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Analyzing power for He(n, n) He elastic scattering at 50.4 MeV
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The analyzing power A~(0) for elastic scattering of neutrons by He has been measured

for eight angles in the range 80'&O~,b&150' at 50.4 MeV. A polarized neutron beam

(p„=0.50) was produced through bombardment of a high-pressure deuterium target by a 50
MeV polarized deuteron beam (pq ——0, 55) and by collimation of the neutrons in the 0' direc-

tion. A liquid-helium polarimeter placed in the neutron beam was used to measure asym-

metries for left and right elastic scattering, with cyclic beam polarization reversal. Mul-

tiparameter methods of data acquisition and analysis were used to discriminate against

backgrounds from He breakup reactions and from interactions with the target-cell walls.

The extracted A~ values exhibit the large positive maximum at backward angles and the

smaller negative minimum at more forward angles typical of n -4He scattering at lower ener-

gies. The n - He A„values are compared with p - He results at a nearby energy by means of
a phase-shift analysis and are found to be in good agreement (except perhaps in the negative

minimum) when Coulomb corrections to the phase shifts are taken into account.

NUCLEAR REACTIONS He(n, n) He, E„=50.4 MeV; measured A~

vs 0 for 80'&Ol,b &150.

I. INTRODUCTION

The study of the analyzing power Az(8) for n- He
elastic scattering has long been of interest from both
practical and theoretical viewpoints. Theoretically,
the scattering of spin- —, particles from a spin-0 tar-

get is the simplest process yielding insight into the
spin-dependent part of the nuclear interaction, and a
comparison of p- He and n- He scattering provides a
test of our ability to separate Coulomb from nuclear
effects and leads to a test of the validity of the
charge symmetry hypothesis for nuclear forces.
Practically, the fact that n- He elastic scattering has
a large analyzing power at certain angles and the
fact that helium scintillates make this reaction at-
tractive as the basis for construction of a neutron
polarimeter, and measurements of A~(8) are impor-
tant for its calibration.

In the past twenty years or so, extensive n- He
analyzing power measurements have been made at
numerous energies below 20 MeV, but the analyzing
power values used in practice usually have been cal-
culated with phase shifts derived from limited n- He
cross section and polarization data, or inferred from
the more accurately determined p- He phases by in-

voking charge symmetry principles. ' In the
20—30 MeV energy region, Broste et al. and
Lisowski et a/. have measured A„(8) for n He-
scattering, and the comparison by I.isowski et al.

showed reasonable agreement between p- He and n-
He data. The only data above 30 MeV are a limited

set of asymmetries measured at 34.1 MeV. The ab-
sence of neutron analyzing power data above 30
MeV has been a severe handicap in experiments
aimed at determining final state polarizations and
polarization transfer parameters at these higher en-

ergies.
This paper reports measurements of n- He analyz-

ing power values at 50.4 MeV, and when considered
in combination with the recently published p- He
Az(8) data of Imai et al. at nearly the same energy,
provides the first opportunity for a quantitative
comparison of n- He and p- He analyzing power
values at energies above 30 MeV. The comparison is
made using p- He analyzing power values based on
phase shift fits to the p- He data interpolated to a
center-of-mass energy equivalent to that of this ex-
periment.

II. EXPERIMENTAL DETAILS

The experiment was performed at the neutron fa-
cility of the Texas ARM variable energy cyclotron
using the H(d, n ) He reaction as a source of polar-
ized neutrons and a liquid-helium polarimeter to
measure the asymmetry in the scattering of these
neutrons. Since a description of that facility has
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been published, ' only a fragmentary description
will be given here.

A. Polarized deuteron beam

An atomic-beam-type polarized ion source was
used to provide a vector polarized deuteron beam
which was injected axially into the cyclotron and
then accelerated. " The source nominally produced
beam intensities of 15 pA which resulted in a 200
nA beam on target at 50 MeV. The beam polariza-
tion was continuously monitored upstream of the
experiment in a polarimeter utilizing d- He elastic
scattering at e~,b

——70'. While the d- He analyzing
power has been measured for deuteron energies up
to 45 MeV, ' it was not known at higher energies.
Thus a measurement of A~ at 70' laboratory was
necessary to calibrate the polarimeter.

This measurement was made by first determining
the beam polarization at 45 MeV where the d- He
analyzing power is known, ' then retuning the cyclo-
tron to extract a 50.5 MeV beam, in a time short
compared with that of any observed variation of the
beam polarization, and finally remeasuring the
asymmetry in the polarimeter, from which Az was
determined. The value obtained for the d- He
analyzing power at 50.5 MeV was
Ay (70') =0.57+0.03.

