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Neutron-Helium Interaction. I. Scattering of Polarized Neutrons
at 1.01 and 2.44 MeV*
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Precision angular distributions of the asymmetry in the scattering of 1.015- and 2.44-MeV polarized
neutrons from helium were determined. The reactions Li’(p,n)Be? and C2(d,n)N'® served as neutron
sources, and target thicknesses of 46 and 175 keV, respectively, were used. Analyzing angles ranged from
30° to 140°, in 10° increments. A spin-precession solenoid was employed and the helium was contained in
a high-pressure scintillation cell. It is demonstrated that asymmetry data alone are sufficient to accurately
determine the scattering phase shifts at 2.44 MeV. Here the phase-shift values were found to be 142.1°,
21.2°, and 121.6° for the &, 81!, and 5,® phase shifts, respectively. d waves were not found to be necessary.
Assuming hard-sphere scattering, the s-wave phase shift gives a radius of 2.42 F, which is consistent with
the values recently obtained by others from both #-He and p-He scattering data. Since at 1.015 MeV,
equally good fits to the present data could be obtained with vaules of §, differing by as much as 15°, the
hard-sphere formula was used in conjunction with the scattering radius determined at 2.44 MeV to fix the
s-wave phase shift at 155.5°. The fit to the data then required that §,'=4.4° and §,*=61.2°. The presently
determined s-wave phase shifts are larger than the commonly accepted ones due to Dodder, Gammel,
and Seagrave (DGS). At both energies the §,® was in excellent agreement with DGS, although &8, is about
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1.6° below DGS at 1.015 MeV, and 2.8° above at 2.44 MeV.

I. INTRODUCTION

N the last decade the development of techniques for
neutron polarization measurement has been rapid,
resulting in increasingly more accurate experiments.
The quantity of interest, the polarization, is measured
by neutron elastic scattering from light nuclei for which
the resonance parameters are believed to be well known;
for example, He?, C!2, O, and Mg?%. At the present
time, the preferred analyzer is He?, since the analyzing
power is large and does not change rapidly with energy.
In addition, helium scintillation cells permit coincidence
requirements to be employed in the polarization meas-
urements for background reduction. Because of the
emphasis on He, there has been a renewed interest in the
determination of the #-He scattering phase shifts, since
the analyzing power of He is determined from these
quantities. Doubt still exists concerning the reliability
of presently available phase shifts for low-energy scat-
tering, so a program was initiated in order that precise
data might be available for testing existing phase-shift
sets and ultimately to provide a new phase-shift set.
The present paper concerns a determination of the
phase shifts at 1.01 and 2.44 MeV by means of a
polarization measurement. The succeeding paper! re-
ports on cross-section measurements for #-He scattering
which cover the range from 0.2 to 7.0 MeV. Since most
of the past determinations of the phase shifts have been
derived from cross-section data, it was felt apropos to
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leave the discussion of much of the earlier work for the
succeeding paper. However, it is necessary to introduce
some of the analyses with which the present results are
to be compared and to review the previous polarization
measurements. Recently, Hoop and Barschall? (here-
after referred to as HB) gave tables of phase shifts for
energies from 0.5 to 30.0 MeV. Their values below 7
MeV differ little from those obtained in 1952 by Dodder
and Gammel,® and reported by Seagrave! (hereafter
referred to as DGS). When one considers that the origin
of the DGS phase shifts was early p-He cross-section
data,? itis truly surprising that the DGS phase shifts de-
scribe #-He scattering as well as they do. At the time the
present polarization experiment was undertaken, it was
believed that no experiment had tested the DGS phase
shifts well enough to permit reliable use of He in neutron
polarization experiments. The real stimulation for the
project was, in fact, the neutron triple-scattering
program underway at our laboratory.® These experi-
ments utilize He as the third scatterer and the informa-
tion derived depends on accurate knowledge of the n-He
phase shifts around 2 MeV.

An earlier n-He polarization measurement at 3.4
MeV, reported by Levintov et al.,® was not accurate
enough to test the phase shifts.”® An experiment by
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May et al.® which determined the shape of the polariza-
tion distribution at five energies from 2.0 to 23.7 MeV
gave results which were consistent with DGS predictions
at the lowest energies. However, the results were not
sufficiently accurate to actually yield phase-shift values.
It was hoped that a polarization experiment similar to
that of May et al., but done with much greater accuracy,
could be used in connection with available cross-section
data to provide sufficient knowledge of the phase shifts
at low energies. This expectation was not fully achieved
since the cross-section information was later found to
be insufficiently accurate. Therefore, except for pre-
liminary reports,®:1! the publication of the polarization
work was witheld until better cross-section data were
available to complement the work. The latter measure-
ments were recently completed and are reported in the
following paper.! The phase shifts derived from both
sets of experimental data are presented separately,
though, in order to provide two independent sets of
values, partly because if there is a weakness in the
assumptions in one paper the other can stand alone.
Another purpose for presenting the phase-shift analysis
in this paper is to illustrate the usefulness of an asym-
metry distribution, even though the incident beam
polarization is unknown.

The experiment described in this paper is one of the
most accurate polarization measurements to date. Be-
cause of this and because of the ultimate significance of
the results, a sizeable portion of the paper will be
devoted to the details of the measurement and care of
the data handling.

II. EXPERIMENTAL APPARATUS
A. General

A brief general summary of the apparatus and tech-
nique will be given first. The experimental arrangement
is illustrated in Fig. 1. Polarized neutrons which

9 T. H. May, R. L. Walter, and H. H. Barschall, Nucl. Phys. 45,
17 (1963).

10 ], R. Sawers, Jr., R. L. Walter, G. L. Morgan, and L. A.
Schaller, Bull. Am. Phys. Soc. 11, 304 (1966).

11 J, R. Sawers, Jr., thesis, Duke University, 1966 (unpublished).
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emerged at a reaction angle 6; had their spins precessed
90° by a magnetic field produced with a solenoid. (Un-
less stated to the contrary, the values of the angles are
given in the laboratory system.) After passing through
the solenoid the neutrons were incident on a high-
pressure helium scintillation cell. Those neutrons which
scattered through the desired analyzing angle 6, were
detected by a pair of plastic scintillators. Coincidence
and pulse-height requirements had to be met before a
count was considered acceptable.

