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Angular distributions of the analyzing power A~(0) for the elastic n- He scattering have been

measured in the energy range 15—50 MeV. A continuous energy polarized neutron beam was pro-
duced using a 52 Me& polarized deutero» beam incide»t o» a liquid deuterium target. A liquid heli-

um scintillation detecto~ was used as a scattering sample. Scattered neutrons were detected with 14
scintillation detectors. Multiparameter data acquisitio» was performed to discriminate against back-
ground events. The incident neutron energy was determined off li»e by cuts in the incident time-of-

flight spectra. The 'data were normalized in the backward angle maxima by previous N- He data.
The results were used as input in a series of phase shift analyses. Coulomb correctio» procedures to
p- He phase shifts have been used to provide»- He predictions. The validity of these procedures
has been tested. A set of n- He phase shifts, varying smoothly with energy, is given which repro-
duces the new data very well.

I. INTRQDUCTIQN

The elastic scattering of neutrons from He nuclei has
been the subject of numerous studies during the past t~vo

decades. This process, together with the charge-
symmetric p- He elastic scattering, has been of special in-
terest because it is the simplest scattering process giving
information on the spin-dependent part of the nuclear in-
teraction, and significant progress has already been made
in the description of N- He scattering in terms of the fun-
damental nucleon-nucleon (N-N) interaction. Experimen-
tally, He has been used extensively as a polarization
analyzer in nucleon polarization measurements, and accu-
rate N- He phase shifts are necessary for these applica-
tions. In the past, the determination of n- He phase shifts
has relied heavily on the more numerous and more precise
p- He scattering data. With improved n- He data it is
hoped that the charge symmetry of the nuclear force can
be tested if Coulomb effects are handled appropriately.

At energies above 15 MeV the precision of the n- He
analyzing power data is generally not adequate to perform
a quantitative comparison with p- He data. The only
qualitative comparisons in the literature have been made
by Lisowski et al. ' at E„=20.9 MeV and by York et aI.
at E„=50.4 MeV. Accuracy for neutron data must ap-
proach the standard of the proton data to permit mean-
ingful comparison with Coulomb corrected p-"He analyz-
ing power data.

This paper reports on measurements of n- He asym-
metries, e(0), for ten neutron energies in the range 15—50
MeV. These asymmetries are converted to analyzing
powers by normalizing the large backward ang1e max-
imum to (i) existing n- He phase shift calculations of
A~(8) be1ow 20 MeV, (ii) p- He A~(g) measurements be-
tween 25 and 30 MeV, and (iii) n- He predictions based on
Coulomb corrected p- He phase shifts above 30 MeV.

Our new values of A~(8) for the n- He scattering are
compared to previous data sets and, at 17, 40, and 50
MeV to predictions obtained by applying Coulomb correc-
tions, including approximate contributions from Coulomb
distortions, to p-"He phase shifts.

The polarized neutrons were obtained in the -H( d, n )X
reactions at 0' with a vector polarized deuteron beam at
50 MeV. Having converted the measured asymmetries to
analyzing powers, the neutron polarization, P„(E„),and
finally the spin transfer coefficient, Kyy(E. ), for the
-H( d, n )X reactions at 0' and Ed ——50 MeV was deter-
mined at the ten neutron energies. A set of smoothly
varying n- He phase shifts is presented covering the
15—50 MeV region.

II. EXPERIMENT

A. Apparatus and measurement

The experiment was carried out at the polarized neu-
tron facility POLKA at the Karlsruhe cyclotron, shown
in Fig. 1. The apparatus has been described in detail else-
where, so only a brief description is given here.

Polarized deuterons are produced by a Lamb-shift-type
ion source and bunched to a frequency of 11 MHz before
acceleration to an energy of 52 MeV. The polarization of
the deuteron beam is measured and continuously moni-
tored by use of the elastic d-' C scattering at 0),p ——+47
in a beam-line polarimeter. The deuteron spin is reversed
at the ion source every 100 sec. The deuterons passing
through the polarimeter impinge on a liquid deuterium
target with 12 p thick molybdenum foils as entrance and
exit windows. The target thickness used was 1 cm, corre-
sponding to an energy loss of -4 MeV. After the target,
the deuterons are bent by 60 and stopped in a shielded
beam dump. The target is surrounded by massive shield-
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FIG. 1. Schematic view of the polarized neutron facility POLKA at the Karlsruhe cyclotron. The neutron beam is used outside

the shielded target area for scattering experiments. The distance from the cryotarget to the scattering sample is 6 m.

ing. A special iron-polyethylene collimator at forward an-
gles allows the extraction of narrow neutron beams at five
different angles. In the present experiment the 0' collima-
tor tube was used. The neutrons produced in the
H( d, n) He reaction and in H( d, n)X breakup processes

are collimated to form a beam with a cone of about
8X 10 sr.