B. Polarized neutron beam

A high pressure deuterium gas cell was used as
the neutron production target, yielding neutrons
from the H(d, n) He reaction. ' The high-density
liquid-nitrogen-cooled gas target was necessary be-
cause of the relatively small cross section, 39 mb/sr,
at 50 MeV. The target had an areal density of
1.84X 10 atoms/cm . The 0' neutron beam inten-
sity, 4.5 m from the production target, was 2.2&(10
neutrons/cm per 100 nA of deuteron beam. The
energy loss of the deuteron beam in the target gas
was 1.33 MeV and this loss was reflected in the en-

ergy spread of the neutron beam. After the deuteron
beam passed through the target, it was magnetically
deflected through 90' and stopped in a beam-dump
Faraday cup. The Faraday cup was buried in ap-
proximately one cubic meter of steel surrounded by
iron-enriched concrete so as to shield the neutron
polarimeter from the high background radiation
produced in the stopping of the beam.

The liquid-helium polarimeter, ' ' which served
as a neutron detector, was located 4.5 m from the
neutron-production target and was shielded from the
target by a 2.12 m wall of concrete blocks. The neu-
trons emerging from the production target at 0' were
collimated with two steel cylinders of length 60.9
cm, placed at the entrance and exit of a channel

through the shield wall. These cylinders contained
tapered steel inserts which formed a 2.5 cm square
aperture at the exit of the collimator. The profile of
the neutron beam at the location of the polarimeter
target cell was studied and found to be satisfacto-

10

The polarization of neutrons produced in the
H(d, n } He reaction at 0' is expected to be equal to

the polarization of the neutrons within the incident
polarized deuteron beam. Simmons et al. 's first
proposed that the vector polarization transfer coeffi-
cient K~~ (0') could be predicted by calculating the
spin polarization of the neutrons within a polarized
deuteron beam and assuming that this polarization
is retained by the neutrons after the reaction. If a
6% D-state component in the deuteron wave func-
tion is assumed, the calculated value' for pure vec-
tor polarized deuterons is E~~ (0') =0.607. A refined
calculation' which incorporates results obtained
with both vector and tensor polarized deuteron
beams yields Ez~ (0') =0.615. Evidence that the sim-
ple stripping model used to calculate Ez~ (0') is valid
at higher energies has been presented, ' and in par-
ticular comes from a measurement' of the charge
symmetric reaction H(d, p )T at 50.6 MeV. The
value obtained was Ez~ (0'}=0.62+0.03, in excellent
agreement with the calculated value. With the typi-
cal value, P~ ——0.55, for vector polarization of the
deuteron beams available from the cyclotron, the
neutron beam polarization expected is

P = —,
PEAK@~

——0.507 .

In all runs of the present experiment the neutron
beam polarization as given by Eq. (1), with
E~~ =0.615, was 0.50 and stayed constant within
+0.005, although the normalization uncertainty was
no better than 0.03.

C. Liquid-helium polarimeter

Because many neutron polarization experiments
have been performed at lower energies, several po-
larimeters have been built elsewhere, most of which
used high-pressure helium as the polarization
analyzer. Elastic n- He scattering, is usually used as
the analyzing reaction because of its large analyzing
power at certain angles, and because the recoiling He
ions cause scintillations in the helium. Not only do
these scintillators provide information about the
helium recoil energy and the neutron time-of-flight,
but also the requirement that they be in coincidence
with a signal from a scattered neutron detector helps
in discrimination against backgrounds.

At 50 MeV there are several advantages to the use
of a liquid-helium target rather than one of high-
pressure helium gas. A liquid-helium target is 5.5
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times more dense than a typical high-pressure gas
target. Not only does this greatly increase the detec-
tion efficiency, but it also substantially reduces the
edge effects arising from finite target size, since the
range of the recoiling helium ions is a factor of 6
smaller in the liquid target than in a typical high-
pressure gas target. In addition, with the latter it is
necessary to add a second gas such as krypton or xe-
non to obtain adequate scintillation intensity.
Scattering from this "background" gas affects the
measured asymmetries and the corrections for this
effect are often difficult to evaluate. With liquid
helium this problem is avoided since the scintillation
intensity from the helium itself is adequate and ad-
ditives are not needed, although the scintillation
photons have wavelengths in the ultraviolet region
and the walls of the target cell must be coated with a
wavelength shifter to convert the wavelengths into a
spectral region where photomultiplier tubes are sen-
sitive.

