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Angular distributions of the polarization transfer coeAicients E"„'(8),E", '(0), E~(0), and the polarization

P(8) in the reaction 'H(p, n)'He have been measured for proton energies of S.97 and 9.9 MeV. The
measurements of polarization transfer were done with an incident polarized proton beam. The
polarizations of the neutrons were measured with a liquid helium polarimeter. Comparisons are made
with R-matrix calculations based on the levels of 4He from the analysis of %'erntz and Meyerhof.

NUCLEAR REACTIONS H(p, n) He, E =5.97 and 9.9 MeV; measuredpolariza-
tion P(8), and polarization transfer K"„{0),K~ (8), and K, (8).

I. INTRODUCTION

In this paper we report on further results of
polarization and polarization transfer in the re-
action 'H(p, n)'He. The motivation for the mea-
surements was to provide additional information
concerning polarization effects in this reaction
at lower excitation energies in 'He than was pre-
viously reported. ' The prior data at 13.55 MeV
corresponded to an excitation energy in He near
30 MeV. The proton energies of 5.97 and 9.8V

MeV correspond to excitation energies of about
24.3 and 27.2 MeV, where the comparisons with
theory are more valid as indicated in Ref. 1.

Data of this type are interesting from a number
of points of view. First, the data allow further
comparisons to be made with A-matrix calcula-
tions based on the levels of 'He from the analysis
of 'H(p, n)'He by Werntz and Meyerhof' (hence-
forth referred to as WM). The previous com-
parisons'' ' of data for this reaction with A-ma-
trix calculations based on the WM levels have
indicated that some modification is necessary in
their level structure of 'He. Secondly, by com-
bining data for a number of different observables
from the 'H(p, n)'He reaction with data from other
reactions involving He, it is hoped that a multi-
channel A-matrix' analysis will yield a more re-
liable set of levels for 4He. Such an analysis has
been started at this laboratory. ' Thirdly, a cal-
culation of observables of the four-nucleon system
has been made by starting from a given nucleon-
nucleon interaction and solving the Schrodinger
equation using variational methods. Data of the
type we report here will serve to test the as-
sumptions used in this type of calculation.

II. EXPERIMENTAL METHOD AND DATA REDUCTION

In the measurement of polarization transfer a
polarized proton beam was used which was pro-.

duced by the Los Alamos Lamb-shift polarized ion
source and accelerated by an FN tandem accel-
erator. The magnitude of the proton polarization
was typically 0.90 and was measured by an atomic
beam technique' to an accuracy of +0.015. For
measurement of the polarization [P(e)] of the out-
going neutrons the incident beam was unpolarized.
The experimental details, nomenclature, and data
reduction procedures are the same as in the pre-
vious paper. ' %e present here only a brief sum-
mary of essential points. A complete discussion
of experimental details may be found elsewhere. "

The proton beam impinged upon a cylindrical,
stainless steel target (8 cm in length by 0.9 cm
diam) pressurized with gaseous tritium to 4.8
absolute atmospheres. The entrance foil to the
target was a 9.8 mg/cm' molybdenum foil plated
with 2.4 mg/cm2 nickel. The beam was stopped in
the end wall of the target cell which was 0.48 mm
of gold.

The polarizations of the neutrons were measured
by a liquid helium polarimeter which consisted of
a 4.8 mole liquid helium scintillator operated in
fast coincidence with two NE-102 plastic scintil-
lators positioned at laboratory scattering angles
of 115' above and below the helium scintillator.
%e define the scattering geometry by two frames
of reference each forming an orthonormal basis.
For both frames the vertical y axes were parallel
to each other and to k, x k& where k, and k& repre-
sent the initial (proton) and final (neutron) labora-
tory directions of motion. The laboratory-initial
frame (x, y, z) was then defined by z pointing along
the direction of the incident proton beam. The
laboratory-final frame (x', y', z') was defined by
z' pointing in the direction of the emitted neutron
at the laboratory angle 8. To measure the y com-
ponent of neutron polarization a spin precession
solenoid was used. The solenoid provided a
longitudinal field whidh precessed the neutron

10



POLARIZATION AND POLARIZATION TRANSFER IN THE. . .