The scattering experiment is performed at a distance of
6 m from the production target, where the beam is about
60 mm wide. Here the neutrons interact with a liquid- He
scintillating sample ' which is 70 mm in diameter and 75
mm high. The use of a similar liquid-helium sample has
been described in great detail in Ref. 2. The scattered
neutrons are detected at 1 m by 14 neutron detectors,
upright cylinders filled with NE213, which are 140 mm in
diameter and 200 mm high. At four laboratory angles
(100', 110', 120', and 130') symmetric pairs of detectors
were used. The scattering plane lies 2.5 m above floor lev-
el to reduce neutron backscattering from the concrete.

Data acquisition was performed event by event using a
ND4420 multichannel analyzer system (Nuclear Data).
First, the incident neutron energy is determined by
measuring the time of flight to the He sample; second,
the recoil pulse height in the He sample and the time of
flight of the scattered neutron to the side detector deter-
mine the kinematics of the elastic scattering; and third,
pulse-height and pulse-shape information from the neu-
tron detectors is used to discriminate against y-ray events
and to apply thresholds off line. In addition, a signal
which contains the detector number and the spin
up/down information on the deuteron beam is generated
and stored on tape. Data were taken in 2 h "runs" for a
total of about 250 h.

B. Data reduction

In the off-line analysis the data were corrected run by
run for instabilities, e.g. , for time shifts in the incident
TOP spectra and for small gain changes in the scintillator
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FIG. 2. Two-dimensional representation of the n- He scattering data at 25 MeV and O~,b
——70'. The isometric display (a) shows the

relative importance of elastic scattering events and background from inelastic processes and multiple scattering. In the contour plot
(b) the solid line indicates the region of integration in the data analysis (see the text).
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Ez = 30 MeV
x

signals. After applying all necessary corrections the data
were split up according to the 14 neutron detectors. In
the next step n-y discrimination was performed and a
lower pulse height threshold was set. The 14 data sets
were subdivided into 10 incident-energy bins by appropri-
ate cuts in the incident TOF spectra, and the separation in
spin up/down was performed. Finally, the data were
represented by 280 two-dimensional matrices. Figure 2
shows the data for E„=25 MeV and O~,b

——70'. It can be
seen that uncorrelated background is small. The region of
the elastic scattering peak is clearly separated from all
backgrounds but multiple scattering. From the events in-
tegrated in the elastic peak the spin-dependent asymmetry
e(E„,H) was calculated. This was done for the symmetric
pairs of detectors using the relation

(L, &R &)'"—(L &R t)'"
(1.t«)'"+(I.~R t)'"

by which experimental asymmetries are canceled in first
order. From the same data the spin up/down flux ratio R
was determined using R =(I.t R t/L gR i)' . In the
present experiinent this ratio-was R=0.985. For the an-
gles measured by one detector only, the "spin down"
count rates were multiplied by R before calculating the
asymmetry

Ny —Ng
%~+X~

In this way angular distributions of the measured asym-
metries were obtained for ten energy bins, centered at 15,
17, 19, 25, 27.5, 30, 33, 36, 40, and 50 MeV.

These asymrnetries had to be corrected for finite
geometry effects and for multiple scattering of the neu-
trons in the helium sample. The code PMS (Ref. 6) has

0,8- ]7 MeV

0,4-

~p

~L&

-0,4-

been modified and was used for this purpose. From ener-

gy dependent n- He phase shifts as input, the point-
geometry differential cross section and analyzing power is
calculated for each scattering in the helium. The proba-
bility is calculated for multiple scattering and the change
in asymmetry due to multiple scattering and to finite
geometry is determined. In Fig. 3 the measured and
corrected asymmetries for the 30 MeV distribution are
shown. In general, the correction factors obtained are
rather small, e.g., they decrease from 1.12 at 15 MeV to
1.03 at 50 MeV for the backward angle maximum,
whereas in the region around 100' these factors vary be-
tween 1.05 and 1.09, nearly independent of energy.

pd

8 c.m.

