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The absolute cross section of the He(n, p) He reaction was measured at five energies between
E =0.14—2.0 MeV to an accuracy of +10%%up. The 21 MeV gamma rays produced in a He gas
target were detected at 90' with respect to the beam direction. The results are discussed in light of
previous measurements of the two-body photodisintegration of He.
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I. INTR.ODU CTION

Charge symmetry has long been considered to be an
important property of the nuclear force, and it is only re-
cently that strong evidence of charge symmetry breaking
(CSB) at the level of 1% has been found [1]. Histor-
ically, the study of mirror reactions has played an im-
portant role in the search for CSB in the nucleus. In
1957, Barker and Mann [2] suggested that the cross sec-
tions for proton and neutron emission from the excited
state of a self-conjugate nucleus would be sensitive to the
amount of isospin mixing in the state, and thus, to the
presence of CSB components in the nuclear force. In par-
ticular, it was expected that the effects of CSB would be
exhibited most clearly in photonucleon emission from an
isospin T = 1 state excited by an E1 transition. In this
respect, the photodisintegration of He over the region
of the giant dipole resonance (E~=21—40 MeV) has been
studied in detail, as the He nucleus is relatively simple,
and Coulomb interaction effects are small.

Conventional theoretical models for the He system
[3—7] without CSB predict the ratio of the photonu-
clean cross sections R~=o~ „jo~ to be 1.1 at E~=25—
40 MeV. Many measurements of 0.

~ „and 0~ z have been
performed to test the theory (see [8] and the references
therein for a recent list of the experiments). However,
the experimental results vary widely, and the situation re-
mains unclear. In particular, the (p, n) peak cross section
varies by as much as a factor of 2 between different ex-
periments. A critical review of the experimental data ob-
tained before 1983 was done by Calarco et al. [9]. Based
heavily on the monoenergetic photon beam experiment
of Berman et al. [10] and on the sHe(n, p) capture data
of Ward et aL [11], values for o~ were recommended
that peak at 1.1 mb. The recommended values for 0~ „
were based predominately on the H(p, p) capture data of
Perry and Bame [12], McBroom et aL [13], and Calarco

et al. [14], and peak at ~1.8 mb [see [14] for a discus-
sion of the (p, p) data]. From these cross sections, R~
was found to vary between 1.7 and 1.2 over the energy
region E~=25—35 MeV, in disagreement with the con-
ventional theoretical predictions. It was suggested that
a charge symmetry breaking component of the nuclear
force was responsible for the large value of the ratio [9].
However, all direct measurements of the ratio R~ [15—19]
in which both photonucleon reactions were detected pro-
duced results consistent with unity, in disagreement with
the conclusions of Galarco et al. [9].

Recently, Bernabei et aL [20] measured the He(p, p)
cross section at E~=28.6—58.1 MeV in an experiment sim-
ilar to that of Berman et al. [10]; that is, they used a
monoenergetic photon beam, a gas target, and a 4m

particle detector. The results are lower than the values
for a~ „recommended by Calarco et aL [9], and if com-
pared with the recommended values for cr~ [9], produce
a mean value of (R~)=1.01+0.06 for energies of E~=28.6—
42.4 MeV. Feldman et al. [21] subsequently remeasured
the sH(p, p) capture cross section at E~=21.3—31.1 MeV,
obtaining results 35/0 lower than the previous values
[12—14] and confirming the results of Bernabei et al. [20].
Hence, these new results for 0.

~ „, if taken with the rec-
ommended values for cr~ [9], produce a value of R~ in
agreement with the conventional theoretical predictions
and the direct ratio measurements [15—19].

Although the (p, n) [10,11] and (p, p) [20,21] data now

appear to be consistent, the situation is still far Rom
clear. It is not known why the earlier H(p, p) experi-
ments [12—14] yielded higher results than the recent mea-
surement by Feldman et al. [21]. In fact, the earlier re-
sults are corroborated by a new measurement of o~ „and
sr~ by Nagornyi et al. [19],which yielded peak cross sec-
tions of 1.8 and 1.7 mb for the (p, p) and (g, n) reactions,
respectively. Also, a recent measurement of the elastic
photon scattering cross section on He by Wells et aL [22]
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was used to deduce the sum (o~ „+o.~ )=2.86+0.12 mb
at the peak in the giant dipole resonance, in excellent
agreement with the peak value of 2.90+0.16 mb recom-
mended by Calarco et al. [9). However, the combination
of the results for o~ „[20,21] and the recommended val-
ues for sr~ [9) that produce a ratio R~ consistent with
unity sum to a peak value of 2.37+Or13 mb, which is sub-
stantially lower than the result of Wells et al. [22]. The
sum of the peak cross sections measured by Nagornyi et
al. [19] is 3.5 mb, even higher than the elastic scattering
result. Thus, there are contradictions among the latest
measurements on the He system.