The liquid-helium polarimeter used in this experi-
ment is similar in design to the polarimeter of Sim-
mons and Perkins, except that the scattering plane
is horizontal rather than vertical. Basically the po-
larimeter' ' consists of a liquid-helium target cell
surrounded by four scattered-neutron detectors
placed in symmetric left/right pairs at two scatter-
ing angles. The detectors are rectangular blocks of
Ne102 scintillator of width 5.1 cm, height 20.3 cm,
and thickness 7.6 cm located 40.6 cm (center to
center) from the He target. The He scintillations are
detected by a photomultiplier tube which views the
target from below through a sapphire window.

The requirement of a coincidence between signals
from the liquid-helium cell and one of the four
NE102 scattered neutron detectors defines the neu-

tron scattering angle. A plot of neutron time-of-
flight t from the n.eutron production target to the
helium cell versus helium pulse height H ideally
should contain only the kinematic loci for neutrons
scattered elastically at the fixed detector angles. In
practice, however, there is considerable background
in the spectra and good pulse-height resolution is
necessary to separate the kinematic loci cleanly from
the background.

Although this liquid-helium polarimeter has been
used successfully in earlier experiments, a re-
current problem has been that of consistently obtain-
ing good helium pulse-height resolution. The most
important factor affecting the resolution in H is the
light-collection efficiency of the target cell system.
This efficiency depends on several factors in the tar-
get design. These include: (1) the purity of the
liquid helium, (2) the reflectivity of the ceramic cup
which defines the target volume, (3) the effectiveness
of the wavelength shifter, (4) the transmission prop-
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FIG. 1. A neutron time-of-flight vs liquid-helium

pulse-height spectrum with good pulse-height resolution.
The kinematic locus of the elastically scattered neutrons is

well defined in this spectrum.
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FIG. 2. A neutron time-of-Aight spectrum. The small
peak at channel 98 corresponds to the monoenergetic neu-
trons from the 'H(d, n )'He reaction. The continuum at
lower t values corresponds to the H(d, n) breakup reac-
tions.

erties of the sapphire window which forms the bot-
tom of the helium cell, (5) the efficiency of the light
pipe, and (6) the quality of the photomultiplier tube.
While the effects of all of these factors were investi-
gated, the one that proved to be the cause of the
unpredictable resolution was contamination of the
liquid helium. At liquid-helium temperature, con-
taminant gases such as air would form a frostlike
material, which settled to the bottom of the cryostat
and collected on the sapphire window, diminishing
the light transmission through the window, and
hence the overall light collection efficiency. Identi-
fication of this as the source of the occasional poor
H resolution was difficult because the frost would
disappear whenever the cryostat warmed up. When
measures were taken to ensure that only "clean"
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liquid helium was transferred to the cryostat and
that a positive helium pressure was maintained in
the cryostat at all times, good H resolution was ob-
tained consistently.

Although improvements to other parts of the sys-
tem were made, the study of H resolution was not
systematic enough to determine the effects of each
of the parameters involved, but the net result was
that the combination of these improvements yielded
considerably better liquid-helium pulse-height reso-
lution. Tests using an "'Am alpha source inside the
liquid-hehum cell yielded a resolution of 12%
FWHM, while similar measurements by Broste
et al. and Lam et al. gave resolutions of 17%
and 30%, respectively. The resolution for helium
recoils from n- He elastic scattering at 50 MeV aver-
aged about 13% FWHM. An example of the
kinematic locus obtained with this resolution is
shown in Fig. 1.
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D. Scattering measurements

Four parameters associated with each scattering
event were written directly onto magnetic tape for
later analysis. In addition to t and H, already de-
fined, these parameters included 5t, the time-of-
flight (TOF) from the helium cell to the scattered
neutron detector, and P, the pulse height from the
scattered neutron detector. A tag word was also
recorded with each event to identify which of the
four scintillators detected the scattered neutron. In
order to ensure that only elastically scattered neu-
trons were used in determination of the n- He
scattering asymmetries, it was necessary to recon-
struct individual events and study correlations
among the various parameters.