FIG. 4. n-'He analyzing power predictions at 17 MeV: (a)
dashed-dotted line: R-matrix calculation (Ref. 8); (b) long-
dashed line: n- He phase shifts (Ref. 14); and (c) dashed line:
Coulomb corrections applied to p- He shifts from Ref. 21.
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FIG. 3. Measured asymmetries (crosses) for the n- He

scattering at 30 MeV and final values of e (dots) corrected for
multiple scattering and finite geometry effects.

The asymmetries are, normally, converted to analyzing
powers taking

Ay (E„,0) =e(E„,8 ) /P„(E„) .

In the present case the polarization in the neutron beam as
a function of energy was not known a priori. In the re-

cent work of York, however, using the H(d, n) reaction
at 50.4 MeV, it was shown that the 0' neutron beam was

highly polarized, both in the H( d, n) He two-body reac-
tion peak and in the high energy part of the deuteron
breakup distribution. Another conclusion of this work
was that the backward angle maxima of the analyzing
power distributions for the p- He and the n- He channels
are equal within the experimental errors. Our calculations
revealed that Coulomb effects are very small in this angu-
lar region, even in the energy range below 20 MeV (see
Fig. 4), and that different approaches for Coulomb correc-
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TABLE I. Neutron beam polarization and deduced H(d, n) spin transfer coefficients K~~(0') as a
function of neutron energy.

E„(MeV)

15+1.0
17+1.0
19+1.5
25+1.5

27.5+ 1.0
30+ 1.5
33+1.5
36+2.0
40+2.0
50+2.0

E„(MeV)

15.00
17.03
19.08
25.00
27.44
29.85
32.85
35.80
39.72
50.00

(%)

20.6+0.5
25.2+0.5
31.9+1.0
44.6+1.3
46.1+1.4
46.9+ 1.4
47.1+1.4
46.8+ 1.4
47.5+ 1.4
46.7+1.6

0.267+0.007
0.326+0.007
0.413+0.012
0.578+0.017
0.597+0.018
0.608+0.018
0.610+0.018
0.606+0.018
0.615+0.018
0.605+0.021

tions lead to consistent predictions. Details will be given
in Sec. III.

We normalized the data using three different methods:
(i) At 15 and 17 MeV we took backward angle predictions
from n- He phase shifts of Bond and Firk; (ii) at 19, 25,
27.5, and 30 MeV we used p- He data of Bacher et al. at
slightly shifted energies according to the energy shift of
the —,

' resonance in the A =5 systems (we had to interpo-
late the data of Ref. 9 for this purpose); (iii) For the ener-

gy range 33—40 MeV we got n-"He predictions by apply-
ing Coulomb corrections to the p-"He phase shifts of
Houdayer et aI. ' and, at 50 MeV, to the solution II of
Salto.

D. Neutron beam polarization

With the above-mentioned normalizations, the polariza-
tion of the neutron beam P„(E„) has been determined
with an absolute scale error of 2—4%. The results are
listed in Table I together with the width and average ener-

gy for each bin. It should be noted that the values for P„
depend linearly on the polarization of the deuteron beam.
Taking the value of A =0.360 for the d-' C scattering at
52 MeV from Ref. 12, we get Pd ——0.515 for the measured
deuteron asymmetry e =0.278.

The energy dependence of the spin transfer coefficient
Kg(0') in the breakup part of the spectrum is in good
agreement with the less accurate data of York and with a
simple stripping model, ' assuming there is no spin Aip in
the breakup processes and a deuteron D-state probability
of 4%.

The first result of this experiment is that the polarized
neutron beam from POLKA is useful for scattering exper-
iments in the energy range from 15 to 50 MeV simultane-
ously.

The new Az data for the n- He scattering will be corn-
pared to previous results and discussed in more detail in
Sec. IV.