B. Neutron Production

Polarized neutrons were produced using either the
reaction Li’(p,n)Be’” or C'?(d,n)N'%. The protons or
deuterons were accelerated by the Duke University
4-MeV Van de Graaff accelerator. Machine voltages
were measured using a precision digital voltmeter to
read the signal from a generating voltmeter, the
technique having been described by Hollandsworth
et al.1? Taking into account the uncertainty in calibra-
tion energy and in the target thickness, the average
beam energy was known to &7 keV.

The neutron producing targets were chosen on the
basis of large polarizations, large cross sections, ability
to withstand large beam currents, and a polarization
which was nearly constant with energy and angle. The
Li"(p,n) and C'*(d,n) reaction met these requirements
and were used to provide 1.01- and 2.44-MeV neutron
beams, respectively. Andress et al.!? reviewed polariza-
tion measurements at low energies for the Li’(p,n)
reaction. For E,~2.9 MeV and §=50° (which gives
E,=~1.0 MeV), the polarization 1 of neutrons P;~0.3.
In addition to the 1.0-MeV neutron group, there is a
second group about 0.4 MeV lower in energy from the
Li"p reaction. As discussed later, the lower-energy
group did not interfere with the final extracted data.
Two Li” targets were used in the course of the experi-

12 C. E. Hollandsworth, S. G. Buccino, and P. R. Bevington,
Nucl. Instr. Methods 28, 353 (1964).

18 W. D. Andress, Jr., F. O. Purser, J. R. Sawers, Jr., and R. L.
Walter, Nucl. Phys. 70, 313 (1965).

14 Tn this paper, all values of the polarization are consistent with
the Basel sign convention.
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ment. Both were measured to be 46 keV thick at the
(p,n) threshold, as determined by the rise-curve method.
To 2.9-MeV protons, this corresponds to a thickness
of 33 keV. Taking into account the angular spread
accepted by the He cell, the total neutron energy spread
was 50 keV. The targets were metallic Li evaporated
onto 0.25-mm Ta backings.

The C2(d,n) reaction has been discussed by Sawers
et al.'5 and Meier et al.’ for Eq~2.8 MeV and 6=25°
(which gives E,~2.4 MeV). Here P; is known to be
around —0.4. Below E;=3.0 MeV this reaction is
monoenergetic. To reduce counting time, targets were
chosen to be as thick as was consistent with an accurate
measurement of the helium analyzing power. Since
around 2.4 MeV the n-He cross section and polarization
do not change sizeably with energy, a relatively thick
target of 175 keV (to 2.9-MeV deuterons) was used.
The target was made by depositing carbon onto a 0.25-
mm Ta backing. The thickness was determined by
carefully comparing neutron yields with those from a
thin carbon foil of known thickness.*

The Van de Graaff voltage of 2.82 MeV was chosen
because here (i) there is a region in the C!%(d,n)N*
cross section where the neutron production is relatively
constant across the whole of the target thickness, and
(i) the polarization was optimum and nearly constant
across the energy range in question. This choice of
energy and angle is reasonable, as the polarization peaks
at this energy for 6;=25° and fortunately the differential
section also peaks at this angle.

To better determine the energy dependence of
P4(25°), the asymmetry was measured to an accuracy
of +0.007 with a 60-keV target at three energies across
the energy range spanned by the 175-keV target. Scat-
tering from He through 120° was employed. The
measured asymmetries were —0.360, —0.382, and
—0.367 for E4=2.76, 2.82, and 2.88 MeV, respectively.
(These asymmetry values have not been corrected for
small systematic effects which are not critical to the
test at hand.) A slight peaking outside of statistics was
observed, but because the analyzing power and cross
section of helium are nearly constant in this energy
range, in the final analysis, it was possible to neglect
this suggested peaking in the source polarization.

C. Solenoid

In order to minimize the instrumental asymmetries,
a solenoid was used to precess the neutron spins
through 90°. Since the reaction plane was horizontal,
the analyzing plane was therefore vertical. Data could
be recorded with the spin precessed alternately in the
clockwise and counter-clockwise direction. Measuring

15 J, R. Sawers, Jr., F. O. Purser, Jr., and R. L. Walter, Phys.
Rev. 141, 825 (1966).

16 M. M. Meier, L. A. Schaller, and R. L. Walter, Phys. Rev.
150, 821 (1966).

17 Other comments regarding target considerations are included
in Ref. 11.
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asymmetries using this method has been discussed
previously.'® The main advantages are elimination of
the need for highly accurate determinations of the
detector efficiency, angles, and beam monitoring. The
disadvantages are all related to problems with the
fringing field of the solenoid. First, the major effect, the
change in gain of the phototubes, was made negligible
by enclosing the solenoid in a soft-iron flux-return box
and by encasing the phototubes and light pipes in
magnetic shielding.

Secondly, it is known that some depolarization of a
neutron beam will occur as it passes through a solenoidal
magnetic field due to the effect of the radial component
of the field.!® But, since the amount of depolarization is
a constant fraction of the polarization, this effect merely
decreases the effective value of P;. In the initial treat-
ment of the angular distribution P1Py(#) from which the
phase shifts are derived, P; is treated as an unknown
quantity. Consequently, the depolarization due to this
effect is only of secondary importance to the prime
consideration in this work. However, a byproduct of
this present experiment is an accurate determination
of Py whose true value is dependent on the amount of
depolarization. An estimate of the size of the magnetic
depolarization is discussed in Sec. VIII in connection
with extracted values of P;.

D. Polarimeter

A typical arrangement of the polarimeter is shown
in Fig. 1. The plastic detectors were shielded from the
neutron-producing target by approximately 70 cm of
paraffin, iron, copper, water, and polyethylene. Through
use of a tapered polyethylene collimator inserted into
the center of the paraffin shadow cone and the solenoid,
a narrow neutron beam of half-angle 1.3° was selected
at an angle 6;. The helium scintillator was about 1 m
from the target. The polarimeter was designed so that
the plastic scintillators could be placed at any scattering
angle 6 from 0° to 140° in 10° increments. In the
present experiment data were taken between 30° and
140°. At angles less than 30° the energy of the recoil
a particles was not sufficient to produce a pulse which
could clearly be distinguished from phototube noise.
The mean analyzing angles 8, were measured to within
0.3° by optical methods.