The present work describes a measurement of o ~ at
five energies of E =0.14—2.0 MeV (corresponding to pho-
ton energies of E~=20.7—22.0 MeV). Using the results
of refined resonating group model calculations [7], the
present results are extended to higher energies to allow
comparison with the published results for o~ and the
values recommended by Calarco et al. [9]. Additional
details of the experiment are given in Refs. [23,24].

II. APPARATUS
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FIG. 1. Schematic top vievr of the spectrometer and target
systems.

The targets and medium-energy gamma ray spectrom-
eter used in the experiment are shown schematically
in Fig. 1. The fast neutrons were produced via the
Li(p, n) Be reaction using the Queen's University Van

de Graaff accelerator. Each lithium target was produced
by evaporating in vacuo 100 pg/cm of lithium metal
onto a 0.050 cm thick tantalum backing. A 20 pg/cm
layer of gold was evaporated over the lithium to protect
it from water vapor during the transfer from the evapo-
rator to the beam line. The target was mounted at 45
with respect to the beam, and was water cooled. Pro-
tons at energies of 1.93, 2.30, 2.77, 3.22, and 3.68 MeV
were used, producing neutrons with maximum energies of
0.14, 0.57, 1.07, 1.53, and 2.00 MeU, respectively. Proton
beam currents of 15 pA were used to produce neutron
beams between 2—8x10 neutrons s at the gas target.
At each proton energy, a 48 h run was done with the He

gas in place, followed by a 24 h background run with the
gas removed.

Nearly monoenergetic neutrons are produced be-
tween proton energies of 1.92 and 2.37 MeV using
the Li(p, n, ) Be(g.s.) reaction. Above 2.37 MeV,
a second group of neutrons is produced through the
Li(p, n, ) Be(0.43 MeV) reaction. However, the inten-

sity of the second group in the forward direction (into
the He gas target) is relatively weak, never exceeding

12% of the ground state group over the energy range
of the present experiment. Corrections for the effects of
this second group were made and are described below.

The total number of neutrons produced during each
data run was determined off line from measurements of
the Be activity within each lithium target. The unstable
Be produced in the target decays by electron capture

with a half-life of 53.3 d, 10.52% of these decays being
to the first excited state of Li at 478 keV [25]. The
activity of 478 keV gamma rays from each target was
measured using a HPGe detector. The results of the
activity measurements were compared to the expected
values calculated from the integrated beam current, the
target thickness measured with a quartz crystal monitor
during target production (+10%%ue uncertainty), and the
7Li(p, n) cross sections of Liskien and Paulsen [26] (+5%%uo

uncertainty). In each case, the measured and calculated
results agreed to within the uncertainties.

While removing the lithium target used in the
E„=2.77 MeV run with the He gas in place, some wa-
ter accidently contacted part of the target outside of the
area hit by the proton beam. It is not known how much,
if any, of the Be was washed off; however, the measure-
ments of the activities of lithium flakes from other targets
indicate that most of the Be was implanted in the target
backing upon production. Hence, it is not expected that
much of the "Be was lost. A conservative estimate of the
loss is 10+10%, based on the affected area of the target.
This estimate was used to correct the deduced number
of Li(p, n) reactions which had occurred in the target,
and thus, the number of neutrons that passed through
the He gas (see Table III).

The gas target was a cylindrical He proportional
counter, 5.0 cm in diameter and 25 cm long. The fill gas
was a mixture of sHe (4.54x10 o atoms/cm ) and CO2
(0.15x102o molecules/cms). The walls of the counter
were made from 0.5 mm stainless steel. The He counter
was encased in 1.2 mm of cadmium metal to shield it from
thermal neutrons. During the background runs, the cad-
mium casing was left in place and the He counter was
replaced by an equal mass of steel pipe.