III. COULOMB CORRECTIONS IN n- He SCATTERING

Predicted values for n- He observables can be obtained
by calculating Coulomb corrections to p- He phase shifts.
These Coulomb-corrected calculations have been used in
the present analysis as follows:

(1) to normalize the polarization of the neutron beam
for energies above 30 MeV, i.e., calculate n- He analyzing
powers in the backward angle maximum;

(2) to generate pseudodata on differential cross sections
for n- He scattering above 30 MeV in order to make pos-
sible a phase-shift analysis of the present data; and

(3) for the interpretation of a direct comparison of mea-
sured n- He and p- He analyzing powers.

The exact calculation of these Coulomb contributions
can only be performed in a model dependent manner.
Therefore, approximate calculations have been attempted,
especially in the case of the more complex few-body sys-
tems. At the simplest level pure Coulomb phase shifts are
added appropriately to yield a "Coulomb modified"
scattering amplitude. For N- He scattering Hoop and
Barschall' supplemented this "zero-order" Coulomb ap-
proximation by an energy shift which is motivated by the
energy difference of the excited states in Li and He near
inelastic threshold. At a higher level of sophistication the

. Coulomb distortion has been treated within R-matrix
theory' for energies below inelastic threshold. Another
approximation expresses the Coulomb modifications to
the nuclear transition matrix within the context of in-
tegral equations. This method was developed initially for
N-N scattering, ' yielding an on-shell expression for the
Coulomb corrections. Later on, a similar simple on-shell
formula' was derived from the Faddeev equations where
the Coulomb distortion to N-d scattering is described in
an effective two-body manner and the extended charge
distribution of the scattering particles is accounted for.
This approach has been successfully extended to other
few-body systems. ' ' lt is particularly well suited to the
N- He scattering system since an effective two-body treat-
ment is a realistic assumption for proton scattering from
the tightly bound helium nucleus. The effectiveness of
this approach has already been demonstrated below 20
MeV (Ref. 19) where good agreement was found with the
results from R-matrix calculations. It is worth noting
that a similarity exists between the two approaches, e.g.,
the on-shell expansion in the Coulomb distorted transition

amplitude is related to the matching of the Coulomb wave
function at the surface.

The on-shell approximation to the five-body reaction
matrix reads for each total angular momentum
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TABLE II. n- He analyzing powers and (absolute) errors, both in percent.

E„(MeV)

;. m. Ay AAy Ay AAy

61.4'
72.4
83.5
96.4'
104.8
114.9
124.3'
123.8'
141.5'
149.9'
157.8
165.7'

—42.6 2. 1

—56.6 2.2
—68.8 1.9
—85.0 2.8
—57.9 4.3

42.0 2.5
99.2 1.8
92.6 1.6
69.9 1.5
54.2 2.5
37.9 3.3
24.6 3.3

—41.3
—48.5
—70.4
—81.4
—57.1

49.9
98.8
92.9
71 ~ 1

49.6
36.7
26.9

1.1

1.1

1.1

1.8
2.6
1.5
1.1

1.0
1.0
1.4
2.1

1.9

—38.5 0.5
—48.4 0.6
—60.2 0.6
—68.1 0.9
—38.6 1.3

48.9 0.7
94.0 0.6
79.8 0.5
59.1 0.5
41.6 0.8
30.6 1.1

19.7 1.0

—19.3 0.3
—30.2 0.4
—44.9 0.4
—59.0 0.5
—14.4 0.6

50.6 0.3
83.4 0.2
82.6 0.2
70.7 0.2
57.4 0.5
42. 1 0.7
30.3 0.7

—15.8 0.5
—24.9 0.6
—36.4 0.5
—41.8 0.8
-4.8 0.8
52.3 0.5
78. 1 0.3
82.2 0.2
75.7 0.9
68.4 0.8
56.5 1.1

40.0 1.1

Qi"(e) =QI'(e)+ "
I
Qi'(q)+e

d
QI*

I

mqCI(q)

where CI(q) and VI(q) are terms involving the Coulomb
potential and the electric form factors of the pmton and
the He nucleus, respectively. Here q is the on-shell c.m.
momentum and p is the reduced mass of the system. To

/~
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t

600

Bc.m.

