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%e have measured the cross-section ratio o.(y, 'H)/cr(y, 'He) for 'He from 3I to 51-MeV with an incident

bremsstrahlung beam and a collimated solid-state telescope at 90' laboratory angle. The results obtained

from these data for the total cross-section ratio are consistent with unity for most of the energy range

covered, but deviate from this value in the energy region near 44 MeV.

NUCLEAR REACTIONS 4He (y, 38, 3He, E&=31—51 MeV; measured differential
cross-section ratio at 90' (laboratory); deduced total (y,p) -to-(y, n) cross-

section ratio. ~\RJ

I. INTRODUCTION

The ratio of the photoproton and photoneutron
cross sections for 4He has been a subject of con-
siderable controversy during the last several,
years. This ratio is important because it is a
sensitive indicator of the degree of isospin mixing
which is present in the simple 'He nucleus, and
thus provides one with a quantitative test of the
degree to which the charge symmetry of the nu-
clear force might be broken. The controversy
concerns the wide disparity in values reported
for this ratio and for the (y, n) cross section in
particular. [There is general agreement for the

(y, P) cross section in the energy range of great-
est interest. ]

The controversy was initiated by Berman,
Fuitz, and Kelly (BFK},"who reported their
measurement of ~He(y, n) from threshold to 31
MeV with monoenergetic photons and a liquid
helium sample at Livermore. The values BFK
obtained for tr(y, n), which peaked at about 1 mb
for photon energies E„ from about 25 to 27 MeV,
were not much more than half those for tr(y, p).
This led them to point out the possible implication
mentioned above, namely, that unless there were
an unexpectedly l.arge amount of Coulomb mixing
throughout the giant-resonance region, there
would have to be a small but nonzero violation
of charge symmetry. Prior to the experiment
of BFK, there were four 'He(y, n) measurements
reported, all done with bremsstrahlung and all
having large uncertainties —Ferguson et al. ,'
whose o'(y, n) values were slightly higher than
those of BFK, but covered the energy range only
up to 25 MeV, Gorbunov, 4 whose values were
much higher than those of BFK at all energies

and were comparable to the (y, P) values, and
Ferrero et af 'and .Busso et al. ,"whose o'(y, n)
values were in essential agreement with those of
BFK up to about 27 MeV, but then rose sharply
to meet those of Gorbunov at about 29 MeV. One
'He(n, y) cross-section value, at -24 MeV, also
had been published', it agreed with the work of
BFK.

Several other experiments were undertaken to
check the BFK results. Berman, Firk, and Wu
(BFW)' measured der(y, n)/dQ~», up to 32 MeV
with bremsstrahlung photons and a liquid sample
at Yale and found essentially the same (low)
He(y, n) cross section as BFK. Irish et al.'o'"

measured the differential (y, n, ) cross section at
six angles up to 32 MeV with bremsstrahlung and
a l.iquid sample at Toronto; in doing so, they
essential. ly duplicated the measurement of BFW,
and reproduced the results of BFK and BFW.
Meanwhile, however, two measurements were
reported which cast serious doubt on the Liver-
more, Yale, and Toronto results. At Saskatche-
wan, Shin and his collaborators"' measured the
differential (y, n) cross section at five angles
up to 70 MeV with bremsstrahlung and a liquid
sample and obtained results in agreement with
Gorbunov [and the (y, P) values]; and at the
National Bureau of Standards, Dodge and Murphy'4
determined the (y, p}-to-(y, n) differential cross-
section ratio at 90' in the laboratory from 30 to
50 MeV from sequential measurements of the 'H
and 'He particles from the electrodisintegration
of 4He by a 90-MeV electron beam with a gaseous
helium sample, and obtained results consistent
with unity in this energy range. These results
prompted Irish et al.""to remeasure the 98'
differential (y, n, ) cross section with a gaseous
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sample, obtaining results in substantial agree-
ment with the (y, P) values, and later to demon-
strate" that the earlier Yale and Toronto (but not
Livermore) results very likely could be explained
by a dependence of the density of the liquid sam-
ples on the bremsstrahlung beam intensity.