The helium scintillation cell was somewhat similar
to the one described by Shamu.? The present cell was
turned from a block of stainless steel and, in the region
of neutron irradiation, had a wall thickness of 0.22 cm.
The interior of the cell was polished and coated with a
thin evaporated layer of aluminum over which a layer
of MgO was deposited. The viewing end of the helium
cell was closed with a glass disk. A thin layer of diphenyl-

18 See, e.g., Ref. 8.

19 J. Atkinson and J. E. Sherwood, Nucl. Instr. Methods 34,
137 (1965).

20 R. E. Shamu, Nucl. Instr. Methods 14, 297 (1962).
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stilbene was evaporated onto the MgO coating and onto
the glass window to serve as a wavelength shifter. The
cell was filled with 120 atm of helium and 5 atm of
xenon, which served to increase the light output. The
pressure of the xenon was lower than values typically
used in order to reduce the y-ray sensitivity of the
helium cell. Morgan and Walter?! have shown that the
helium-cell output pulse height is proportional to the
recoil energy of the struck « particle. The energy
resolution (full width at half-maximum) of the present
helium cell was about 99, for pulses from a 5-MeV «
source inside the cell. From the recoil distribution one
estimates?! the resolution under neutron bombardment
to be about 28 and 199, for 180° neutron scattering, i.e.,
Eg.=(16/25)E, for E,=1.0 and 2.4 MeV, respectively.

The scattered neutrons were detected with two plastic
phosphors whose dimensions were 5.1X2.5X35.1 cm?
and which were placed 19 cm from the center of the
helium cell. To avoid excessive v-ray sensitivity, a 0.5-
cm-thick layer of lead also covered the sides and face of
the scintillators. For the 1.0-MeV measurement, the
detector biases were set so that those pulses resulting
from recoil protons of energy less than 200 keV were not
detected. The discriminator level at 2.4 MeV corre-
sponded to about 240 keV.

E. Electronics

The asymmetry values were based on thorough
analyses of gated He-recoil spectra. To obtain these
spectra, a linear signal from the He scintillator was put
into quadrants of a multichannel analyzer. A gate for
each quadrant was obtained from a coincidence between
the pulses from the He scintillator and either the “up”
or the “down” plastic phosphor. (See, for example,
Ref. 16, regarding this technique which is now fairly
standard.) Typical recoil spectra are exhibited and
discussed in Sec. V. It was important in the present
experiment to ensure that no events of interest were
eliminated in the coincidence circuitry. To be on the
safe side, the coincidence resolving time was usually
operated around 27~ 20 nsec. For measurements at the
lower energy, where it was sometimes required to ob-
serve proton and He recoils down to about 100 keV, this
resolving time was increased to about 30 nsec, so that
acceptance of the desired events was guaranteed.
Because of flight time and favorable rise-time differ-
ences, 20 nsec was also sufficient to separate many of
the y-ray coincidences from the neutron coincidences.
In order to monitor the neutron flux and the operation
of the electronics, scalers recorded counting rates at
various points in the circuit.

III. DATA ACQUISITION

The data for each angle at 1.0 MeV were acquired in
three or more separate measurements, each composed

21 G. L. Morgan and R. L. Walter, Nucl. Instr. Methods
58, 277 (1968).
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of about nine foreground sets and three chance-
background sets. Each set was limited to less than
15 min and comprised of a run with the spin rotated
through 90° in both directions. To minimize errors
which can result, for example, from variations in target
thickness and long-term electronic drift, the analyzing
angle 6; was changed between the separate measure-
ments. Chance backgrounds were obtained by accu-
mulating spectra with a 70-nsec delay inserted in the
helium fast circuitry. The “room background,” i.e., the
effect of room-scattered neutrons which gave true
coincidence events, was measured by plugging the
solenoid and observing coincidence spectra under these
conditions. Data for the 2.4-MeV angular distribution
were taken in a similar manner but fewer independent
determinations were made at each angle, principally
because the higher incident polarization reduced the
need for a large number of counts. The total number of
foreground-less-background counts accumulated at each
angle average 100 000 and 45 000 at 1.01 and 2.44 MeV,
respectively.

IV. PERTINENT THEORETICAL FORMULAS

Prior to discussing the handling and interpretation of
the data, it is necessary to discuss some relations em-
ployed. The ultimate comparison of the new results
with older data is made using elastic-scattering phase
shifts. At our energies, only s and p waves contribute
to n-He scattering. Thus, only three parameters are
necessary to describe the scattering at each energy, &,
0:%, and §,% which represent the phase shift for the
scattering of the s wave, and p waves with total angular
momentum equal to ¥ and £, respectively. The formulas
for the total cross section o7 and the differential cross
section for unpolarized neutrons ¢(f) are given in
numerous texts. For partial waves the relations are
relatively simple. The expression in terms of phase shifts
for the “right-left” asymmetry produced by scattering
a polarized beam is complicated, even when only three
phase shifts are involved. The required formulas are
given, for example, in Ref. 8. In the case of elastic
scattering, the asymmetry is equal to the polarization
P(0) in the outgoing beam produced by scattering un-
polarized particles from the same target. In this paper
e(f) will be reserved to describe the experimentally
observed asymmetry. When a beam of polarization P; is
scattered, then the observed asymmetry e(6)=P.P,(6),
where Py(6) is the same as P(§) above. If Py(6) is known,
Py can be determined from a measurement of e(6).
Hence, Py(9) is called “analyzing power,” the nomen-
clature used herein.

So far, there has not been an absolute measurement
of P; for any neutron source with an accuracy which is
sufficient to aid in further understanding the #-He
problem at low energies. However, even if P, is un-
known, at discrete energies the distribution of P»(6)
can be determined to within a scale factor from a
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measurement of an angular distribution of €(). This is
the approach used in the present experiment.

