a high-accuracy measurement of the relative an-
gular distributions. From this angle the detectors, includ-
ing the collimators, are illuminated uniformly from the
target position and the relative solid angle of the two
detector systems can be determined. As an indication of
the relative solid angles of the two detectors and the accu-
racy of this determination, a typical measured ratio when
the electron beam is directed to the target from position C
is given in Fig. 3. It is noted that the relative product of
the solid angle and efficiency of the two detectors is very
close to unity as expected. The systematic error associat-
ed with the relative solid angle and efficiency of the detec-
tor system is thus rendered negligible in comparison with
other sources of error to be discussed later.

The neutron energies were measured with the time-of-
flight method and the photon energies were determined
uniquely from the neutron energy. Since a thick brerns-
strahlung radiator was used to generate the photons, the
analysis was performed in a manner so that no correction
was necessary for the bremsstrahlung shape. The ratio of
the cross sections at the two angles was determined for a
given photon energy, and thus, the bremsstrahlung shape
cancelled out of this ratio. However, the photoneutron
energies are somewhat different for the two angles for a
fixed incident photon energy and it is necessary to provide
a small correction based on the energy dependence of the

efficiency of the neutron detectors. In order to determine
the energy dependence of the neutron detector efficiency,
separate experiments were performed with the detectors
held fixed and the photoneutron target replaced with a

Cf source in a fission chamber. The neutron energies
are determined by measuring the time of flight between
events in the fission chamber and neutron events in the
plastic scintillators. The energy dependence of the effi-
ciency curves was determined by comparing the results
with the we11-known fission spectrum for Cf. A typi-
cal neutron detector efficiency shape is shown in Fig. 4.
The efficiency measurements were made both immediate-
ly preceding and immediately following a photoneutron
experiment. Note that these neutron detector efficiency
measurements include the effects of 2.0 cm thick Pb
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FIG. 4. Shape of the neutron detector efficiency as a function
of neutron energy. This shape is determined relative to the ' Cf
fission spectrum.
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plates which shielded the detectors from the intense y
flash of the pulsed electron accelerator and the Pb ac-
counts for the apparent structure. The correction for the
relative efficiency change is small owing to the fact that
the relative kinematic shift is typically only &0.5 MeV
below E~ = 10 MeV and the fact that the photoneutron
data lie above E„=1.0 MeV, where the efficiency is not
strongly energy dependent. It is estimated that the error
involved in this correction is & 1'7o in the ratios.

A larger correction to the data arises from neutron mul-
tiple scattering in the target. The experiment was per-
formed at electron energies of 10.0 or 11.0 MeV and 19.0
MeV in order to minimize multiple scattering. In particu-
lar, the lower endpoint energy is expected to minimize
photoneutrons produced at higher energy which can
scatter down to a lower energy. However, we note that
after the multiple scattering corrections are applied the
high and low electron endpoint-energy experiments are in
excellent agreement. As an illustration, of the magnitude
of the multiple scattering correction, the correction fac-
tors which were applied to the results at E,=19.0 MeV
are given in Fig. 5. Of course, the corrections are largest
for the high endpoint energy but do not exceed 7% in the
worst case, i.e., 0„=155' at E„=2 MeV. In this figure
the points represent the results of a Monte Carlo neutron
multiple-scattering code which was applied to the present
target geometry, while the curves are spline fits to these
points and the actual correction was taken from the
curves. The corrections are small owing to the thin tar-
gets (2.5 cmX3. 8 cm&(0. 2 or 0.3 cm thick) used in the
present work. Previous experience with the multiple
scattering code applied to thicker targets indicates that
the accuracy with which the correction can be made is ap-
proximately 20%. This uncertainty would lead to a sys-
tematic error in the ratios of no more than 1.47%%uo at 155'
and &0.5'7o at the other angles.

The largest single source of systematic error in this
measurement is the determination of the reaction angle.
In order to minimize this source of error the following
procedure was performed. A laser was placed at the
detector position and a front-surfaced mirror at the target
position. The mirror was rotated until the beam reflected
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back to the laser and then rotated again until it reflected
to the electron beam position. The difference in the mir-
ror settings then allows a determination of the reaction
angle. The beam position was determined by allowing the
electron beam to irradiate a graduated Mylar tape during
the experiment. Several tapes were irradiated during the
course of each experiment in order to verify that the beam
position was constant. The angular range intercepted by
the detectors was approximately 0.6' and the absolute an-
gles were determined to +0.4 —0.7 . This uncertainty in
angle represents the dominant systematic error. This un-
certainty in the reaction angle leads to an error in the ra-
tios of approximately 1.3'Fo, 2.3%, and 3.1% for the ra-
tios at 45', 135, and 155', respectively. In order to corn-
pare all the data at the same "standard" reaction angles
(45', 90, 135', and 155'), the calculation of Partovi was
used as a guide to extrapolate the measured values to
those at the standard angles. In the worst case the extra-
polation spanned 3', and, thus, the error introduced in
this procedure is negligible in comparison with either the
statistical or systematic errors.

III. RESULTS AND DISCUSSION
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The final results are based upon eight separate pho-
toneutron experiments excluding the solid angle checks
and efficiency measurements. The results of these
separate experiments are summarized in Fig. 6. These in-
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FIG. 5. The points represent correction factors for neutron
multiple scattering determined from a Monte Carlo multiple
scattering code. The curves represent fits to these points.