The neutron TOF parameter t was generated us-
ing a time-to-amplitude converter, which was start-
ed by a pulse from the helium-cell photomultiplier
tube in coincidence with a pulse from one of the
four scattered-neutron detectors and stopped by a
pulse from a discriminator triggered by the cyclo-
tron radiofrequency (rf) waveform. Since the cyclo-
tron produces a beam with a repetitive micropulse
time structure, there is ideally a fixed phase relation-
ship between the rf dee voltage and a beam pulse
striking the neutron production target. The neutron
TOF resolution depends partly on the stability of
this phase relationship and partly on the inherent
time width of the beam micropulses. In order to
resolve the monoenergetic neutron group corre-
sponding to the H(d, n ) He reaction from the con-
tinuum of breakup neutrons with the 4.5 m flight
path used, it was necessary to have beam micro-
pulses of time width no greater than -2.5 ns. Since
the 50 MeV deuteron beams produced by the cyclo-
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FIG. 3. Helium recoil pulse-height distributions: (a)
subject only to a t gate selecting events induced by 50
MeV neutrons, and (b) subject also to the 5t gate shown in
Fig. 4(a).

tron typically have micropulse widths of -6 ns, it
was necessary to "time tune" the cyclotron, that is,
to narrow this width by empirical adjustment of the
currents in the trim and valley coils of the accelera-
tor. A typical neutron TOF spectrum obtained us-
ing this technique is shown in Fig. 2. The small
peak at the high end of the spectrum is produced by
the H(d, n) He neutrons. The much larger and
broader peak is associated with neutrons from
H(d, n ) breakup reactions.

E. Analysis

When the data tapes were replayed in the off-line
analysis, two-dimensional arrays of all possible corn-
binations of the four recorded parameters could be
constructed. Further, a variety of gating modes
could be used to examine correlations between any
two parameters in terms of the others. For this ex-
periment, a gate (6 1) was set on the t spectrum to
limit the analysis to events associated with the
H(d, n) H neutrons; in the remaining discussion,

only those events will be considered.
As noted earlier, the coincidence requirement de-

fines the scattering angle of the neutron, and thus
determines the division of energy between the scat-
tered neutron and the recoil helium ion. For elastic
scattering the helium recoil spectrum should exhibit
a well-defined peak of width which reflects the
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FIG. 4. (a) A 6t spectrum for 50 MeV neutrons scat-
tered at O~,b

——120'. From left to right the peaks corre-
spond to detected gamma rays, n- He elastic scattering,
and n- He inelastic scattering. (b) The same 6t data sub-

jected to a gate on the helium pulse height as shown in

Fig. 3(b). Contributions from gamma rays and inelastical-

ly scattered neutrons are still evident.

pulse-height resolution of the liquid-helium detector.
A typical H spectrum is shown in Fig. 3(a). It is ob-
vious from this spectrum that the recoil helium peak
is not cleanly resolved and its width is much larger
than the intrinsic resolution of the detector (12%).

From run to run, small gain shifts were seen in
the H spectra. These were caused by counting rate
differences, and were largest for the empty-target
runs. These shifts were removed in the analysis by
rescaling the H value for each event of a run to
compensate for the gain shift observed in that run.

The reason for the poor resolution seen in Fig.
3(a) can be determined by examining the 6t spec-
trum, which is shown in Fig. 4(a). If the only pro-
cess taking place was elastic n- He scattering of the
H(d, n) He neutrons, a single sharp peak would be

expected, and in fact, the central peak in the spec-
trum corresponds to such n- He elastic scattering.
The events to the left of this peak have a shorter 6t
and are produced by gamma rays which come pri-
marily from interactions of the beam with the walls

of the helium cell. The events to the right of the
elastic peak have larger 5t and correspond to scat-
tered neutrons of lower energy. A two-dimensional
plot of 5t vs H shows that events in the elastic peak
are associated with well-defined values of H. The
events corresponding to larger 5t have a roughly
random distribution in H. Since all of these events
are initiated by neutrons of the same energy, the
events with larger 5t than the elastic events must be
produced by inelastically scattered neutrons. Inelas-
tic reactions can occur because 50 MeV incident
neutrons are well above the breakup threshold of
He, and such breakup can produce a wide range of

H values.
When the H values are restricted to those of elas-

tic neutrons by imposing the 5t gate (62) indicated
in Fig. 4(a), the H resolution is much improved [Fig.
3(b)]. The width of the elastic peak becomes con-
sistent with the intrinsic resolution measurements
made with the alpha source. Although this resolu-
tion is better than that obtained in n- He experi-
ments at lower energy, ' ' it is still not adequate to
ensure that only elastic neutrons are included in the
asymmetry determinations. When a 5t spectrum is
generated using the narrow gate (63) on H indicat-
ed in Fig. 3(b), contributions from reactions other
than elastic scattering are still evident [Fig. 4(b)].
This spectrum shows that inelastic neutrons or n-

He scattering events coincident with a gamma ray
in an NE102 detector can yield values of H equal to
those of elastic n- He events. Therefore, the addi-
tional gate (64) shown in Fig. 4(b) was also im-

posed on the data. Only those events which fell
within the separate gates 61, 63, and 64 on t, H,
and Bt, respectively, were used in the determination
of the asymmetries. The great importance of using
multiparameter data acquisition and analysis
methods should be evident from this discussion.