FIG. 5. N- He analyzing power at 40 MeV: IIull circles, this
work, n- He; open circles, R.ef. 8, p- He; dotted line, p- He
phase-shiA analysis of Ref. 24; dashed-dotted line, first-order
Coulomb corrections applied; and dashed line, n- He prediction
frolTI seconcl-order CouloTllb corrections (see the text).

utilize this formula for calculating charge symmetric
n- He predictions on the basis of p- He data it is solved by
an 1ntcrat 1vc 1nvcl sion. As input the on-shell Coulom b
modified nuclear p- He reaction matrix and its momen-
turn derivatives are required. This requirement restricts
the application of the method to those cases where the
on-shell amplitude varies smoothly with energy. Thus one
must avoid the region of the inelastic threshold or try, as
a further appmximation, backgmund phase shifts. ' For
a wider application of these Coulomb distortion correc-
tions ln light nuclear systcIHs a term of scconcl. order ln
the nuclear amplitude has to be incorporated since it con-
tributes strongly at narrow resonances.

Below 20 MeV, energy dependent phase-shift analyses
are available, and in the present work the p- He results of
Schwandt et aI. ' have been used. Between 20 and 40
MeV a low-order polynomial fit has been obtained to the
p- He phase shifts of Houdayer et a/. ' The Houdayer
phase shifts match the phase shifts below 20 MCV and
display a relatively smooth energy dependence (except at
inelastic threshold and near 33 MCV). For energies above
40 MeV, the Houdayer phase shifts do not repmduce the
analyzing power data of Imai et aI. , whereas the
analysis of Salto ploduccd good fits to thc Imai data.
Saito found two equivalent phase shift solutions in the
40—60 MCV region. Because the Saito II phase shifts
more nearly m.atch the Houdayer values at 40 MCV, an
energy dependent fit to the Saito solution II has been used
1n thc pr'cscnt work. First-ordcl rclatlvistlc corrcct1ons to
the Coulomb scattering amplitude as given by Foote
et al. ' have been included in calculating the p-"He ob-
servables.

These charge-symmetric n- He predictions of A~(9)
have been used above 30 McV to determine the polariza-
tion of the neutrons in the POLKA hearn. A search was
conducted to find an angular region where the proton
analyzing powers are least sensitive to Coulomb effects;
where the zero-order Coulomb corrections |pure Coulomb
contribution) and the Coulomb distortion corrections are
small. Such bchav101 ls Indeed found 1n thc backward an-
gle maximum of Az(0) near 130 (c.m. ). A comparison of
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E„(Mev) 30 33

TABLE II. (Continued).

36 40 50

Ay hAy Ay AAy Ay AAy Ay AAy

61.4'
72.4
83.5'
96.4'
104.8'
114.9
124.3
132.8
141.5
149.9'
157.8'
165.7

—13.0
—21.4
—32.5
—39.4
—10.4

32.6
70.9
80.2
83.4
74.5
60.2
44.7

0.5
0.6
0.6
0.9
0.7
0.4
0.3
0.3
0.3
0.8
1.1
1.1

—10.7 0.6
—15.5 0.9
—25.4 0.8
—37.5 1.1
—24.7 1.4

19.1 0.8
59.0 0.6
78.8 0.4
82.1 0.4
78.7 1.0
65.3 1.4
45.5 1.4

—8.1

—11.2
—16.9
—27.7
—32.9

3.3
42. 1

73.1

87.0
79.3
66.5
41.7

0.9
1.1
1.1
1.5
1.8
1.2
0.8
0.5
0.4
1.2
1.6
1.6

—5.5 1.5
—2.8 2.0
—3.6 2.0

—16.4 2.5
—33.4 3.0
—13.5 2.0

23.1 1.7
64.4 1.0
89.1 0.7
84.0 2.2
64.1 2.5
39.1 2.4

—10.6 3.1

2.6 2.7
16.3 4.7
13.0 4.4

—25.6 6.6
—24.4 6.2
—7.9 4.5
50.8 3.0
89.8 1.6
88.1 4.3
69.7 5.2
42.5 4.9

the charge-symmetric n- He prediction of A~(9) at 17
MeV with the results of the phase shift analysis of Hoop
and Barschall' and those from the R-matrix analysis of
Bond and Firk is shown in Fig. 4. There is excellent
agreement at the 125' maximum.