The He proportional counter was used to measure the
effects of the passive shielding on the neutron energy dis-
tribution in the gas target. The shielding geometry was
changed in an effort to produce measureable differences
in the neutron energy spectra. No effects of neutron scat-
tering from the shielding were detected within a statisti-
cal uncertainty of 0.5%. Hence, the contribution of these
neutrons to the He(n, p) reaction was assumed to be
negligible.

The results of previous studies of the He(n, p) reac-
tion for neutrons in the energy range 10—120 keV [27]
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and at 9.0 MeV [28] indicate that, for neutrons in the en-
ergy range of the present experiment, the reaction goes
predominately by p-wave capture and the gamma rays
are emitted over a dipole angular distribution. Thus, to
maximize the gamma ray detection efFiciency the spec-
trometer was placed facing the center of the gas target
at an angle of 90 with respect to the proton beam direc-
tion. The spectrometer consisted of a @127mm x 76 mm
bismuth germanate oxide (BGO) scintillator for detect-
ing the gamma rays, an active shield of plastic scintillator
for vetoing cosmic ray muon events, and passive shielding
for attenuating neutrons and background capture gamma
rays. The BGO crystal was chosen for its high gamma
ray detection eKciency, and for its low sensitivity to neu-
tron backgrounds [29,30]. A shadowbar (90% tungsten
and 10% nickel by weight) was used to attenuate neu-
trons and gamma rays &om the lithium target emitted in
the direction of the spectrometer. A light-emitting diode
(LED) light pulser was used to inject a known number
of pulses into the BGO crystal/photomultiplier tube in-
terface to determine the deadtime of the system, and to
monitor gain changes during the experiment.

III. DATA ACQUISITION

In the following, the measurements performed with the
He target in place and with the target removed are re-

ferred to as gas in and gas out runs, respectively. The
shadowbar was removed before and after each run so that
the gamma rays produced via the Li(p, p) reaction (Q
value of 17.24 MeV) could be used to calibrate the en-
ergy response of the system. Figure 2 shows the energy
spectrum at E&——2.30 MeV, collected with conventional
electronics and with the shadowbar removed. The count
rate above 1 MeV was typically (10—20) xlOs counts
per second, and was predominately due to the neutron
capture background. Each pulse was clipped to 350 ns
to reduce pileup.

During data collection, clipped pulses that were not ve-
toed by the cosmic ray suppression shield were digitized
using a Lecroy 9410 digital storage oscilloscope. The dis-
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criminator level was set at 13 MeV to reduce the sys-
tem dead time and the amount of memory required to
store the digitized pulses. The stored pulses were later
processed ofF line by computer. In the processing, the
charge of each pulse was determined, corrected for gain
shifts, and used to construct an energy spectrum. Pile-
up events were identified by the shapes of the digitized
pulses, and accounted for 30% of the total number of
counts in the region of interest above 15.4 MeV. These
pulses were deconvoluted, and the charges of the sepa-
rate pulses were determined. Signals produced by the
LED light pulser were clearly identifiable, allowing accu-
rate determination of the system dead time. Afterpulses
were also easily identified and discarded. A detailed de-
scription of the electronics and digital pulse processing
can be found in Refs. [23,24].

IV. CALCULATION OF THE SPECTROMETER
RESPONSE FUNCTION

A Monte Carlo simulation of the experiment was devel-
oped to determine the response function of the spectrom-
eter for each run. The program simulates the transport
of particles in a geometry similar to that of the present
experiment. In the calculation, neutrons were tracked
through the lithium target holder and He counter, and
gamma rays produced via the He(n, p) reaction were
tracked out of the He counter and through the materi-
als in the spectrometer around the BGO crystal. Within
the BGO crystal itself, the secondary radiation (elec-
trons, positrons, and photons) produced by each gamma
ray was also tracked. This was done to reproduce the
low-energy tail in the detector response function, as the
tail is produced predominately by events in which some
of the energy is carried out of the crystal by escaping
bremsstrahlung [31]. The latter part of the program was
based on the Monte Carlo simulation developed by Varley
et al. [32] for calculating the response functions of ger-
manium detectors to electrons, positrons, and photons in
the energy region of 50 keV to 12 MeV. That program
was modified to allow for the tracking of medium-energy
particles in BGO. The details of the modifications are
given in Ref. [23].

The thicknesses of the gold and lithium layers given
in Table I were used to calculate the proton energy loss
through each target ((20 keV). The starting energy and
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FIG. 2. The Li(p, p) spectrum and background. The dis-
criminator level was set at 1 MeV.