The yield for the scattering of polarized neutrons
from a spin-0 target is given by

I(8 ) =

ID�(8

)[1+P nA (8 )], (2)

where P is the incident neutron polarization, n is the
unit vector normal to the scattering plane in the
direction of k;„Xk,„„and A(8) is the analyzing
power of the reaction. In the present experiment all
scatterings occur nominally in the horizontal plane,
so that n points "up" for left scatterings and
"down" for right scatterings. Similarly, the incident
neutron polarization is either up or down, as deter-
mined by the deuteron beam orientation produced at
the ion source.

The desired scattering asymmetries, e(8), were
obtained by collecting elastic scattering yields L",
L", R", and R, where L/R sjgnjfjes yields in the
left/right detectors and u/d denotes up/down orien-
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TABLE I. Neutron asymmetries and analyzing powers in n-"He elastic scattering at 50.4
MeV laboratory energy. The corrections shown in the fourth column are combined corrections

for plural scattering and finite geometry.

~lab

(deg)

80.0
95.0

100.0
110.0
120.0
135.0
140.0
150.0

gg

(deg)

94.9
110.0
114.8
124.1
133.0
145.6
149.6
157.4

0.030+0.026
—0.203+0.038
—0.171+0.040
—0.025 %0.114

0.233+0.037
0.427+0.028
0.415+0.026
0.332+0.036

Correction

1.320+0.070
1.090+0.010
1.106+0.007
1.413+0.048
1.056+0.003
1.048+0.001
1.042+0.001
1.031+0.002

A, (8*)

0.08+0.07
—0.44+0.09
—0.38+0.09
—0.07+0. 16

0.49+0.08
0.89+0.07
0.86+0.06
0.68+0.08

tations of the incident neutron beam polarization.
The polarization of the incident neutrons was cycli-
cally reversed by reversing the magnetic field in the
ionizer in the pattern up-down-down-up, in order to
minimize errors due to long term changes in the
beam polarization, the cyclotron operating condi-
tions, and the data acquisition electronics. False
asymmetries due to differences in detector solid an-

gles and efficiencies, and to errors in beam current
integration, were minimized by using the ratio
method to calculate the asymrnetries. In this
method the ratio of yields

1/2
LuRd

r(8)=
LdR u

is formed, and the experimental asymmetry is ob-
tained directly from r(8 ) by means of the relation

uncertainty, which is estimated to be -S%%uo of the

Ay value.

III. PHASE SHIFT ANALYSIS

There are several obstacles to a test of charge
symmetry by direct comparison of these n- He

Ar (8 ) values with available p- He Ar (8 ) values: The
experiments were not done at the same energy; it is
necessary to take Coulomb effects into account; and
allowance must be made for the neutron proton
mass difference. One means of handling these prob-

I.O
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r(8) —1

r(8)+1 (4) 0.2—

The measured asymmetries must be corrected for
the effects of plural scattering of the neutrons in the
helium and for the finite geometry of the polarime-
ter. The code pMS1, commonly used at lower ener-

gies, has been modified to include relativistic
kinematics and absorption effects in n-"He scatter-
ing. Since the polarimeter detectors subtended 7.2'
in the scattering plane and 28.6' in azimuthal angle
from the target center, the dominant contribution
was due to finite geometry. The largest calculated
ratio of plural to single scattering was 0.015 at
8=95.

The measured asymmetries are given in Table I,
along with the calculated multiplicative correction
factors for plural scattering and finite geometry and
the final corrected analyzing power values. These
corrected A~(8) values are also shown in Fig. 5. The
errors shown in Table I and Fig. 5 are statistical
only, and do not reflect the overall normalization
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FIG. 5. A comparison of the measured n-4He analyz-

ing powers and the phase-shift calculations. The heavy
dashed curve is the fit to the Imai et al. p- He data for
0~&40', assuming that these are 51.0 MeV n-"He data.
The solid curve represents the fit to the present data (see

text) and the light dashed curve is a p- He prediction us-

ing phase shifts interpolated to 51.7 MeV.
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lems is through the mechanism of a phase-shift
analysis.