At 40 MeV the Coulomb corrections are essential in ex-
plaining the differences between proton and neutron
analyzing powers. Applying only zero-order Coulomb
corrections (simply switching off all Coulomb terms while
using p- He phase shifts) exaggerates the differences be-
tween the two analyzing powers. It is the Coulomb dis-
tortion that partly compensates the zero-order corrections.
It can be seen in Fig. 5 that the charge symmetric n- He
prediction agrees very we11 with the measured n- He
analyzing powers throughout the backward peak and that
the p- He results are also nearly identical to the n- He re-
sults throughout the peak.

Another example of the effectiveness of the on-shell ap-
proximation is given in Sec. V, where predicted cross sec-
tions are used as input in a n- He phase shift analysis.

IV. RESULTS

Numerical values for the n- He analyzing power deter-
rnined by the described asymmetry measurements and
normalizations are listed in Table II. The quoted errors
include statistical uncertainties as we11 as spin up/down
monitor errors and the uncertainties of the corrections for
multiple scattering and finite geometry Scale e.rrors for
the normalization are not included. These can be deduced
from the neutron polarization uncertainties listed in Table
I. In general, these errors are 2—4%.

In the energy range below 20 MeV, our data can be
compared to accurate data and reliable phase shifts from
numerous previous works. Even at these energies the ex-
isting data base was considerably improved. The agree-
ment with the results of previous phase shift analy-
ses'" is reasonable; the agreement with the predic-
tions of the more recent R-matrix analysis by Bond and
Firk is good. In Fig. 6 our results (full circles) at 15, 17,
and 19 MeV are shown together with the data of Broste

et al. (triangles) at 17.7 MeV and with the p- He data of
Bacher et al. (open circles) at 19.9 MeV. The dotted
lines are the results of single energy phase shift analyses
described in Sec. V; the dashed line shows the output of a
Coulomb correction calculation starting from p- He phase
shifts of Schwandt et a/. It can be seen that the applied
method of Coulomb corrections is capable of reproducing
the backward angle maximum fairly well.

In the energy range above the inelastic threshold only a
very few- measurements have been performed up to now.
In Fig. 7 our data at 25, 27.5, and 30 MeV are plotted to-
gether with the data of Broste et al. (triangles) at nearby
energies. The dotted lines show the results of single ener-

gy phase shift analyses including all available data. The
accuracy of the data is increased by nearly an order of
rnagrutude, especially at 30 MeV.

Between 25 and 33 MeV the shape of the backward an-
gle maximum is changing with energy. A similar
behavior has been noted for the p- He channel around 30
MeV. There is some indication in the phase shift solu-
tions that the I' waves might be responsible for this effect.
However, the change of the Az distributions with energy
is rather slow. The width of the energy bins used in the
data analysis has no effect on the results within the limits
of statistical accuracy. This has been checked at 25 and
50 MeV by using bins of half-width in the data analysis.

In a recent publication York et al. presented n- He
analyzing power data and phase shifts at 50.4 MeV and a
detailed comparison with the p- He channel. In Fig. 8
our results at 50 MeV are shown together. with the data of
Ref. 2 (squares). The dotted line is the result of a new
phase shift analysis including all available data. The
dashed line shows the n- He analyzing power prediction
calculated from the "Saito II" p-"He phase shifts. " It
should be noted that the p- He analysis also includes H
waves, whereas in our analysis only partial waves up to
l=4 are taken into account. Therefore, we conclude that
the slight discrepancies at the forward angles should not
be emphasized.

The uncertainties of the spin transfer coefficients K~
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FIG. 6. n- He analyzing power at 15, 17, and 19 MeV: full
circles, this work; dotted lines, phase-shift analyses (this work);
dashed line, Coulomb correction prediction from p-"He phase
shifts of Ref. 21; triangles, n- He data of Ref. 25 at 17.7 MeV;
and open circles, p- He data of Ref. 9 at 19.9 MeV.

listed in Table I include both statistical and systematic er-
rors of our determination of the neutron beam polariza-
tion. However, the error in deuteron beam polarization
from the uncertainty of the ' C(d, d)' C analyzing power
is not included.

The value for A~(d-' C) at 52 MeV and 47' lab was
determined to Ay ——0.36+0.04 by Mairle et al. '

-0.8- V. PHASE SHIFT ANALYSIS

00

08-

-0&

17 MeV

60' 120
I P..