The situation at this time was summarized by
Hanna, "who concluded that the consensus"
values for the (y, no) cross section were in agree-
ment with those for the (y, p, ) cross section, but
cautioned that he did "not consider the matter to
be entirely settled". At this point, we determined
that another attempt should be made to measure
the (y, p)-to(y, n) cross-section ratio for an energy
range spanning the region from 27 to 50 MeV (if
possible), with rea/ photons and a gaseous sample,
and with simultaneous measurement of the 'H and
'He product particles with the same detector.
We therefore undertook such a measurement which
seemed to us to encompass the best features of
several previous measurements 2nd to add to
them the simultaneity requirement, in an effort
to throw additional light on this problem. We
succeeded in performing this experiment, but
only down to 31 MeV in energy, so that the over-
lap with many of the earlier measurements was
not all that we desired. We report on this ex-
periment here.

Target

Electron

Beam ~ Magnet

LiH Beam

Hardener

Collimators

Reaction
Chamber

Be,.".m
Monitor

Electron
Beam Dump

FIG. 1. Schematic diagram of the experimental layout.

II. EXPERIMENT AND DATA REDUCTION

The experiment was performed at the Lawrence
Livermore Laboratory Electron-Positron Linear
Accelerator facility, using the bremsstrahlung
beam which was produced when a beam of 56-MeV
electrons from the accelerator was allowed to
strike a 0.05-mm-thick platinum target. The ex-
perimental setup is shown in Fig. 1. The elec-
trons mhich passed through the target were swept
into a 5-m-deep dump hole in the floor by a bend-
ing magnet. The forward bremsstrablung beam
mas collimated by a 10-cm-thick, 1.27-cm-
diameter lead collimator embedded in a 10-cm-

thick lead shielding mall, passed through a 60-cm-
thick lom-Z beam hardener to reduce the flux
of (unwanted) low-energy photons, and collimated
again by a 10-cm-thick tapered lead collimator
(its upstream diameter was 1.59 cm and its down-
stream diameter was 1.27 cm) just before enter-
ing the helium-filled reaction chamber. The pho-
ton beam was monitored downstream from the
reaction chamber with a small NaI(T1) detector.
(It should be noted here that since this was a,

counting-rate ratio experiment, measurement of
the absolute photon flux was not required. )

Details of the reaction chamber are shown in
Fig. 2. The entrance and exit windows were made
of aluminized Mylar, 5 cm in diameter and 0.025
mm thick. The counter telescope (see below) was
located in an arm of the chamber at 90' to the
incident photon beam direction, and was protected
from external sources of background by local
lead shielding. Tantalum collimators of various
diameters were located between the counter tele-
scope and the volume of helium gas irradiated
by the collimated photon beam (see Fig. 2). Op-
posite to the counter telescope, a radioactive
'4'gm alpha-particle source, used for calibration
purposes, was mounted on a plunger in another
arm of the reaction chamber, so that the '"Am
source could be retracted when not in use.

The use of a bremsstrahlung spectrum pro-
duced no problem in the determination of the
energy of the photon which induced the reaction.
Instead of protons and neutrons, 'He and 'H
nuclei were detected and identified in the multi-
counter telescope. This ensured the observation
of only the two-body breakup cross section, and
thus the photon energy mas determined from the
energy of the outgoing trinucleon by kinematics.

The telescope consisted of four silicon diodes
in the order 5 p, m, 17 pm, 500 p, m, and 500 p, m.
'He particles of less than about 8 MeV mere
stopped in the 17-p.m detector and identified by
comparing the outputs of the 5-p, m and 17-p, m
detectors. Tritons, on the other hand, of energy
greater than about 2 MeV, lost negligible energy
in the 5-pm detector but were detected and iden-
tified using the 17-p.m first 500-p.m detectors.
The last 500-jU.m detector was used in anticoin-
cidence with the first three in order to eliminate
electrons (which made up the bulk of the back-
ground in this experiment), which were produced
by pair production in the target as well as in the
chamber walla and elsewhere.