E„Beam
(MeV) current

(pA)
16

15.5
17
13
13

1.93
2.30
2.77
3.22
3.68

Gold
thickness
(pg/cm')

25
42
25
34
25

Li
thickness
(pg/cm2)

140
140
170
170
170

(MeV)

0.135
0.571
1.068
1.530
1.999

(MeV)

0.576
1.060
1.538

TABLE I. Neutron production target details, and the max-
imum energies Eo and E, of the ground state and first ex-
cited state neutron groups, respectively. The gold and lithium
thicknesses are accurate to +10'Fo.
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direction of each neutron generated via the Li(p, n) re-
action was picked from the distributions of Liskien and
Paulsen [26]. The neutrons were tracked through the
target systems until they escaped or were captured. For
capture via the He(n, p) reaction, the cross section at
energy E (MeV) was assumed to be a ~ = o, f (E ),
where cr, is the cross section at the maximum neutron en-
ergy E, produced in the Li(p, n, )7Be(g.s.) reaction at
each proton energy, and the energy dependence f (E )

f.(E„)= CQE„(20.58 + 0 75E„. )'e

~~ = f- (E-) (~/L) (2)

where e 6 MeV, and the constant C is chosen so that
f (E,)=1. This energy dependence was derived by Flow-
ers and Mandl [33] assuming a direct El transition and
central nucleon-nucleon forces. Although the theory is
crude, the shape of the cross section derived from it over
the energy range E =0.15—2.0 MeV agrees well with the
preliminary results of a refined resonating group model
calculation [34]. Hence, the assumed energy dependence
of the cross section is probably accurate enough over
the neutron energy spreads of the present measurement
[AE„&40 keV full width at half maximum (FWHM)].

For a sHe density of 4.54x 102 atoms/cms and a
sHe(n, p) cross section of 100 pb, the probability of
radiatively capturing the neutron in 25 cm of gas is

10 ~ With the usual analog Monte Carlo techniques,
generating gamma rays at such a low rate would re-
sult in excessive computational times for calculating re-
sponse functions with reasonable statistics, Thus, to
increase the number of histories in which a sHe(n, p)
reaction occurred during the calculations, a forced col-
lision technique [35] was used under a thin target as-
sumption. Neutrons were tracked as if the sHe(n, p)
reaction did not exist; however, each time a neutron
passed through the He gas, a gamma ray was pro-
duced with a weighting factor that was proportional to
the probability of the reaction occurring. The probabil-
ity was (1 —e " « ~ "~

) Z„,(E )E, where Z„,(E )
is the macroscopic cross section for the He(n, p) reac-
tion, and 8 is the neutron path length through the He
gas. From Eq. (1), K (E ) = Z (E, )f (E„),where
E, is the maximum neutron energy produced in the
Li(p, n, ) reaction. Thus, the probability of a neutron

reacting via the He(n, p) reaction was approximated by
Z„,(E )E = f (E„)(E/L) Z„,(E )L, where L is the
maximum pathlength through the He counter. Since
Z„(E,) was unknown during the simulations, and only
relative weighting is required for calculating the shape of
a spectrum, each gamma ray was weighted by

bution of the gamma rays was applied afterwards. The
gamma rays were then tracked through the system until
they escaped or were captured.

The simulations were run until there were 50 x 10
events in which )0.6 MeV was deposited in the B GO

crystal. The distribution of emission angles of the gamma
rays aimed at the BG0 crystal that generated counts
in the region of interest above 15.4 MeV was calcu-
lated in each case. Figure 3 shows the results from the
Ez——2.30 MeV calculation, and is typical of the results
from the other calculations. The distributions are slightly
skewed to angles below 90' (8 84.5 ) due to the flux
of neutrons being greatest in the part of the He counter
closest to the neutron production target. Spectra of the
total energy deposited in the BGO crystal over each event
were also calculated, and were subsequently smeared to
match the resolution of the experimental data. Figure 4
shows the smeared spectrum for the E„=2.30 MeV calcu-
lation, and is typical of the results generated in the other
calculations.

The neutron tracking part of the simulations indicates
that the fraction of neutrons started in the direction of
the He counter that interacted between the neutron pro-
duction target and the gas target ranged from 52%%uo for
the E„=1.93 MeV run to 27'%%uo for the E„=3.68 MeV
run. Some of the neutrons that interacted were forward
scattered into the He gas, and produced gamma rays
through the He(n, p) reaction. The Monte Carlo sim-
ulations predict that the fraction of gamma rays pro-
duced by scattered neutrons ranged from 26% for the
E„=l MMeV r. un to 12'%%uo for the Ez——3.68 MeV run.