TABLE I. Polarization-transfer functions for the
reaction 3H{P,s)3He at E& —-5.97 and 9.9 MeV. E& is the
proton laboratory energy at the target center with an
indicated uncertainty that is half the energy loss in the
tritium gas.

~hb

{deg)

Ep =5.97+0.09 MeV

15.3
30.3
41.0
45.3
60.3
80.3

0.639 + 0.030
0.526+ 0.031
0.280 + 0.028

0.155+ 0.050
0.589+ 0.067

-0.237 ~ 0.027
-0.451 ~ 0.031
-0.494+ 0.027

-0.281+ 0.062

0.652+ 0.032
0.598+ 0.036

0.372 + 0.042
-0.148+ 0.040
-0.141+0.066

E& ——9.94+0.06 MeV g&-9.87p0.06Mey

0.3
15.3
30.3
45.3
60.3
80.3

100.3

0.737+ 0.025
0.712 + 0.034
0.555 + 0.035
0.247 + 0.029
0.082+ 0.027
0.147+ 0.031
0.301+ 0.052

-0.017+0.033
-0.252 + 0.035
-0.411+ 0.037
-0.406+ 0.029
-0.269+ 0.026
-0.143~ 0.032
-0.500+ 0.054

0.642 ~ 0.037
0.734 + 0.046
0.608+ 0.060
0.310+ 0.054
0.025 + 0.056

-0.078+ 0.044
0.078 + 0.090

~ For these data E& =9.94+0.06 MeV.

spin + 90' about its direction of motion, thus
rotating the y component into the horizontal plane.
When the solenoid was not energized, the polari-
meter measured directly the x' component of neu-
tron polarization. In this ease neutron spin po-
larization reversal was accomplished by reversal
of beam polarization at the ion source. Further
details describing Se polarimeter are given ln
Ref. 12 with the modifications that B,=99 cm and

B,=B,= 34.3 cm. B, corresponds to the distance
from the tritium target cell center to the helium
cell center. B, and B, are the distances from the
helium cell center to the centers of the NE-102
scintillators. At a distance of By 99 cm the
helium cell subtends an angle of 68 =3.6' (full
width).

For each of the observables an asymmetry e&
=(N+ —N )/(N+ +N ) was measured. The quantities
E, and N represent the combination of signal
plus background corresponding to neutron spin
parallel (+) or antiparallel (-) to the normal to
the n-a scattering plane (which was parallel or
antipara. llel to the x' direction in the final frame
of reference). In general two cycles of +- —+

were performed to reduce the effect of electronic
drifts. The measured asymmetry was increased
by multiplicative correction factors f, g, and h

corresponding to corrections for background,
multiple scattering, and finite geometry. The
resulting corrected asymmetry e= fgh e„was then

divided by the n-n analyzing power at 115' lab to
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FIG. 1. H(P, n) He polarization transfer data. The
curves are R-matrix calculations based on the %'erntz
and Meyerhof analysis. The dashed curve corresponds
to calculations based on solution I and the solid curve on
solution II.

obtain the final neutron polarization. The n-o.
analyzing powers were obtained from the phase
shifts of Satchler ef. aE." To obtain the polariza-
tion transfer observables, K; and E;, the final
neutron polarization was divided by the incident
proton beam polarization. The parameter E"„was
calculated according to Eqs. (3) and (4) of Ref. I
with the 'H(p, s)~He analyzing power values of Ref.
5. The errors in the observables were computed
by adding in quadrature the statistical uncertainty
in the measured asymmetry plus the uncertainty
in the correction factors. An uncertainty of df
=+2(f —I)/3 was ascribed to the background cor-
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rection. The uncertainties in g and A, were taken
to be kg=a(g-1)/3 and rgg=s(h-1)/3. For the
angular distribution at 5.97 MeV the correction
factors ranged in value (for increasing laboratory
angle) as follows: f(3 -11%),g(8-33%), h= 4.5%.
At 9.87 or 9.94 MeV the correction factors had the
following range of values: f(3-10%),g(4 8.3%),
a= 4%.