The target was 'He gas maintained at a pres-
sure of either 0.10 or 0.25 atm. The telescope
was operated inside the gas to eliminate any ener-
gy loss of the trinucleons in foil. windows. After
taking into account all. energy losses in the gas
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FIG. 2. Schematic diagram of the reaction chamber
and the collimated counter-telescope detector system.
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. FIG. 3. Simplified block diagram of the counter-
telescope detector electronics. The four silicon detec-
tors are labeled AE1, AE2, E, and Anti; A —ampli-
fiers; T—triggers; L G—linear gates; C—coincidence
circuit; GG—gate generator; OA —or circuit.

as well as in the 5-p.m detector, the lower-energy
limit for observing 'He particles was about
2 MeV.

A simplified block diagram of the electronic
circuitry used is shown in Fig. 3. A coincidence
between a signal from the 17-p.m detector and
either the 5-p.m detector or the first 500-p.m
detector generated a gate (uniess a veto signai
was present from the last 500-p, m detector)
which allowed the linear signals from the first
three detectors to pass on to three analog-to-
digital converters. The digitized signals from
the three analog-to-digital converters were stored
as 36-bit words on a three-million word magnetic
drum by an on-line data-acquisition system. On-
line sorting of the detected events into a two-

dimensional array and subsequent display of the
sorted data provided information on the progress
of the experiment.

The main problem to overcome was the detec-
tion of charged particles during the intense beam
burst from the I inac, when there were many
background electrons and photons present. In
order overcome this high background rate, the
accelerator was operated at its maximum duty
factor of 0.2% (120 puises/sec of 3-p.s width)
and the output signals from the preamplifiers
from each detector in the counter telescope were
clipped just when they peaked. This preserved
the amplitude information but clamped the out-
puts to zero as soon as possible. The clipped
outputs were amplified to ORTEC timing-filter
amplifiers with integration time constants of
about 20 ns, and then passed through QRTEC 442
peak-stretching gates opened by the coincidence.
This method allowed the system to operate at
high rates without significant pileup or pulse-
pair resolution problems. However, clipping
and amplifying with net time constants as short
as 50 to 100 ns increased the noise level relative
to the signal height and degraded the resolution
significantly, particularly for the 5- p.m detec-
tor, where the noise level already was high owing
to its large capacitance. Resolution from the 5-
p, m detector was only about 300 keV, producing
a 5-to-10% uncertainty from 5.5-MeV n particies
from '~'Am.

The linearity of the electronic circuitry was
checked by injecting pulser pulses into the pre-
amplifiers of the telescope and using calibrated
attenuators to cover the range of the experiment.
The energy calibration was obtained by evacuating
the target chamber and observing n-particle
events from the '"Am source.

It was found in tests of the counter telescope
using the 'He(p, p) and (p, n) reactions at the
Stanford University Tandem Van de Graaff ac-
celerator that tight collimation was required to
prevent multiple scattering in the counter tele-
scope from distorting the ratio measurements.
This was achieved by positioning two tantalum
apertures in front of the counter telescope as
shown in Fig. 2, the one nearer the telescope
having a diameter of 2.38 mm and the one nearer
the interaction volume having a diameter of
4.76 mm. The consequent low counting rate made
separation of the 'He events from 'H and noise
events impossible at energies below E„=39MeV.
In order to obtain results at lower energies, the
'H data from a run with more open collimation
were normalized above 39 MeV to the 3H data
obtained with tight collimation. The normalized
'H data and the 'He data obtained with tight col-
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limation were used to extend the useful energy
range down to 31 MeV.

Three-dimensional projections of part of the
data are shown in Figs. 4 and 5. Plots such as
Fig. 4, in which the energy deposited in the two
(thin) front detectors is plotted against the total
energy deposited, were used to obtain the 'H
yield (note the clean separation of SH events from
'H events); plots such as Fig. 5, in which the
energy deposited in the front (thinnest) detector
is plotted against the total energy deposited,
were used to obtain the 'He yield (in this kind
of plot the 'H and 'H events overlap with each
other and with low-amplitude noise signals).
From these data, with proper account taken of
the pressure, the energy loss of the 'H and He
particles in the gas and in the detectors, and
the size of the interaction volume and solid angl, es
involved, the differential cross-section ratio
was determined.