Brown et al.22 have shown that the energy dependence
of 8o in p-He scattering up to 3.2 MeV is well represented
by merely assuming that it is produced by scattering
from a hard sphere of radius Ro=2.48 F. There is
evidence that the n-He scattering behaves in the same
way. Hoop and Barschall? used a hard-sphere radius of
R=240 F to calculate their low-energy s-wave phase
shift. In the present analysis, the hard-sphere scattering
relation

60=7r—- kRg

(where & is the neutron wave number) was used to
obtain & at 1.01 MeV from the value of 8, extracted
from the data at 2.44 MeV.

The triple-scattering relations of Wolfenstein?® have
been employed in the calculations for the multiple-scat-
tering corrections to the measured asymmetry. Use of
these relations was required because the scattering
intensity in a particular direction, e.g., right or left,
depends upon the neutron spin orientation prior to the
scattering. Usually this consideration has been omitted
because either the accuracy of the data didn’t warrant
such a formidable calculation or because the number of
scatters was small enough so that essentially no multiple
scattering existed. In our case, the magnitude of the
effect caused by the rotation of the spin vector was un-
known and so the triple-scattering R parameter?? was
included in the multiple-scattering code. This parameter

22 L. Brown, W. Haeberli, and W. Trachslin, Nucl. Phys. A90,
339 (1967).

28 L. Wolfenstein, Ann. Rev. Nucl. Sci. 6, 43 (1956); Phys. Rev.
96, 1654 (1954).
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was calculated directly from phase shifts. (The existing
DGS phase shifts were sufficiently accurate for this
calculation.) It was not necessary to include the D
parameter? since there is no depolarization in scattering
from a spin-zero target. Because the computation gets
extremely involved if one includes more than two scat-
terings, the correction for just two were obtained
initially. For such a situation, the asymmetry is in-
sensitive to the size of the 4 parameter.

V. ANALYSIS OF SPECTRA
A. General

Typical gated recoil spectra are plotted in Figs. 2 and
3 for 1.01 and 2.44 MeV, respectively. In order to have
confidence in the data and to obtain accurate numbers
for the asymmetry calculation, it was necessary to be
able to interpret these spectra. Most of the following
calculations were designed for this purpose.

B. Program for Asymmetry Calculations

An elaborate program, “Monte Carlo Calculation of
Asymmetry in Neutron Scattering” (MOCCASINS), was
written for asymmetry calculations for single and for
double scattering from spin-zero nuclei when the phase
shifts for the scattering are approximately known. A
complete description of the code is given in Ref. 11.
Because of its completeness and length, only a brief
outline of the code will be given here. Its purpose is to
calculate the probabilities for neutron scattering from
helium into each of the plastic scintillators located at 6,
on opposite sides of the helium cell. In addition, the
probability of leaving a given amount of total recoil
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energy in the helium for a particular detector position
is calculated. This information, presented in the form of
a histogram, allows comparison of the calculated coinci-
dence-peak shape with the experimental one. Prior to
comparison, a Gaussian distribution whose width was
compatible with the energy resolution of the helium
scintillator was folded into the histogram with a second
program. Also obtained was a Gaussian “smeared”
asymmetry function for each detector position, which
was compared with the experimentally determined one.

A few of the pertinent features and assumptions are
the following: (1) The calculation was a Monte Carlo
type which included multiple scattering in the helium
gas, the geometry of the helium cell, and the plastic
scintillator, the plastic scintillator bias level and the #-p
and #-C' cross sections, and as mentioned previously,
the triple-scattering R parameter. (2) Only up to two
scatterings were considered initially. (From the results,
the contributions of additionally scattered events were
estimated to be negligible.) (3) For computational
reasons the helium volume was taken to be spherical.
This is not a bad assumption since the cell was actually
hemispherical on one end and the neutrons were colli-
mated to a cylindrical beam normal to the axis of
symmetry of the cell. (4) Since the DGS n-He phase
shifts were expected to be close to the true phase shifts,
the DGS set was used in the calculation. The approxi-
mation was certainly suitable for the spectral analysis.
In the final determination of the distribution of P»(6),
for each angle the size of the deviations from the DGS
P,, as determined by MmoccasiNs, was employed to
adjust the experimentally obtained asymmetries. By
studying the distributions P (f) obtained after applying
corrections to the experimental data, it was clear that

CHANNEL

the DGS set is close enough to reality to also predict
these corrections with sufficient accuracy.

C. Spectral Shapes

The data points shown in Figs. 2 and 3 represent the
total of the counts per channel of four recorded spectra
(two spectra for each 90° precession condition). The
solid curve represents the Gaussian ‘“‘smeared” histo-
gram output of the Monte Carlo code. The height and
peak location were adjusted by eye. Further adjustment
of the parameters might have improved the agreement
between the points and the calculated curves, but it was
believed that the fits shown already were sufficiently
good to demonstrate that the experimental spectra
could be interpreted. (The tails of the solid curves
exhibit the largest deviation from the points. These are
the regions of the curve which are most sensitive to the
differences between the actual irradiated He volume
and the approximated spherical geometry. As mentioned
below, only the central portion of the peaks was used in
the final analysis.) The dashed curves under the peaks
represent estimates of a ‘“nonsubtracting background.”
In all cases, this background, which is discussed later,
was taken to be linear and unpolarized. In some of the
spectra, the data in the channels below the peak fall
under the dashed lines. This was caused in part by a
discrimination bias (on the helium pulses) which was
not sharp when the counting rates were excessive.

Data from the four spectra at each angle were broken
up into three-channel blocks and an asymmetry was
calculated for each block. The relation used for this was

6=P1P2= (1'—1')/(1+r) )
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TasLE I. Asymmetries, corrections, and polarizations for E,=1.015 MeV.