The gainma ray tracking part of the simulation indi-
cates that about 52% of the gamma rays emitted toward
the BG0 crystal entered the detector without interacting
in the shielding materials. Of these, about 70'%%uo deposited
at least 15.4 MeV of energy in the crystal to produce
counts in the region of interest of the spectrum. Another

1% of the gamma rays emitted toward the BGO crystal
were scattered in the shielding material before depositing
at least 15.4 MeV of energy in the detector. Hence, 37'%%uo

of the gamma rays emitted toward the crystal produced
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Because of the small cross section, the position of the
radiative capture event was chosen from a uniform dis-
tribution along the path length through the He. The
emission angle 0 of the gamma ray relative to the di-
rection of the neutron was chosen from an isotropic dis-
tribution in the center-of-mass reference frame so that
the effective solid angle of the detector could be simply
calculated. A correction to account for the dipole distri-
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FIG. 3. The calculated distribution of emission angles in
the laboratory frame of reference for gamma rays that de-
posited at least 15.4 MeV in the BGO crystal, from the
Ep:2 30 MeV calculation.
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counts in the region of interest of the spectrum. Gamma
rays that were not emitted toward the BGO crystal but
were scattered into the detector accounted f l the or ess an

s in e region o" in-0 o t e total number of counts in th
crest. ence thesehese gamma rays were ignored in the

calculations of th d'he distributions of emission angles of the
gamma rays that were detected, and of the effective solid
angle of the BGO crystal.

The tracking of photons, electrons, and positrons in
the Monte Carlo simulations was tested by compar-

or gamma rays produced in resonance reactions. The
992 keV resonance of the Al(p ~ Sp, p) i reaction 36 and
the 441 keV resonance of the L'( ) Be i(p, p) e reaction [25]
were used to produce 10.76 and 17 6 M Vn . e gamma rays,
respectively. For the 7Li(p, p) Be reaction, the recom-
mended value of thehe cross section at resonance cr [25]
is based on the work of Fowler and Lauritsen [37], who
measured the (po + pi) thick target yield Y „(oo) from
a lithium target (92.6% Li) to be 1.90 x 10 / roton

e for the nonresonant background, and the
width to be F = 12 keV (no uncertainties on the results

e e expressionwere given . Fowler and Lauritsen us d th
or the cross section at resonance

2sY „(oo)
xI

with a stopping cross section of e = 5.95 x 10
Vcm /f r, .-i atom to deduce a value of 6.0 mb for o„0

However, the presently accepted value for c is 4.88x 10
eV cm / Li atom [38]. Using this value for s and

suit of F
= 12.2 keV [25], along with the thi k t '

ld
su o Fowler and Lauritsen [37], a value of 4.83 mb is
obtained for cr . Figures 5 and 6 show that the results of

s are in good agreementthe simulations and experiments d
or oth reactions. The Monte Carlo program develo ed

p work was also checked against the EGs4
eve ope

code [39] for the case of a bare @127 mmx76 mm BGO
crystal situated 30 cm &om a point isot
10.76 MeV amma

a poin isotropic source of
e gamma rays. The spectra generated in the

calculations agreed to within th t t' t le s a is ical uncertainties.
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FIG. 5. Measured (points) and calculated (histogram)
spectra for 10.76 MeV gamma rays produced th

(p, p) Si reaction at E„=992keV. The calculated spec-
trum is scaled to the expected numb fum er o gamma rays pro-
duced in the target, which is known to an accuracy of +6'Po.

Prom the results of the tests, it appears that the

p ysics embodied in the program for gamma ray tracking
simulates the actual interactions with reasonable accu-
racy. The systematic uncertainty in the results of the
simulations for the response funct' func ion or gamma rays
produced in the He(n, p) reaction is estimated to be

+5.7&0, and is mostly due to the uncertainty in the at-
tenuation of the neutron beam through the steel target

older.