The factor which placed a low-energy l.imit on
the cross-section ratio was not the energy loss
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FIG. 4. Three-dimensional representation of the
y+4He data obtained from. the 3-detector telescope
(5, 17, and 500 p m thick). The third dimension (num-
ber of events) is represented by the darkness of the
character plotted for each bin. F rom the top of the plot
the four trajectories correspondings to He, 3H, H, and
noise events are visible, extending down and to the right.
These data were obtained with open collimation at a 4He

gas pressure of 0.10 atm.
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FIG. 5. Three-dimensional representation of the
y+4He data, plotting the response of the 5-p, m detector
only against the total energy loss in the telescope. The
third dimension is represented as in Fig. 4. The tra-
jectory of 3He events only is visible in this projection.
These data were obtained with tight collimation at a gas
pressure of 0.25 atm.

of the 'He ions in the gas or the front detector,
as might have been expected, but rather the high
background of electron pileup events which pre-
vented the identification of 'H ions to as low an
energy as al. lowed by the thicknesses of the two
&E detectors. This "noise" from electron pileup
extends upward along the diagonal in Fig. 4 and
prevents the 'H locus from being extended ac-
curately to the diagonal. . The diagonal, . of 'course,
results from events with no energy loss in the
500- p, m E detector. For the case of energetic
electrons, these events result from particles
scattering out of the 17-p.m detector and missing
the E detector. The effect of this pileup was to
limit the l.owest photon energy at which the
cross-section ratio could be determined to about
31 MeV.

III. RESULTS AND BISCUSSION

The present results for the (y, P)-to-(y, n) dif-
ferential cross-section ratio, at 90' to the photon
beam direction in the laboratory for the detected
trinucleons, are shown in Fig. 6, as a function
of photon energy. The data span the energy range
from 31 to 51 MeV; the most reliable data lie
between 39 and 46 MeV, where the data from the
two experimental runs described in Sec. D over-
lap and where the data from both are statistically
most significant.

In order to interpret these data in terms of the
total (integrated-over-angle) cross sections, it
is necessary to transform the results into the
center-of-mass frame and then to make use of
measured angular-distribution data for both reac-
tion channels to convert them to a total cross-
section ratio. For the present measurement (or
that of Ref. 14), where the trinucleon was detected
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+D sin'8 cos'8,

so that 8 gives an indication of the magnitude of
the E1 strength, D the E2 strength, C the inter-
ference between the E1 and E2 components, and
A the spin-flip strength. For both the ~He(y, P)
and 'He(p, n) cross sections in the energy range
of interest here, all measurements have yielded
very small (if not vanishing) values for the iso-
tropic term A. These include the (y, p) measure-
ments of Refs. 4, 19, and 20 and the (y, n) mea-
surements of Refs. 4, 11, 13, 21, and 22. Like-

at 90', the corresponding nucleon was emitted at
a laboratory angle between 76' and 77' from the
photon beam direction; this angle, which reaches
a maximum for E„equal to twice the threshold
energy, or about 40 MeV, is almost independent
of energy between 31 and 51 MeV, the energy
range of this experiment. This corresponds to
center-of-mass angles 0 between 79' and 80' for
the nucleon (or 100' to 101' for the trinucleon), so
that cos6)=0.186+ 0.007 for all energies of interest
here.

It has been the custom among workers in this
field to fit differential cross-section data with
the expression

dv- =4 +8 sin 0+ C sin 6I cos 6I
~ 2 ~ 2

wise, the pure quadrupole term D has been
shown'"'" to be very small in this energy range,
as is expected from the fact that E2 excitation
generally is much less probable than E1. There-
fore, one is well justified (at a level of accuracy
of a few percent) in assuming angular distributions
in this energy range of the form

dv ~sin'&(1+ pcos8),
dQ

(2)

where P = C/B.
Table I lists values for the asymmetry coef-

ficient P for photon energies between 31 and 51
MeV from the literature. Data from a few ex-
periments [the (y, P) data of Ref. 23 and the (y, n)
data of Refs. 4 and 21] are not included in the
table because they are sparse or otherwise appear
to be of lesser reliability than those included.
The adopted values of P for the (y, P) reaction
present no difficulty; for the (y, n) reaction,
however, a more serious problem arises from the
virtual-photon (e, 'He) measurement of Murphy. "
We have chosen here to adopt values of P for the

(y, n) reaction close to those of the real-photon
(y, n) measurement of the Saskatchewan group, "
which are supported by the data of Ref. 7, the
theoretical prediction of Crone and Nerntz, '4

and the similar judgment of Meyerhof and Fiarman
in their review. " The authors of Ref. 14 under-
standably adopted values close to those of Ref. 22;
the effect of this choice wiI. l be seen below.