In order to obtain a set of n- He phase shifts at
50.4 MeV it is necessary to have a considerably
larger data set than is provided by the present exper-
iment. If charge symmetry is assumed, this can be
done by using the recent p- He data of Imai et al.
at E&

——52.3 MeV to expand the data base for a n-

He phase shift analysis. According to the prescrip-
tion of Hoop and Barschall, the neutron and proton
data should be compared at center-of-mass energies
E~ equally displaced from the energies of the respec-
tive mass-5 excited states. For 50.4 MeV neutrons,
E*=40.08 MeV, which is 22.41 MeV above the He
excited state at 17.67 MeV. Since the mirror state in
I.i is at 18.73 MeV, the corresponding center-of-

mass energy for the p- He system is 41.14 MeV.
This requires a proton laboratory energy of 51.7
MeV. The 52.3 MeV data are the nearest and the
most complete p- He data set available.

A phase shift program has been written which
calculates nucleon- He scattering using relativistic
kinematics and includes partial waves up to H
waves. The fitting part of the code follows the pro-
cedures of the program cURFIT (Ref. 28) and in-
cludes the option of multiple passes during which
only selected phase shifts and/or absorption parame-
ters are varied. Searches are performed by minimiz-
ing the quantity 7 defined as

I.O
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0.6—
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where o,h(8;*) and cr,„(8 ) are the calculated and
measured differential cross sections at a set of N&
center-of-mass scattering angles 0, A,h and A,„are
the corresponding analyzing powers at another set of
Xz angles, and ho. and bA are the quoted experi-
mental errors. The code can be used to fit cross sec-
tion data alone, analyzing power data alone, or com-
bined data sets.

Initial checks of this code were made at two ener-
gies, E&

——39.8 and 55.0 MeV. At 55 MeV the data
fitted include the differential cross section data of
Hayakawa et al. and the 54.8 MeV analyzing
powers of Boschitz et al. The phase shift solution
was comparable to that of Houdayer et al. ,

' who
fitted the same data set. At 39.8 MeV the data of
Bacher et al. were used and the solution was essen-
tially the same as that of Plattner et al. Since the
present . phase-shift calculation does not include
first-order relativistic corrections to the Coulomb
scattering amplitudes, direct comparisons of the

I I I I I I I I

0 20 40 60 80 IOO I20 I40 I60 I80
8, m. (deg)

FIG. 6. (a) Differential cross section and (1) analyzing
power data of Imai et al. for the elastic scattering of 52.3
MeV protons from He. The solid curves represent the re-
sults of the present phase-shift analysis.

present p- He fits with those of the recent analy-
ses ' cannot be made.

A. Fitting of the 52.3 MeV p- He data

The fit to the high quality data of Imai et al. is
shown in Fig. 6. The phase shifts of the Saito
solution 2 were used as starting parameters. The
typical procedure followed was first to vary the 6-
and H-wave parameters and then to vary the com-
plete 22 parameter set used in calculating the
scattering. The results of the present analysis of the
data of Imai et al. can only be compared qualita-
tively with the complete analysis of these data by
Saito. The visual quality of the fit is certainly
comparable to that of the Saito fits but detailed
comparisons cannot be made until relativistic correc-
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TABLE II. Single-energy phase shifts.

5
(deg)

p- He at 52.3 MeV'
Saito (Sol. 2) Present
5

(deg)

5
(deg)

n- He at 50.4 MeV
Imai' Present data

5
(deg)

S1/2

~1/2

D5/2

Fs/2

69/2
67/2
011/2
89/2

60.57
60.67
27.77
26.58
14.74
14.98
7.14
3.75
0.89
0.58
0.80

0.648
0.892
0.975
0.517
0.616
0.930
0.933
1.000
0.937
1.000
0.994

61.0
60.7
26.1

27.3
13.7
15.8
6.36
3.91
0.65
0.80
0.57

0.635
0.884
1.000
0.513
0.641
0.917
0.947
0.986
0.949
0.995
0.995

64.7
61.2
31.9
26.0
21.6
16.2
9.41
5.42
2.27
0.91
1.34

0.633
0.825
0.930
0.494
0.574
0.947
0.917
0.978
0.931
0.986
1.000

64.7
61.2
27.8
27, 1

21.6
16.2
9.41
5.42
2.27
0.91
1.34

0.633
0.825
0.930
0.494
0.574
0.947
0.917
0.978
0.931
0.986
1.000

0.95 0.99 0.32

'Data of Ref. 9.
Data of Ref. 9 for 0*&40' analyzed as 51.0 MeV n- He scattering.

tions are added to the present code. A single at-
tempt to vary the phases obtained in the fit to the
52.3 MeV data (which differ substantially from the
interpolation of Houdayer et al. '), along with the
cross section and analyzing power normalizations,
did not improve the fit significantly and has less
than a 0.1% effect on the normalizations. This is
consistent with the small renormalizations observed
in the Saito analysis. The phase-shift solution and
the Saito solution 2 are shown in Table II. The
quantity PT shown in Table II is the usual measure
of the quality of the fit, the X per datum point de-
fined as

Xr' X'l(N)+Xp——)

depth of the minimum in A~(8*) near 8*=115'.
The analysis was therefore carried one step further
by fixing all the parameters except for 5(P~~q) and
5(D&&z) at the 51.0 MeV "neutron values" and then
varying these two real phases to minimize X for the
present 50.4 MeV A~(8*) data set. This fit is shown
as a solid line in Fig. 5 and the corresponding n- He
differential cross sections are shown similarly in Fig.