V. DATA ANALYSIS

The raw data after the digital pulse processing are

um er o neutrons pro-been normalized to the same numbe f t
uced during the gas in run. The peak produced by the

e n, p reaction isgamma rays of interest from the He
ocated at 21 MeV. Counts appearing well below the
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FIG. 6. MMeasured (points) and calculated (histogram)
spectra for (po + pq) produced via the Li Be i~p, p e reaction
a „=441 keV. The calculated spectrum is scaled to the ex-
pected number of gamxna rays produced in the target, which
is known to an accuracy of +5.3'Po.
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FIG. 7. The raw data from each run. The gas in data
are shown as points, and the gas out data are shown as
histograms. The ga8 out data have been renormalized, as
explained in the text. The discriminator level was set at
~13 MeV, and counts below this energy are due to decon-
voluted pileup events.

discriminator level at 13 MeV are due to deconvoluted
pileup events.

The analyses of the spectra were confined to a region
above 15.4 MeV to avoid e8'ects of the discriminator on
the shape of the spectra near the threshold. The raw
spectra were corrected for deadtime losses ((0.5%), as
determined using the LED light pulser. The cosmic ray
component, measured over a period of 119 h with the
accelerator oK, was subtracted from each spectrum af-
ter normalizing to the number of counts in the region
above the He(n, p) peak. The remaining background
was due predominately to gamma rays from the Li(p, p)
reaction that leaked through the shadowbar, and pileup
from (n, p) events in the spectrometer. The line shape of
this background for each run was obtained by fitting the
cosmic ray subtracted gas out spectrum with a Gaussian
plus quadratic function. The background spectra and the
results of the fits are shown in Fig. 8.

The next step was to subtract the contribution due to
the neutrons &om the rLi(p, n, ) Be(0.43 MeV) reaction.
This applied to the data at E„=2.77, 3.22, and 3.68 MeV.
To calculate the contribution in each case, a Monte Carlo
simulation was done for the response of the spectrometer
to gamma rays produced by the same number of neu-
trons &om the rLi(p, n, ) Be(0.43 MeV) reaction as was

FIG. 8. The dead time corrected and cosmic ray subtracted
gas out spectra for each run (points), along with the results
of fits to a Gaussian plus a quadratic background (lines).

TABLE II. The number of He(n, p) detected events, N,
and the number of gamma rays, N~, emitted in the direction
of the BGO crystal for each run.

(MeV)
1.93
2.30
2.77
3.22
3.68

389 +46(stat)
1784 +66(stat)
1417 +61(stat)
1137 +60(stat)
928 +54(stat)

1089 +130(stat) +15(syst)
4872 +180(stat) +68(syst)
3813 +160(stat) +53(syst)
3041 +160(stat) +43(syst)
2461 +140(stat) +34(syst)

produced in the experiment. The latter quantity was cal-
culated f'rom published cross sections for the Li(p, n, )
and 7Li(p, n, ) reactions [26], and from the activity of the
Be produced in the lithium targets. Except for the kine-

matics of the production of the neutrons, the simulations
were identical to those done for the neutrons from the
rLi(p, n, ) Be(g.s.) reaction. The absolute cross section
for the He(n, p) reaction used in the calculations was
that given by Eq. (I), with a, =l pb in each case. Ta-
ble I shows the calculated maximum energy E, of the n,
group neutrons for each measurement. The proton ener-
gies were chosen so that the energy of the n, group in any
measurement was close to the energy of the n, group in
the previous measurement. Hence, the contribution sub-
tracted from the measured He(n, p) spectra was that
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the corrected gas in spectrum was fitted using the
background line shape and the Monte Carlo simulated
sHe(n, p) line shape. The results of the fits are shown in
Fig. 9, and the number K of He(n, p) detected events
for each run is shown in Table II. The number of gamma
rays, N~, emitted in the direction of the BGO cry t 1crys a

uring each run was then deduced from N using the de-
tection efBciency calculated in the simulations. As noted
previously, the efFiciency was 37%. The results for K~
are also shown in Table II.

The differential cross section in the laboratory frame
of reference for the He(n, p) reaction averaged over the
neutron energies, beam angle spread, and BGO detector
solid angle was calculated &om N~ using the expression

200:— Ep=2.30 MeV

100 .— 0e~
0

I

~+ ' l l

40
""'.

v ii"

0
--- --- -- z=4W~ . j. .. . . . 5 4k"i.Z.I. rI ' ry" 'TT*f'Try/.0

16 18 22
I

20

Energy (MeV)

24

FIG. 9. TThe dead time corrected and cosmic ray subtracted
gas in spectra for each run (points). Also shown are the results
of the fits to the Monte Carlo simulated He(n, p) line shapes
(long dashes) and the background line shapes (short dashes),
as well as their sums (solid lines).

calculated with the Monte Carlo simulation but l d
b the

a ion, u scae
y t e cross section extracted for the n, group from the

previous measurement. The calculations showed that at
each proton energy, less than 7% of the counts due to
gamma rays from the sHe(n, p) reaction were produced
by n, group neutrons.