B1ab 0., _

(deg) (deg) € B MS 5P(0; (0) 5P(E) €corr Ae P, +AP;
30.0 37.2 0.027 0.0016 0.0016 0.0006 0.031 0.005 0.102 =+0.016
40.0 49.3 0.051 0.0013 0.0001 0.0022 0.0007 0.055 0.004 0.182 =+0.014
50.0 61.1 0.095 0.0012 0.0002 0.0046 0.0010 0.102 0.003 0.334 +0.010
60.0 72.6 0.147 0.0048 0.0005 0.0079 0.0016 0.162 0.004 0.533 +0.013
70.0 83.7 0.206 0.0073 0.0011 0.0097 0.0022 0.226 0.004 0.744 +0.014
80.0 94.4 0.225 0.0044 0.0014 0.0058 0.0009 0.238 0.005 0.782 +0.015
90.0 104.6 0.195 0.0038 0.0010 —0.0002 0.199 0.004 0.656 +0.014

100.0 114.4 0.166 0.0032 0.0005 —0.0023 0.167 0.004 0.549 +0.013

110.0 123.7 0.128 0.0040 0.0004 —0.0026 —0.0007 0.129 0.005 0.424 +0.015

120.0 132.6 0.101 0.0023 0.0002 —0.0025 —0.0012 0.100 0.005 0.328 +0.013

130.0 1411 0.074 0.0029 0.0002 —0.0022 —0.0005 0.074 0.004 0.244 +0.012

140.0 149.3 0.056 0.0021 0.0001 —0.0016 —0.0004 0.056 0.004 0.185 +0.012

where but rose to 99, at 1.01 MeV for 30°. From the nature of
these backgrounds, one expects them to be unpolarized.

= — —)]t2 . R D . .
r=LU)D(=)/D(H)U(—) ] (1) Since this was statistically consistent with our measure-

Here, the notation U and D represents the up and down
counting rates and the + and — represent the clockwise
and counter-clockwise 90° precessions. This relation,
which also is used to obtain the asymmetry for the total
peak counting rates, has been discussed elsewhere.® Use
of this relation makes the data insensitive to a number
of instrumental problems, such as absolute efficiencies,
various electronic drifts, and fluctuations in beam
position and target thickness. The bars in Figs. 2 and 3
represent the block asymmetries, the total length of the
bar being twice the statistical standard deviation. The
ordinate to the right of each set of bars gives the scale
for the asymmetries. In all cases, the three-channel
asymmetries approach zero in the region of the tails
where the counts are largely due to the unpolarized,
linear background. The corresponding three-channel
asymmetries obtained from MOCCASINS, incorporating a
linear unpolarized background, are represented by the
dot-dash curves. The structure, for example at 2.44
MeV for 90°, is produced by the changing value of P(6)
across the angular spread in the He-cell, plastic-
scintillator detection system. The general agreement is
considered proof that the data can be properly inter-
preted and analyzed in this fashion.

To minimize the uncertainties in the background,
only the central portions of the peaks were used to
obtain the numbers for Eq. (1) to arrive at the final
asymmetry values listed later. The arrows along the
abscissas in Figs. 2 and 3 indicate the bounds used.
At 2.4 MeV, the bounds correspond to about 509, of
peak height and at 1.01 MeV, 359, of peak height.

D. Backgrounds

The chance coincidence and room backgrounds have
been subtracted from the data exhibited in Figs. 2 and 3.
Counts arising from chance coincidences amounted to
less than 39, of the total. Background from room-
scattered neutrons generally contributed less than 29,

ments, they were taken to be unpolarized in the analysis.

An attempt to find the cause of the “linear” non-
subtracting background was made using the on-line
computer facility?* operating in a two-dimensional
analyzer mode. The helium pulses were supplied to one
input and to the other pulses corresponding to the time
separation between two events in the helium cell and a
plastic scintillator. These tests showed that the inter-
actions of v rays were sufficiently well resolved from the
neutron interaction that only a portion of the non-
subtracting background could be accounted for in this
fashion. Other sources could have been neutrons de-
graded in energy by inelastic scattering in the target
region, collimator, or Fe cell?’ which contained the He.
The latter was estimated using a modified version of
moccasinNs and was found to contribute less than 0.19
to the peak, most of the contribution appearing in lower
channels. Neutrons which have been elastically scat-
tered?® from Fe through small angles (6<45°) contribute
about 19, of the counts in the peak. Those which
scatter from Fe through larger angles, e.g., back-
scattering, can produce counts above or below the peak,
depending on the scattering angles involved. MoccasINs
estimated that these contributions were less than the
1% peak contribution above. These calculated per-
centages were found to be consistent with results
obtained in a crude test which enhanced the Fe effect
by encasing the helium cell in 1 to 2 cm of additional Fe.

In the 1.01-MeV measurement, the neutrons from
the Li’(p,n)Be” (432 keV) reaction are produced with
about 159% of the intensity of those leading to the

2 N. R. Roberson, D. R. Tilley, and M. B. Lewis, Bull. Am.
Phys. Soc. 10, 55 (1965).

2 The paper by L. A. Schaller, R. L. Walter, and F. O. Purser
[in Proceedings of the 2nd International Symposium on Polarization
Phenomena of Nucleons, Karlsruhe, 1965, edited by P. Huber and
H. Schopper (Birkhduser Verlag, Basel, Switzerland, 1966), p.
309] discusses depolarization effects in elastic and inelastic scatter-
ing from Fe. The latter process was observed to completely
depolarize a beam, the former effect to produce no depolarization,
as expected.
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TasirE II. Asymmetries, corrections, and polarizations for E,=2.44 MeV.

O1ab
(deg) € B MS 8P (0,0) €corr Ae P, +AP,
30 0.090 0.0129 0.0027 0.106 0.005 —0.2306 +0.010
40 0.107 0.0156 0.0001 0.0033 0.126 0.006 —0.2745 =+0.013
50 0.126 0.0123 0.0001 0.0035 0.142 0.005 —0.3100 =+0.011
60 0.108 0.0081 0.0001 0.0029 0.119 0.005 —0.2600 +0.011
70 0.059 0.0055 0.0001 0.064 0.005 —0.1404 =+0.011
80 —0.036 —0.0035 —0.0043 —0.044 0.007 0.0965 +0.014
90 —0.159 —0.0163 —0.0007 —0.0118 —0.188 0.007 0.4107 +0.014
100 —0.291 —0.0227 —0.0022 —0.0136 —0.329 0.008 0.7183 =+0.017
110 —0.357 —0.0268 —0.0031 —0.0101 —0.397 0.009 0.8668 +0.019
120 —0.377 —0.0217 —0.0036 —0.0056 —0.407 0.008 0.8895 +0.017
130 —0.343 —0.0164 —0.0029 —0.0025 —0.365 0.008 0.7967 #+0.016
140 —0.285 —0.0121 —0.0021 +0.0015 —0.298 0.007 0.6509 +0.014

ground state.?® The lower energy group, whose energy
is 0.57 MeV, is known to be unpolarized.?” These
neutrons were not apparent in the recoil spectra because
the o7 for the He(n,n) reaction was down appreciably
and the plastic scintillator discriminators passed only a
small fraction of the counts. As a result, just a fraction
of the tails of the nonsubtracting background can come
from these neutrons.