Using the adopted values for P given in Table I,
values for the asymmetry term in Eq. (2) were
computed; representative values for this quantity
are given in the fourth column of Table II, along
with the resulting differential. cross-section ratio
(in the fifth column) to be expected if the total
(y, P) and (y, n) cross sections were equal. The
uncertainty in this calculated ratio is not as large
as the uncertainty in the values for P because of
the fact that cos 6 is not large. If the values for
p were uncertain by+0. 1 for the (y, p) reaction
and +0.2 for the (y, n) reaction, for example, the
uncertainty in this ratio would be about 5%. The
measured differential cross-section ratios (Fig.

TABLE I. Ualues for the asymmetry coefficient P.

For the He(&, p) reaction
Energy Ref. Ref. Ref. Ref.
(MeU) 19 7 4 20 Adopted

For the He(p, n) reaction
Ref. Ref. Ref. Ref. Ref.

2 11 7 12 22 Adopted

31
36
41
46
51

0.64 0.58
0.80 0.73

0.82
0.91
0.98

0.60
0.72
0.80
0.82
0.84

0.62
0.73
0.81
0.88
0.93

-0.30 -0.25 —0.45
0
0.20

—0.10
-0.03

. 0.22
0.24
0.22

-0.36
—0.24
—0.12

—0.25
-0.02

0.21
0.23
0.23
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TABLE II. Expected differential cross-section ratio.

Energy (1+ P cose)&
(MeV) Reaction cos 8 p cos 9 (1+ p cos 6)„

(7,p)
(7 n)

(y,p)
(y, n)

0.186 0.112
0.193 —0.048

0.180 0.131
0.184 —0.004

1.17

1.14

h', p)
(y, n)

(7 p)
(y, n)

4',p)
(7 n)

0.179
0.182

0.181
0.183

0.184
0.186

0.145
0.038

0.159
0.042

0.171
0.043

1.10

1.12

Computed with adopted values for p from Table I.
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FIG, 7. 4He(y, P)-to-(y, n) total cross-section ratio.
The circles and squares are computed from the mea-
sured results shown in Fig. 6 and the angular-distribu-
tion parameters given in the tables, under the assump-
tion that Eq. (2) holds. The triangles are data of Hef.
14, reanalyzed under the same conditions; the data
points shown. at 31.7 and 33.7 MeV represent weighted
averages of three and two points, respectively.

8) then were divided by the value for

(1+P cso )e&/(1 +Pcos8)„

at each energy, and the resulting total cross-
section ratios o(y, p)/v(y, n) are shown in Fig. 7.
It can be seen that near the lower-energy l.imit
of our experiment we obtain a result easily con-
sistent with a total cross-section ratio of unity,
but at higher energies we do not. Indeed, in the
energy region from 42 to about 45 MeV there are
six consecutive data points (see Fig. 7) for which
the statistical. error flags do not overlap unity,
thus making it unlikely that v(y, P) is equal to
v(y, n) in this energy region. Moreover, con-
trary to the case which obtains when one has
strong isospin mixing" (as was discussed in de-
tail by BFK" and BFW'), here v(y, n) exceeds
v(y, p) by some 30$ or so. On the other hand, for
the highest energies measured here (48-51 MeV),

it appears that v(y, P) exceeds v(y, n) by 20% or
-more; but at these high energies the statistical
quality of the data is not nearly so good, because
of the combined effects of lower cross sections
2nd fewer photons in the bremsstrahlung spectrum
near its end point.