180
The parametrization of the n- He scattering in terms of

complex phase shifts is rather simple because of the spin-
—,—spin-0 structure of the n- He system.

We performed (single energy) phase shift analyses at the
ten center energies of our data bins using in addition, all
previous data in this energy range, together with more
recent differential cross section results of Drosg ' and new
precise data on total cross sections by our group, as well
as the S0.4 MeV Ay results of Ref. 2. Starting values
were taken from the phase shifts of Hoop and Barschall'
at the lower energies and from Coulomb corrected p- He
phase shifts above 30 MeV. Total cross sections, differen-
tial cross sections, and analyzing powers were calculated
from the phase shifts and compared to the experimental
data.

The code MINUIT (Ref. 33j was used to minimize the
quantity 7 defined by
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where i is the individual data point index, d is the data set
number, EXP is the experimental result, AEXP is the ex-
perimental error, CALC is the calculated result, Nd is the
normalization for data set d, and hN is the normalization
error.

It should be noted that EXP, AEXP, and hN are input
data to the phase shift code, whereas the values for Nd are
parameters of the minimization procedure, which starts
with Nd ——1 for all data sets.

This method has the advantage of taking normalization
errors into account, which may have been a serious prob-
lern in some of the older measurements and, even for the
more recent data, are by no means negligible. On the oth-
er hand, the number of free parameters in the search pro-
cedure for the 7 minimum is further increased. A large
number of parameters can lead to a relatively flat
behavior in 7 if the data base is small. In the n- He case
that is not important below 20 MeV, but at the higher en-

ergies the problem is severe. It should be mentioned here
that for most of the data sets we used in our analyses the
resulting normalization deviates from unity by only a few
percent.
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FIG. 7. n- He analyzing power distributions above inelastic
threshold. Our results (full circles) are compared to the data of
Ref. 25 at 25.7, 27.3, and 30.3 MeV (triangles). The dotted lines
show the results of our phase-shift analyses. The statistical er-
ror of the new data in this energy range is smaller than the point
size.
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Above 30 MeV no accurate data on differential cross
sections for the n- He scattering are available. Therefore,
we produced differential cross section "pseudodata" at 33,
36, 40, and 50 MeV, starting from p- He phase shifts and
applying Coulomb corrections as already described; The
results are used as input in the phase shift analyses at
these energies. To get an estimate on the reliability of this
procedure the calculation was performed using various
methods of Coulomb corrections as discussed extensively
in Sec. III. It turned out that all methods agreed well
within a few percent.

At the lower energies the Coulomb effects should be
more important. Therefore, we checked the applied
method at 17 MeV. In Fig. 9 the differential cross section
data of Drosg ' are compared to the results of n-"He
phase shift analyses of Broste et al. and of this work, as
well as to the predictions from Coulomb corrections ap-
plied to the p- He phase shifts of Schwandt et al. ' lt can
be seen that there is good agreement between the data and
the charge symmetric prediction even at this low energy.
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0.8- 50 MeV

00

0.8— 30 MeV

I
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FIG. 8. n- He analyzing power at 50 MeV. Our data (full
circles) are shown together with the recent results of Ref. 2 at
50.4 MeV (open squares); Coulomb correction prediction, calcu-
lated from phase shifts of Ref. 11 (dashed line); and the result of
a phase-shift analysis using all new A„data and "pseudodata"
for do/dQ (see Sec. V) (dotted line).
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FIG. 9. Differential cross section of the elastic n- He scatter-
ing at 17 Me&. Full circles, data of Ref. 31 at 17.6 MeV;
dashed-dotted line, n- He phase shifts from Ref. 25 at 17.7
MeV; dashed line, n- He predictions from Coulomb corrections
applied to p- He phase shifts; and dotted line, result of the
n- He phase-shift analysis of this work.

In the phase shift analyses above 30 MeV the pseudoda-
ta were used with a low weight corresponding to an uncer-
tainty of 20fo. This produces flat minima in the search
procedures with a choice of solutions which do not differ
much in Y' and thus the analysis could be influenced
strongly by single data points which might be erroneous.
We tried to find a set of solutions with a reasonably
smooth behavior in energy to parametrize our data. (One
should be very careful, however, interpreting these phase
shifts in terms of resonances. )

Figure 10 shows that at 33 and 36 MeV the phase shifts
indeed reproduce both our data for A~ and the pseudodata
for do. /dQ very satisfactorily. The resulting phase shifts
5 (in degrees) and inelasticity parameters g are listed in
Table III.