IOO0
1

I

:l
I

IOO

B. 50.4 MeV n- He analysis

Under the assumption of charge symmetry, the
52.3 MeV proton data should be the same as the
51.0 MeV n- He data if the comparison is restricted
to the angular region in which Coulomb effects are
small. As initial input for a phase-shift analysis, the
analyzing power values of the present experiment
can be supplemented by interpreting the 52.3 MeV
proton data of Imai et al. for center-of-mass angles
0* larger than 40' as 51.0 MeV neutron data. The
analyzing power curves given by the resulting phase
shifts are compared with the present measurements
in Fig. 5 and the differential cross section curves ob-
tained are shown in Fig. 7.

An early phase-shift analysis of the present
analyzing power data ' revealed that the real P&/q
and D5&z phase shifts had a strong influence on the

IO

b

I I I I I I I I' 0 20 40 60 80 IOO I 20 140 I60 I80

8, (deg)

FIG. 7. Phase-shift predictions for the differential

cross sections for n- He and p- He scattering near 51
MeV. See the caption to Fig. 5 and the text for descrip-

tions of the calculations.
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7. The phase-shift solution is given in Table II.
To check the validity of these procedures and test

further the prescription being used in comparing n

He and p- He scattering, a p- He prediction was
made at 51.3 MeV. This was done by interpolating
between the 48.8 MeV phase shifts of Houdayer
et al. ' and the present 52.3 MeV solution. This
calculation is shown as a long-dashed line in Figs. 5
and 7. The comparison of the p- He and n- He dis-
tributions in these two figures provided the basis for
the choice of the region 8~ & 40' for the equivalence
between the two reactions.

IV. DISCUSSION

The comparison of the present n-"He A(9*) data
with the p- He data of Imai et al. reveals excellent
agreement in the positive peak in the distribution at
0*=145' and a weak discrepancy in the minimum
at 0*=115'. The lowest n- He point at 110' is 2, 1

standard deviations below the 51.7 MeV proton re-
sult, while the second point in the minimum is 0.9
standard deviations below the proton value. These
discrepancies are large when compared with the ex-
pectations of probability theory. The plural
scattering/finite geometry corrections are 9—11%
for these two measurerr;ents and increase the
discrepancy by roughly 10%. Attempts to verify
these calculations have been made with a second
Monte Carlo code which is simpler in concept but
takes vastly more running time. The two codes have
produced statistically consistent results in all cases
which have been checked. There is only one mea-
sured p- He minimum in the data sets between 45
and 55 MeV which is deeper than —0.35. This oc-
curs in the 48 MeV data of Craddock et al. in
which the minimum value is —0.4. The present re-
sult of —0.45+0.09 does fall significantly lower
than the other p-"He values. '

It is of interest to use the present results to test re-
cent predictions of n- He observables obtained by
calculating Coulomb corrections to the p- He phase
shifts. These corrections, which are subtracted from
the p- He phase shifts, account for: (i) effects of the
extended charge distributions of He and the proton
and (ii) effects originating in the interference be-
tween the Coulomb and strong interactions.
Frohlich et al. have developed a first order ap-
proximation relating these Coulomb corrections to
the two-body nuclear T matrix in terms of on-shell
quantities only. This approximation has been ap-
plied to N-X scattering and more recently to n- He
scattering. The comparison with R-matrix cal-
culations below 20 MeV demonstrated that these
Coulomb corrections account, at least qualitatively,
for the differences between n- He and p- He data.

The present data provide the first opportunity for
testing these calculations above 30 MeV.