FIG. 6. Summary of all measured angular distribution ratios
for the 'H(y, n}H reaction as a function of photon energy. The
energies labeled E, refer to the electron energies of the individu-
al experiments. Statistical errors only are shown.
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FIG. 7. Final angular distribution ratios as a function of
photon energy. The systematic error has been added in quadra-
ture with the statistical errors to produce the displayed error
limits. The curves represent the predictions of Partovi. The
disagreement between the theoretical calculations and the
present results is significant below 10 MeV.

dividual experiments were conducted during a calendar
period of approximately 6 months, whereas each experi-
ment required only 3 d of beam time. The excellent agree-
ment among the results is a good indication of the repro-
ducibility of the experiment. In this figure only the sta-
tistical errors are given. It is interesting to note that there
is good agreement among the high and low endpoint ex-
periments indicating that the present discrepancy cannot
be explained by a systematic difference between the low
and high endpoint-energy experiments.

The results of these separate experiments were com-
bined in order to reduce the statistical errors and the final
results are shown in Fig. 7 and listed in Table I. Here, the
error bars include both the statistical and systematic er-
rors; the dominant systematic error arises from the uncer-
tainty in the reaction angle. The curves in this figure
represent the theoretical prediction of Partovi. Here, the
large discrepancy between the experiment and theoretical
calculation is evident below 10 MeV. The present results
indicate that the theoretical calculation is shifted too far
forward with respect to the data. This is a signature that
the amplitudes which multiply the cosO terms in the Par-
tovi expansion, given in the center-of-mass frame below,
are incorrect,

dcT

dA
=a+b sin O+c cosO+d sin OcosO+e sin Ocos O,

where the values a —e are known as the Partovi coeffi-
cients. The terms which most likely are in error are e or

TABLE I. Final results for the measured angular distribution ratios.

Ey

(Mev)

3.5
4.0
4.5

5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0
1 1.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0

R45 ——

o.(45 ')
~(90')

0.548
0.537
0.520
0.514
0.507
0.501
0.507
0.500
0.509
0.509
0.515
0.509
0.519
0.512
0.518
0.507
0.520
0.525
0.526

AR4g

0.012
0.009
0.009
0.008
0.008
0.008
0.008
0.008
0.009
0.009
0.010
0.011
0.012
0.010
0.012
0,013
0.015
0.018
0.021

R
o.( 135 ')
o.(90 )

0.503
0.492
0.510
0.507
0.506
0.513
0.515
0.506
0.521
0.505
0.514
0.492
0.510
0.509
0.514
0.510
0.510
0.501
0.521
0.542
0.501
0.527

AR i3g

0.014
0.012
0.013
0.013
0.013
0.013
0.013
0.013
0.014
0.013
0.014
0.013
0.014
0.013
0.014
0.014
0.015
0.016
0.018
0.021
0.022
0.041

R &ss =
o.(155 ')
o.(90')

0.224
0.208
0.203
0.212
0.209
0.216
0.213
0.204
0.226
0.201
0.211
0.199
0.197
0.207
0.209
0.215
0.228
0.214
0.208
0.215
0.241

AR &5g

0.010
0.008
0.008
0.008
0.008
0.008
0.008
0.008
0.010
0.008
0.009
0.009
0.010
0.009
0.010
0.012
0.015
0.015
0.018
0.022
0.030
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d and these coefficients depend primarily on the product
of E1 and E2 amplitudes.

The present results are of unprecedented accuracy and
can, in principle, place new constraints on the theoretical
calculations. In particular, it is noted that if the coeffi-
cient d were 30% larger in magnitude than the present
theoretical value, then the discrepancy below 10 MeV
would vanish. In principle, a large value of c would also
account for the present result, but the magnitude of c
would have to be increased by an approximate value of 30
over the presently accepted theoretical value, i.e., c would
have to be 3% the value of b to remove the present
discrepancy. Although present data do not rule out this
value of c, it is unlikely that the theoretical value could be
changed that dramatically. Measurements at very for-
ward or backward angles would provide a better con-
straint on c. Although it is difficult to understand how
the E2 amplitudes could be in error by -30%, no other
data overrule an increase of this magnitude. In addition,
we note that neither meson-exchange current corrections
nor the effect of 6 excitations have been included in the
E2 operator to date.

The choice of the N-N potential makes little difference
on the calculated angular distributions at these low pho-
ton energies. The Partovi code was modified to accept the
Argonne V14 potential rather than the Hamada-Johnson
potential and the results for the angular distributions were
indistinguishable from one another. Thus, it is likely that
the problem resides in the electromagnetic operator.
Corrections to the M1 operator from meson-exchange
currents have little influence on these angular distribu-
tions and it is unlikely that correcting the M 1 amplitudes
will play any role in resolving this discrepancy. However,

these cross section ratios are very sensitive to the presence
of E2 transitions and it is likely that the present data are
indicating a deficiency in the E2 amplitudes. This
disagreement suggests that the discrepancy previously ob-
served in photoneutron polarization measurements' is
not caused by the meson-exchange current correction to
the M 1 amplitudes, but rather by an inadequacy in the re-
action mechanism itself.

IV. CONCLUSIONS

We have provided the highest accuracy relative angular
distribution measurements available for the H(y, n)H re-
action below 18 MeV. The results depart significantly
from the accepted theoretical calculations below 10 MeV.
There is a strong indication that the E2 excitations are
not adequately described by the theoretical treatments.
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