To determine the number of gamma rays from the
He(n, p) reaction that were detected during each run

where N is the number of neutrons that passed through
the He counter, n„ is the atomic density of the He
gas, t is the efFective target thickness (cm), and AO is
the effective solid angle subtended by the BGO crystal.
The Monte Carlo simulation was used to directly calcu-
late both AO and the probability that each n, neutron
would pass through the He gas. The product of the lat-
ter quantity with the total number of n neutrons p

uced as deduced from the "Be activity measurements
gives N . The effective target thickness t was calculated
in the simulations by averaging the path lengths E of the
neutrons passing through the He gas.

The averaged differential cross section was expressed
as (o (E~, 0)) = C C „cr(E,, 90'), where the two
constants C and C „, accounted for the effects of the
averaging over the neutron energies and photon emission
angles, respectively. Using the energy dependence for the
cross section derived by Flowers and Mandl [33j, the first
constant is given by the quantity f (E ) from Eq. (1)
averaged over the neutron energies, that is,

& . = (f-(E-)) .

Thhe second constant C „corrects for the difference be-
tween the angular distribution for the sHe(n, p) reac-
tion and the isotropic di.stribution assumed in the Monte

TABLE III. truant' 'ities for computing the differential cross section in the laboratory frame of
reference for each run. N is the number of neutrons that passed through the He target, AO is
the effective solid an le of the BGg e GO crystal, (w~) is the average value of the gamma ra wei htin
factor and C acc founts for the averaging of the differential cross section over AO assuming a

ipo e angu ar distribution in the center-of-mass reference frame. The uncertainties on AO, (tv~
~ ~

an C
)

were insignificant in comparison to the other uncertainties, and were ignore

(MeV)
1.93
2.30
2.77
3.22
3.68

[7.58 +0.07(stat) +0.39(syst)] x 10
[1.72 +0.02(stat) +0.09(syst)] x10
[7.84 +0.11(stat) +0.97(syst)] x 10
[5.63 +0.05(stat) +0.29(syst)]x10
[3.80 +0.04(stat) +0.20(syst)] x 10

AO
(»)
0.03423
0.03416
0.03432
0.03449
0.03449

0.16423
0.18557
0.18672
0.18524
0.18578

0.94972
0.95165
0.95265
0.95455
0.95558
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TABLE IV. The difFerential cross section at 90' in the laboratory frame of reference, and the
absolute cross section for the He(n, p) reaction. In both cases, a pure dipole distribution for the
gamma rays was assumed.

g
(MeV)

1.93
2.30
2.77
3.22
3.68

(MeV)
0.135
0.571
1.068
1.530
1.999

o (E, , 90')
(pb/sr)

2.29 +0.05(stat) +0.12(syst)
4.00 +0.15(stat) +0.22(syst)
6.77 +0.30(stat) +0.84(syst)
7.54 +0.40(stat) +0.41(syst)
8.99 +0.53(stat) +0.49(syst)

~-,~(@.)
(S b)

19.2 +2.3(stat) +1.0(syst)
33.5 +1.3(stat) ~-1.8(syst)
56.7 +2.6(stat) +7.1(syst)
63.1 +3.4(stat) +3.4(syst)
75.3 +4.4(stat) +4.1(syst)

Carlo simulations, and is given by

f W(0)g(8)dO

I, g(e)de

where W(g) is the angular distribution for the gamma
rays in the laboratory frame of reference, and g(0)d8 is
the distribution of emission angles of the gamma rays
that were detected in the BGO crystal as calculated by
the Monte Carlo simulation (see, for example, Fig. 3).
Using the fact that t=(E)—:(E/L) L, where L is the max-
imum path length possible (25.9 cm), then

t( (E- ~)). .„=L(&/L)(f-)& ... (E. 90 ) . (7)

As described previously, the product of f with (I/L) is
the weighting factor ui~ on each gamma ray [see Eq. (2)].
Hence, (f )(8/L) is given approximately by the average
value of the weighting factors (io~) for the gamma rays
produced in the calculations. From Eqs. (4) and (7), the
diAerential cross section is then

o (E, , 90') =
N„n„LAIC („(to~)