Concurrently with the present work, another
experiment has been performed, by Balestra
et al. ,

27 on the photodisintegration of 'He across
the energy region of interest here. This measure-
ment was done with an 85-MeV end-point brems-
strahlung beam, using a diffusion cloud chamber
as both sample and detector. Thus, it too was
done in such a way as to satisfy the three criteria
set out in Sec. I: use of real photons, use of a
gaseous sampl. e, and simultaneous detection of
both (y, P) and (y, n) events with the same detector.
The chief disadvantage of this technique is the
poor statistical. quality of the data, imposed by
the low counting-rate capability of the cloud
chamber. The results of this measurement,
within the statistical undertainties, agree with
those of the present work in the overlapping
energy region; for v(y, p)/v(Z, n) they obtained
-1.00+0.08 for the energy region 31+ 4 MeV and
-0.95+ 0.10 for 47+ 12 MeV. Their angular-dis-
tribution results are in good agreement with those
we adopted (listed in Table 1) as well. A more
detailed comparison between the two measure-
ments cannot be made, however, since Bal.estra
et al. present only the above two data points
spanning a 32-MeV energy region. However, they
succeeded in obtaining values for the (y, P)-to-
(y, n) cross-section ratio at lower energies; they
present two more data points, -1.25+ 0.08 at
26+ 0.5 MeV and -1.35+ 0.10 at 25+ 0.5 MeV.
These data woul. d seem to establish cl.early a
rising trend for this ratio with decreasing energy,
and lie distinctly higher than the results (of Ref.
4, for example) that are consistent with unity,
although still. lower than those implied by the
work of BFK~'2 and BFW.9

Lastly, we turn to the results of Dodge and
Murphy, '~ who obtained results for v(y, p)/v(Z, tt)

in their virtual-photon measurement consistent
with unity throughout this energy range (their
average resul. t for ten data points between 30 and
52 MeV for this ratio was 1.03+0.04). We noted
above that they used values for P for the (y, n)
reaction which differ appreciably from out adopted
values. [The values they used for p for the (Z, p)
reaction are virtually identical to those we used. ]
Had they used the values for the (y, n) reaction
which we. used, they would have obtained values
for v(y, p)/v(y, n) of 1.15+ 0.10 (instead of 1.05) at
35.2 MeV, 1.15+ 0.09 (instead of 1.03) at 3'l.1
MeV, and 1.09+ 0.08 (instead of 1.01) at 44.3 MeV.
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These and other data points from Ref. 14, re-
analyzed with the angular-distribution coefficients
of Table I, also are shown in Fig. 7. The point
at 44.3 MeV is the one that is most at issue here.
Dodge and Murphy give no other result between
37.1 and 51.8 MeV, in the energy region of the
apparent minimum in the cross-section ratio
shown in Fig. 7, whereas the value which can be
assigned to a smooth approximation to our data
in a+ 1-MeV energy interval (say) near 44 MeV
is at least two standard deviations below that of
Ref. 14.- Thus, even though another measurement
of the photoneutron angular distribution in this
energy region, preferably with monoenergetic
photons, clearly is called for, this discrepancy
will remain. One also can ask whether effects
of E2 or other multipolarities are playing an
important role here, and have not been taken
properly into account in the virtual-photon analy-
sis of Ref. 14. (It is well known"" that E2 and
M1 transitions are enhanced in electroexcitation
when the energy of the incident electron exceeds
greatly the excitation energy, and a 90-MeV
electron beam was used in Ref. 14. ' High incident
electron energies were used for some of the
measurements of Ref. 22 as well. ) However, one
would not expect a large error from this cause
alone for such a low-Z nucleus. It appears,
therefore, that however one treats the angular

distributions or the virtual-photon analysis, a
discrepancy will remain between the present
results and those of Ref. 14 in this energy region.

In sum, we measured the (y, P)-to-(y, n) dif-
ferential cross-section ratio for 'He by detecting
the recoi1. 'H and 'He nuclei at 90' to the direction
of the incident photon beam from 31 to 51 MeV.
The resulting total cross-section ratio c(y, p)/
v(y, n) is near unity at the lower energies, but
deviates significantly from unity at the higher
energies; in the energy region near 44 MeV,
v(y, n) exceeds o'(y, p), and near 50 MeV, v(y, p)
appears (but with larger experimental uncertain-
ties) to exceed &(y, n). A statistically significant
discrepancy is pointed out between our data near
44 MeV and the datum of Dodge and Murphy'4 at
that energy. Finally, we note that this experi-
ment was difficult to perform on our low-duty-
factor accelerator, and therefore one might hope
that another such measurement, using one of the
new high-duty-factor accelerators, would im-
prove upon the present results.
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