The portion of the nonsubtracting background below
the peak was unpolarized within statistics. To be
consistent with its most probable origins, it was
assumed that the background tail was also unpolarized
in the peak region. The dot-dashed asymmetry curves
in Figs. 2 and 3 are MoccASINS predictions based on this
assumption and their agreement with the data bears
out the reasonableness of this assumption.

For the region of the peak between the arrows shown
in Fig. 3, the relative size of the background averaged
9% at 2.44 MeV. This magnitude could not be fully
explained on the basis of the interactions and measure-
ments discussed above. The dot-dash asymmetry
curves, however, are in agreement with the size of the
constructed linear backgrounds.

At 1.01 MeV, the background averaged only 3%, but
as exhibited in Fig. 2 there were extra conditions used
to draw the dashed curves. At some angles it was
difficult to choose a level through which to draw a linear
background curve, because the He-cell discriminator
distorted the background spectrum. Requirements in
such instances were that the background fraction should
vary only slightly with 6, and that there should be
reasonable consistency with the calculated (dot-dash)
asymmetry curve. An error of =259, was placed on the
magnitude of the nonsubtracting background estimates.

E. Possible False Asymmetries

The advantages of using the present experimental
method for asymmetry determinations have been out-

26 P. R. Bevington, W. W. Rolland, and H. W. Lewis, Phys.
Rev. 121, 871 (1961).

% G. L. Morgan, C. E. Hollandsworth, and R. L. Walter, in
Proceedings of the 2nd International Symposium on Polarization

lined above. However, some tests to detect instrumental
asymmetries which may have been introduced by the
apparatus were conducted. The main concern is the
effect of the fringe field on any of the detectors when the
magnetic field in the solenoid is reversed. Measurements
indicated that the largest error in e could have been
0.0005-£0.0003, occuring at the largest scattering angles
at 1.01 MeV. This was ultimately neglected since it was
an order of magnitude less than the final uncertainty.

Concern was also given to the Pb shields on the sides
of the plastic detectors. Their presence produces in-
scattering into the plastic and has the effect of widening
the angular acceptance. It was estimated that 297 of
the coincidence counts originate from such multiple
events. Calculations carried out at both energies and all
angles indicated that the upper bound for a correction
to account for this effect in the worst instance was 0.002
in the value of the polarization. Due to the small size of
this correction, no alteration to the data was made.

In brief, no false asymmetries were found which
existed to such an extent that the results could be
affected.

F. Asymmetry Results

Listed in Tables I and II are the final results. The
asymmetry e is the experimental value extracted from
the region of the peak between the arrows in Figs. 2
and 3. Corrections for the chance and room background
already have been included in the values. The additive
quantities B and MS are, respectively, the correction
for the nonsubtracting background and the multiple
scattering. The M.S numbers are the difference between
the corrections calculated with and without the double-
scattering option in MoccasiNs.® The geometrical
averaging effect was computed with the single-scattering
option of Moccasins. The values 6P(6,¢) represent the
calculated geometrical corrections. A correction 8P(E)

Phenomena of Nucleons, Karlsruhe, 1965, edited by P. Huber and
H. Schopper (Birkhiuser Verlag, Basel, Switzerland, 1966), p. 523.

% For the multiple-scattering calculation, it is necessary to
assign a value of P, to the incident beam. Values very close to the
final extracted ones had been employed.
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Fic. 4. Contour plot of x2 at 1.015 MeV for a range of values
of P; and &. The value of equal x2 contour lines is indicated. The p
phase shifts were the free parameters in the search at each grid
point.

for the neutron energy spread was required at 1.01 MeV
since the energy dependence of the n-He differential
cross section was not negligible. When all the corrections
are made to € one gets eorm Wwhich is tabulated. The
standard deviation Ae of the asymmetry includes the
statistical uncertainties, the previously mentioned un-
certainty assigned to the nonsubtracting background,
and reasonable estimates of the uncertainties associated
with the applied correction of Table I. Also listed in
Tables T and II are values for P; obtained from the
corrected asymmetries, using the best estimate for P,
as discussed in the next section. In Tables I and IT,
some of the listed numbers are reported to an accuracy
which is not significant to the final result. This was done
intentionally to indicate the sign and size of the
correction.

VI. PHASE-SHIFT ANALYSIS

A phase-shift program designed to search the multi-
dimensional surface in X2 was used to fit the data. The
search program was modeled after one written by Moss
and Haeberli?® and minimized the quantity

Xz:z [Pexpt(0j>—Pcalo(oj):|2+|:UexptT_0'calcT:|z ’
J AP(&,-) AcT

where Popi(0;) is the experimental value of the polariza-
tion for the angle 6; and AP(6;) represents the associated
experimental error. Likewise, oexpi’ represents the
experimental total cross section with uncertainty Ao”.
The symbols with the subscript “calc” are the corre-

2 S, J. Moss and W. Haeberli, Nucl. Phys. 72, 417 (1965).
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sponding quantities calculated from the phase shifts,
the numbers which are varied in the search. As pointed
out in the Introduction, no significant differential-cross-
section data was available at the time these data were
analyzed for phase shifts. Since some possibly vulnerable
assumptions were necessary to obtain the differential-
cross-section values in the work by Morgan and Walter
reported in the following paper, we prefer to present
independent phase-shift analyses of each set of data.
That is to say, if weaknesses invalidate the cross-section
experiment, the phase shifts extracted from only the
polarization data will be quite valuable. Only P and o7
were searched upon and only s and p waves were in-
cluded since the higher partial waves don’t contribute
to the low-energy scattering.? In the search program,
one may restrict any phase shift to a fixed value. The
program also permitted stepping a scale factor for the
polarization function P(6), which was useful in our case
since the product P1P(f) was the measured quantity
and the true value of P; was unknown.