III. RESULTS AND DISCUSSION

The experimental values of the transfer observ-
ables are given in Table I. The errors in the data
are standard deviations and include the statistical
uncertainty and the stated uncertainty in the cor-
rection factors. Not included is the uncertainty
in the beam polarization or the n-n analyzing
power.

In Fig. 1 are shown the polarization transfer ob-
servables. Also plotted in the figure are 8-matrix
calculations" based on the levels of 'He from the
analysis of 'H(p, s)'He by WM. ' Their analysis
included differential cross section and polarization
data and resulted in two sets of levels for 'He
which they designated as solutions I and II. In
the figure the dashed line corresponds to the cal-
culations based on solution I and the solid line on
solution II. Figures 1(a) and l(b) show the re-
sults for K", at 5.97 and 9.87 MeV. At 5.97 MeV
both solution I and II reproduce the shape of the
angular distribution reasonably well. At 9.87 MeV
the calculations based on solution I deviate con-
siderably from the data for angles less than 40'.
Figures 1(c) and 1(d) show the results for K*, at
5.97 and 9.94 MeV. At both energies the calcula-
tions describe the qualitative shape of the angular
distribution but quantitative agreement is lacking.
Figures 1(e) and 1(f) show the results for K*, at
5.97 and 9.94 MeV. At 5.97 MeV both solutions
describe the shape of the angular distribution;
homever, at 9.94 MeV solution I again deviates
considerably from the data predicting thewrong
sign for K, for angles less than 30'.

At zero degrees K; (0') =K"„( )0by rotational
symmetry. At this angle these observables are
measured to be about 70% of their maximum value,
which represents a large transfer of polarization
from the incoming proton to the outgoing neutron.
For K," these large effects exist also at large
laboratory angles as can be seen in Fig. 1(e)
where IP, (80') is measured to be about 80% of its
maximum value at E~=5.97 MeV.

Experimental values of the polarization data
are given in Table II. The error analysis mas the
same as for the transfer observables. These
polarization data were compared with theory and

TABLE II. Polarization function for the reaction
3H(p, n)3He at E& -—5.97 and 9.87 MeV. E& and the un-
certainty thereon are defined in Table I.

ebb
(deg)

E& =5.97+0.09 MeV E& =9.87+ 0.06 MeV

0.3
15.3
30.3
33.9
45,3
60.3
80.3

100.3

-0.074 + 0.016
-0.181+ 0.019

-0.198+ 0.023
-0.067 + 0.023

0.191+0.032

0.008+ 0.014
-0.152+ 0.017
-0.239 + 0.020
-0.264 ~ 0.017
-0.252 + 0.021
-0.133+0.021

0.001 + 0.018
0.201+0.027 ~

For these data E& =9.94+0.06 MeV.

IV. CONCLUSION

The present measurements have revealed large
effects in the transfer of polarization from the
incoming proton to the outgoing neutron. The
comparison of these data with calculations based
on the WM level structure of 'He has shown that
both solution I and II describe the observables
K„and K", reasonably mell at 5.97 MeV, but they
are not described well by solution I at 9.94 MeV.
The qualitative shape of K' is described by both
solutions at 5.97 and 9.94 MeV, but quantitative
agreement is lacking. The conclusion of the pres-
ent comparison is consistent with previous con-
clusions from comparisons of data from this re-
action with 8-matrix calculations based on the
WM levels of 'He. %ith these data and experi-
ments mentioned above a considerable body of
new information on the 'He compound state has
appeared. %e would like to emphasize the need
for further analysis of the four body system which
mould consolidate the present state of knowledge
and indicate the direction for future experimental
work.

experiment in a separate paper. ' %'e note here
that the %M solution II gives a qualitative de-
scription of the polarization function at 5.97 and
9.87 MeV; however, it underestimates the magni-
tude of the large negative values near 40' (lab).
The WM formulation does predict the near equality
of the polarization and analyzing power as is found

experimentally at these energies. ' Neutron po-
larization data have been measured by others"
at 6 and 10 MeV using similar experimental tech-
niques. The magnitudes of those data tend to be
somewhat smaller than those of the present data.
This discrepancy is not understood.
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