We used interpolations to these phase shifts to calculate
the n- He analyzing power in the energy range from 25 to
50 MeV in 1 MeV steps. The results are shown in Fig. 11
as a contour plot. The angular range 0'—60 is not plotted
because the Az values at the forward angles are very small
and the results depend strongly on the inclusion of higher
partial waves in the phase shift analyses. The A~ values
v hich can be taken out of this contour plot are in very
good agreement with our experimental data. So, we think
that for the application of n- He scattering, e.g. , in neu-
tron polariHlcters fol this encl gy range, this representation
of our data may be useful.

E„(MeV)
Ggi.

TABLE III. n- He phase shifts 6 and inelasticity parameters g from the present single-energy analyses.

I' gq. O $y'1 F7~~ 67/i

93.87
1.00

104.18
1.00

63.71
1.00

5.07
1.00

2.22
1.00

92.00
1.00

101.0l
1.00

61.00
1.00

S.e2
1.00

2.66
1.00

89.00
1.00

100.43
1.00

59.99
1.00

9.52
1.00

6.6S
1.00

0.88
l.00

0.70
1.00

85.93
0.98

85.45
0.87

49.84
0.94

10.23
0.93

5.04
0.74

5.13
1.00

3.25
1.00

—0.66
1.00

0.47
0.97

83.98
0.94

83.19
0.88

45.59
0.91

5.69
0.72

6.06
1.00

4.17
1.00

—0.20
0.99

0.39
0.96

30 79.12
0.94

83.76
0.88

43.32
0.68

13.59
0.84

7.35
0.66

4.79
1.00

4.92
0.92

3.20
0.99

1.47
1.00

77.91
0.95

79.09
0.94

41.25
0.88

16.68
0.77

6.33
0.70

7.28
0.84

5.70
0.95

1.12
1.00

0.73
0.96

36 74.30
0.94

77.59
0.89

47.61
0.94

20.41
0.83

9.90
0.68

9.81
0.88

8.95
0.90

0.85
1.00

0.17
0.98

40 73 ~ 83
0.83

70.98
0.77

44.92
0.92

19.19
0.81

11.42
0.6S

9.96
0.84

9.54
0.90

—0.11
0.99

0.14
0.97

50 70.00
0.59

63.18
0.72

30.10
0.90

19.78
0.67

15.29
0.70

1S.S5
0.79

8.43
0.93

3.07
0.98

0.00
1.00
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FIG. 10. Analyzing power and differential cross section at 33 and 36 MeV. Data points, this work; dashed line, Coulomb correc-
tion prediction using p- He phase shifts of Ref. 10; and dotted line, result of the new n- He phase-shift analysis.

VI. CONCLUSION

Angular distributions of the spin dependent asymmetry
in elastic n- He scattering have been measured at ten neu-
tron energies between 15 and 50 MeV. These asymmetries
have been converted to analyzing powers by normalizing
in the region of the backward angle maximum of A~(8) as
determined by (i) previous n- He measurements for
E„&19 MeV, (ii) p- He values for E„=19—30 MeV, and
(iii) charge-symmetric n- He predictions based on p- He
phase shifts for E„~30 MeV. These procedures seem
reasonable because both the magnitude and the shape of
the backward maximum of A~(0) are virtually identical

for p-"He and n- He scattering over the entire 15—50
MeV range. Compared to previous n- He measurements,
the present data display significantly improved statistical
accuracy. Scanning the energy dependence of the present
data reveals a similar slight anomaly in the shape at back-
ward angles as in p- He scattering near 30 MeV. ' In the
neutron case it occurs near 28 MeV, roughly compatible
with the energy shift introduced by Hoop and Barschall. '

Having measured the vector polarization of the deute-
ron beam by d-' C elastic scattering, the vector polariza-
tion transfer coefficients, IC~~(E„,O'), have been deter-
mined for the H( d, n )X reactions at Ed ——50 MeV. The
values obtained are in reasonable agreement with the pre-
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