The search was centered around the DGS phase
shifts. Brown ef al.2? made a test using a grid of values
in their p-He analysis and demonstrated that there is
only a single valley in the X2 surface consistent with
their polarization data. We assume that this is true
in the #n-He case also because of the similarity to p-He
scattering.

Results of a study in which 8, and P; were changed
in a stepwise fashion and 8;' and 8,® were searched are
exhibited by way of a X2 contour plot in Figs. 4 and 5.
In such a search routine, one hopes for a minimal X2 at
the base of a conical valley, as is the case for the 2.44-
MeV computation, where a well-defined bottom was
found at P,=—0.458 and 8,=142.1°. Unfortunately,
this was not the case at 1.01 MeV. Here, the valley
degenerated into a long, narrow trough. From Fig. 4
one can see that equally good fits can be obtained for
values of 8 ranging from 160° to 145°. For this
reason, it was obvious that some other criterion must
be placed on either the value of 8, or P; in order that a

T 30
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146 144

F1G. 5. Contour plot of x? at 2.44 MeV for a range of values
of P1 and &,. The value of equal x2 contour lines is indicated. The
p phase shifts were the free parameters in the search at each grid
point.
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TasiE III. Phase shifts for n-He scattering.
Energy So Adg 81! Ad! 8.3 Ad3
(MeV) (deg) (deg) (deg) (deg) (deg) (deg) Set
1.015 154.9 6.1 60.0 DGS
155.9 6.1 63.0 HB
155.5 +1.5 44 +1.0 61.2 +4.5 Present work
2.00 145.0 14.0 117.0 DGS
146.0 15.0 118.0 HB
145.8 15.4 119.0 Present analysis
2.44 141.3 18.4 1214 DGS
142.5 19.2 120.8 HB
142.1 +2.4 21.2 +0.5 121.6 +0.5 Present work

unique set of phase shifts might be obtained at 1.01
MeV.

In Table ITI, the phase shifts extracted from the
2.44-MeV X2 plot are listed. As a result of the complex
manner in which the phase shifts determined the
polarization, it is difficult to estimate the uncertainty in
these values. In the table, the A$ listed for 2.44 MeV
represents the approximate change in é when X2 reached
twice its minimum. Because of the way in which the
splitting of the p phase shifts affects the polarization,
there is some correlation between the magnitudes of
the p phase shifts which is not represented by the errors
shown. (See Ref. 11 for the values of the p phase shifts
at the X2 minimum as a function of 8;.) One should not
confuse our Ad with the usual standard deviation. How-
ever, this value can be used as a measure of the sensi-
tivity of this experiment for determining phase shifts.

Since no sufficiently accurate values of P; are avail-
able, it was required that 8, must be preset in some
fashion for the 1.015-MeV analysis. One method is to
require that ¢7 calculated from the phase shifts match
the experimental value of about 7.0 b reported by
Vaughn et al.3° For our purposes, the large uncertainty
in their results is inadequate. Another method for fixing
8o is to rely on the hard-sphere approximation for ob-
taining 8¢ at 1.01 MeV from the value of §; at 2.44 MeV.
The latter phase shift (142.1°42.4°) yields a hard-
sphere radius Ro=2.42-40.13 F, which in turn sets
80 (1.01 MeV) at 155.541.5°. This value of R, is in agree-
ment with the value of 2.5 F found by Brown et al.22 for
the p-He interaction. The uncertainty A$ listed in
Table III for the 1.01-MeV p-wave phase shifts
represents approximately the change in 8 at the Xmin?
when & took on the #1.5° change. That artificial error
represents the sensitivity of the analysis to the difference
in 8y values. The =4=7-keV uncertainty in neutron energy
contributes very little to the uncertainty of § and ;1.
To 6:® this causes an effect of (d6,3/dE)=~0.15°/keV,
which is small compared to the uncertainty produced
by the uncertainty in R.

The low values of the X2 obtained for best fits indicate
that the data points agree with the curves considerably

3F. J. Vaughn, W. L. Imhof, R. G. Johnson, and M. Walt,
Phys. Rev. 118, 683 (1960).

better than one would expect from a purely statistical
standpoint. The uncertainties in the data points include
a large contribution from the nonsubtracting back-
ground; this was particularly true at 2.4 MeV. As the
nonsubtracting background enters systematically and
increases the error bars, it may explain the small values
of X2 for the final fits to the data.

The 6:=104° (c.m.) point at 1.0 MeV was omitted
from the fit by statistical requirements. It was obvious
in fitting the 1.0-MeV data that the polarization at this
angle could not be satisfactorily fitted. Since this point
was more than three standard deviations from the
predicted value obtained using the other points alone,
Chauvenet’s criterion®® justifies the omission of this
point from consideration in determining the final fit.
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Fi1c. 6. Experimental values of P; at 2.44 MeV derived from the
asymmetries assuming P;=0.304 and 0.296 for the upper and
lower parts, respectively. The solid curve is the calculated curve
using phase shifts from the present work, the dashed curves using
the DGS phase shifts.

31 See, e.g., Yardley Beers, Iniroduction to the Theory of Error
(Addison-Wesley Publishing Co., Cambridge, Mass., 1953).
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Fic. 7. Experimental values of P, at 2.44 MeV derived from
the asymmetries assuming P1= —0.458 and —0.495 for the upper
and lower parts, respectively. The solid curve is the calculated
curve using phase shifts from the present work, the dashed curves
using the DGS phase shifts.

For comparison, values of phase shifts gotten by
drawing a reasonable curve through the discrete HB
and DGS #&’s are also given in Table III. In view of the
fact that the phase shifts of HB are only given to the
nearest degree and those of DGS only every MeV, the
agreement is quite close.