Assuming that the gamma rays are emitted over a
dipole distribution, as indicated by previous experiments
[27,28], the quantities necessary for coinputing cr(E, , 90')
are shown in Tables II and III, and the results for the dif-
ferential cross section are shown in Table IV. Also, un-
der the same assumption, the total cross section for the
He(n, p) reaction a ~(E, ) was computed, and is listed

in Table IV for each energy.

refined resonating group model (RRGM) calculation of
the two-body photodisintegration cross sections on He
for E~=21.4—50 MeV. The results are in agreement with
the experimental photodisintegration cross sections that
yield R~ 1.1 [10,11,20,21], and with electrodisintegra-
tion cross sections measured at Mainz [18]. Also, the
calculated polarization observables for the H(p, p) reac-
tion agree reasonably well with the results of measure-
ments by Wagenaar et al. [41]. Hence, it was concluded
that a charge symmetry breaking component of the nu-
clear force is not required to describe most of the recent
electro- and photodisintegration results on He. The re-
sults of the present experiment agree with the calculated
results for o. ~ at low energies if the latter are reduced
by 5%, as shown in Fig. 10. The calculations were not
done for energies below E =1.06 MeV, and so for com-
parison, the RRGM results were extrapolated to lower
energies using the energy dependence given in Eq. (1).
The agreement at higher energies between the slightly
reduced RRGM results and the data of Herman et al.
[10] and of Ward et al. [11] is also evident in the figure.
Thus, with the exception of the diffusion chamber results
by Nagornyi et al. [19], the results of the RRGM calcu-
lations and of the measurements of the (n, p) or (p, n)
cross sections performed since 1980 are in good agree-
ment. The discrepant result is not unexpected since, as

1 20 I \ I
I

I I I I I I
I

80 — —
~;0

VI. DISCUSSION

The results of the present measurement for o ~ are
shown in Fig. 10, along with the (n, p) results of Ward
et al. [11, and data deduced from (p, n) measurements
[10,19,40] near the threshold for the reaction. Also shown
in the figure is the (n, p) cross section deduced from
the (p, n) cross section recommended by Calarco et al.
[9]. Unfortunately, the (p, n) data and the recommended
cross section are not accurate near the threshold for the
reaction, i.e. , over the energy range of the present ex-
periment. For coxnparison, it is necessary to extend the
present results using a suitable theory to higher energies
(E )5 MeV) where the other results are more depend-
able. Recently, Unkelbach and Hofmann [7] performed a

40
I

0 I I I I I I I I I I I I I I

0 5 10 15

(En) lab (MBV)

FIG. 10. Measured and calculated values of the cross sec-
tion for the He(nI p) reaction. The symbols are defined as fol-
lows: (nI p): (~ ) the present work; (x) Ward et al. [11];(p, n):
( ) Bermau et al [10]; (D) Irish et. al. [40]; (+) Nagornyi et
al. [19]; (solid line) Calarco et al. [9]; (dashed line) Unkelbach
and Hofmann [7] (x0.95).
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pointed out previously [9,10], the published results from
experiments [16,42,43] similar to that using the diff'usion
chamber [19] vary widely for energies below E~=33 MeV,
due probably to the difBculty in measuring the recoiling
He atoms at low energies.

VII. CONCLUSION

In summary, the absolute cross section of the He(n, p)
reaction was measured at E„=0.14—2.0 MeV to an accu-
racy of +10%. The present results, along with those
measured by Berinan et al. [10] and by Ward et al. [11]at
higher energies, are described reasonably well by the re-
sults of a recent RRGM calculation [7] (reduced by 5%).
This confirms the (p, n) cross section recommended by

Calarco et al. [9] over the peak region of the giant dipole
resonance. If taken with the recent results for o~ „mea-
sured by Bernabei et al. [20] and by Feldman et al. [21],
the ratio R~ = o~ „/o~ is 1.1 over the resonance re-
gion, in agreement with the conventional theories [3—7]
that include no charge symmetry breaking components
in the nuclear force. The sum of the two photodisintegra-
tion peak cross sections given above, however, disagrees
with the recent result of the elastic photon scattering
measurement by Wells et al. [22], indicating that there
could be some problems with the latter.

We would like to acknowledge the assistance of Dr. H.
M. Hofmann and Dr. Jens Miltner who made available
the preliminary results of their RRGM calculations using
the Bonn potential.
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