Despite the very high quality of the data set of
Imai et al. , the energy dependence of the Saito p-
He phase shifts is not particularly smooth. This

causes significant uncertainties when an interpola-
tion of the phase shifts to 50.4 MeV is attempted.
Since the calculated Coulomb corrections depend on
the energy derivatives of the phase shifts, these
corrections become even more uncertain. The pre-
dictions of Zankel ' are based on the solution 1 p-
He phase shifts of Saito. Predicted analyzing

powers at 50.4 MeV are compared with the present
results in Fig. 8. The extremes of the narrow band
of predicted n- He analyzing powers result from two
separate interpolations to the p- He phase shifts.
The upper edge of the band in Fig. 8 results when
the Coulomb corrections are calculated using p- He
phases fitted between 30 and 52 MeV by second or-
der polynomials. The lower edge of the band results
when only the p- He phases at 45, 52.3, and 59.6
MeV are fitted. The p- He analyzing power curve
obtained by interpolation of the 45—60 MeV Saito
phase shifts to 50.4 MeV is also shown in Fig. 8.

The interpolated p-"He prediction at 50.4 MeV re-
flects the strong energy dependence of A(8*) in the
range 65'&0» &120'. The minimum at 115' is 13/o
deeper than the measured value in the 52.3 MeV
data set, and thus is in better agreement with the

I.O

0.8—

0.6—
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-02—

-04—

-0.6—

-0.8—

I I I I I I I I

0 20 40 60 80 IOO I 20 l40 I60 l80
et. ~ (deg)

FIG. 8. Comparison of charge-symmetric predictions
of n- He analyzing powers at 50.4 MeV (Ref. 41) with the
present data. The solid curve and cross-hatched band
represent the range of the predictions based on different
interpolations to the Saito 1 phase shifts (Ref. 34). The
dashed curve is the p- He prediction at 50.4 MeV.
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present measurement. Zankel's calculations ' have
shown that if the Coulomb parameter rj, is set to
zero and the interpolated p- He phase shifts are used
in a "zero-order" n-"He calculation, the depth of
this minimum returns to the 52.3 MeV p- He value.
Inclusion of the calculated Coulomb corrections
brings the "full" n- He prediction back into agree-
ment with the 50.4 MeV p- He value in the 115'
minimum (see Fig. 8). The predicted n- He analyz-
ing power in the 65'&8*& 120' range is seen to be
sensitive to the details of the p- He phase-shift inter-
polations.

V. CONCLUSION

The agreement between N- He analyzing powers
is excellent for the large back-angle maximum. This
is in accord with the Coulomb correction calcula-
tions, which predict differences no larger than the
order of 1% in the backward maximum. Conse-
quently it is felt that below 60 MeV the p- He
analyzing powers in the region of the backward peak
can be used by interpolating the P- He phase shifts
to the properly adjusted center-of-mass energy. The
polarization of a neutron beam can be determined by
measurements of n- He asymmetries over the back-
angle peak.

Although the present data suggest that there is a
small discrepancy between n- He and p- He analyz-
ing powers at 8*=110',it is clear that neutron data
of higher accuracy will be required in order to deter-
mine whether or not this discrepancy is real. It is
anticipated that such neutron data will be available
shortly from the Karlsruhe cyclotron. These mea-
surements should include the angular range
65'& 8*&90' and will thereby tighten constraints on
the phase-shift solutions.

The forthcoming n- He analyzing power data
should also help to improve the test of the Coulomb
correction predictions. It is also evident that more
p- He data sets of high quality will be required in
order to determine fully the energy dependence of
the p- He phase shifts. This is particularly true for
the 45 to 52 MeV region in which the analyzing
powers for 60'&8~ & 110' vary dramatically. Since
the calculated Coulomb corrections are sensitive to

the energy dependence of the phase shifts, no true
test of the theory is possible without additional pro-
ton data. These Coulomb corrections must be made
before any test of charge symmetry can be addressed
Uia N- He scattering.

In the present analysis the stripping calculation
was used to predict the value of Ez (0') for the
H(d, n) He reaction. The result, E~~(0')=0.615,

was used to determine the polarization of the neu-
tron beam and thereby to determine analyzing
powers from measured asymmetries. An alternative
method which can be used for determination of the
polarization of the neutron beam is to set the n- He
analyzing powers in the back-angle maximum of
A~(8~) equal to the p- He values. If the n- He
analyzing powers at 50.4 MeV are set equal to the
p- He analyzing powers calculated with phase shifts
interpolated to 51.7 MeV, then the'measured asym-
metries at 8~=145' and 150' combined with these
inferred analyzing powers determine the neutron po-
larization through the relation

e(8*)=PA@(8~) .

When this value of P is used in Eq. (1), the measured
value for the vector polarization transfer coefficient
1s

Ey~ (0') =0.63+0.03 .

This is consistent with the value 0.62+0.03 ob-
tained' for the H( d, p ) H reaction and both are
consistent with the theoretical value predicted by the
stripping calculation.
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