Values of Pexpi(6) determined in the present experi-
ment, assuming P; for optimum fit, are shown in
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Fi6. 8. Plot of the polarization produced in the Li’(p,n) reaction
for emission angles near 50°. The previous experimenters listed
have been referred to in Ref. 13. The value obtained in the present
work is indicated by (X).
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TaBLE IV. Polarization data of May, Walter, and Barschall.

O1an Bc.m.

(deg) (deg) € €corr Ae P, +AP,
30 372 —0.030 -—0.0317 0.011 —0.141 =0.050
40 49.3 —0.034 -—0.0359 0.011 —0.159 40.050
50 61.1 —0.018 —0.0194 0.012 —0.086 =0.055
60 72.6 —0.016 —0.0181 0.011 —0.081 =0.050
70 83.7 0.003 0.0031 0.011 0.014 =+0.050
80 94.4 0.057 0.0591 0.013 0.262 =+0.059
90 104.6 0.122 0.1281 0.013 0.568 +0.059

100 1144 0.146 0.1531 0.014 0.679 +0.064
110 123.7 0.182 0.1886 0.014 0.836 +0.064
120 1326 0.182 0.1868 0.015 0.828 +0.068

Figs. 6 and 7. Solid lines represent the values of Poxps
calculated from the present phase shifts in Table ITI.
Dashed lines are used to represent the values predicted
by DGS. The lower portion of each figure shows the
data with P, adjusted for optimum fit to DGS. The
values for P, are shown. Present phase shifts provide a
much more satisfactory fit to the data than DGS. For
both energies the HB prediction provided a fit of poorer
quality than DGS.

An extreme test was tried to determine the sensitivity
of the phase shifts to the assumption that the non-
subtracting background was unpolarized, as is presumed
in the above calculations. The test was to take the back-
ground to have the same polarization as the incident
neutron beam, i.e., basically to ignore the existence of
the background tail. The difference between the sets of
&’s so derived and the sets in Table III averaged 0.1° at
1.01 MeV and 1.0° at 2.44 MeV, where both the back-
ground and P; were larger. Although the assumption in
this check was unrealistic (as evidenced by the asym-
metry curves in Figs. 2 and 3), it did show that the &’s
listed are not sensitive to this background within
reasonable limits on its polarization.

VII. PREVIOUS EXPERIMENTAL INFORMATION

The best test of the 8’s seems to be the cross-section
measurement in the following paper.! All the previous
measurements®? of differential and total cross sections
are not accurate enough to distinguish between the
various proposed sets of §’s in Table ITI. The other data
at low energies are the polarization measurements of
May et al.® In order to compare their published asym-
metry data with predicted fits, we corrected the 2.00-
MeV data for geometrical and multiple-scattering
effects in a fashion similar to the corrections in the
present work. The new values are listed in Table IV.
The listed quantities are defined earlier in regard to
Tables I and II.

The phase-shift fit program was used to search the
corrected May et al. data for minimum X2 in order to

32 See, e.g., S. M. Austin, H. H. Barschall, and R. E. Shamu,
Phys. Rev 126 1532 (1962)
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extract a set of phase shifts. These data by themselves
exhibit such large uncertainties that no unique fit could
be defined. In order to sharpen the valley, the hard-
sphere value for 8, was used. The values for P, are listed
in Table IV for a P;=0.226 for which the minimum in
X? was found. The phase shifts obtained are listed in
Table IIT alongside of the DGS and HB sets. Although
the May et al.® data do not allow a completely inde-
pendent determination of the phase shifts, the set
extracted does favor HB over DGS. (In fact, the set is
nearly identical to the phase shifts proposed in the
succeeding paper.)

VIII. INCIDENT POLARIZATION P,

The present work, in addition to determining the
phase shifts, provided a highly accurate determination
of the polarization Py of the incident neutron beam.
This was done by calculating X2 as a function of Pj,
allowing all s to vary with the exception of the §, at
1.01 MeV. The resulting X2 curves showed a well-defined
minimum. If one assigns a liberal error by permitting
X% to move to ==3Xmin? one gets the values for P; of
0.304+-0.008 and —0.458-+0.011 for the neutron
polarization from the Li’(pn) reaction for E,=2.91
MeV at 50° (33-keV-thick target) and the C%(dn)
reaction for Eq=2.82 at 25° (175-keV-thick target).
These values are represented by the crosses in Figs. 8
and 9, where comparison is made with earlier measure-
ments at nearby energies and angles.

All the known corrections have been applied to obtain
the above values except the “magnetic depolarization”
which is associated with the inhomogeneous magnetic
field of the solenoid. This effect has been discussed by
Atkinson and Sherwood!® and their published curves
and tables were employed to estimate the effect for the
Duke solenoid. Extrapolation of their results gave an
expected value of the fractional depolarization of 0.3%
of the polarization. This would result in an increase in
P, for the Li” neutrons of about 0.0009 and for the C!?
neutrons, 0.0014. Because of the way the approxima-
tions were made in the extrapolation, these estimates
are upper limits. Due to the small size of the corrections,
it was not worthwhile to pursue more accurate
calculations.

The values of P; are also based on the assumption
that the nonsubtracting background was assumed to be
unpolarized. If there was some polarized component in
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Fi1c. 9. Plot of the polarization produced in the C'%(d,n) reaction
for emission angles near 30°. Earlier data are from Refs. 15 and
16. The value obtained in the present work is indicated by (X).

this background, because of its possible causes, it would
enter in such a way as to reduce the magnitude of P,
slightly from the values given. However, as mentioned
before, we feel strongly that this background was
essentially unpolarized.

In fitting the 2.0-MeV data of May et al.? a value of
P1=0.226 gave the Xnin? for the T'(p,n)He® reaction
for E,=3.0 MeV at §=33°.

IX. SUMMARY

Phase shifts have been derived for #-He scattering
at 1.015 and 2.44 MeV. The values were somewhat
inconsistent with previously existing sets and indicated
the need for additional data on the #-He interaction at
low energies. Further work and discussion on the z-He
system is presented in the succeeding paper.?
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