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Polarization Transfer in the Reaction T (p, n) He at 0' for Ep in the Range 3 to 16 MeV
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The polarization of the neutrons has been measured for the reaction T(p, n)~He at 0' for
conditions where the incident beam is transversely polarized. The neutrons were ob-
served to be highly polarized in the same direction as the incident proton spin, with val-
ues of the polarization transfer coefficient IC~~(0 ) ranging from +0.39 to +0.83. B-matrix
calculations using published He level parameters of Werntz and Meyerhof do not agree
well with our measurements.

In this Letter we report the first results for a
triple-scattering-type observable in the reaction
T(P, n)'He, namely, the polarization transfer pa-
rameter at O'. This experiment demonstrates a
large transfer of polarization from the incident
proton to the outgoing neutron in the process. The
data also allow an important comparison to be
made with the analysis of %erntz and Meyerhof'
on the states of 4He.

The reaction was initiated with a transversely
polarized proton beam and the transverse polar-
ization of the outgoing neutrons was measured by
a second scattering from helium. In this way,
the polarization transfer coefficient' K,'(0') was
determined. The coefficient is defined for any
angle (9 in terms of the M matrix by

SC, (8) = [Tr(Mo, 'M 'o, ")]/[Tr(MM')],

where a, is the usual Pauli spin matrix for the
nucleons. A right-handed coordinate system with
the +y axis parallel to k;„&&K,„,has been assumed.
At 0', the y axis is undefined and was taken to
lie in the horizontal plane and to be normal to k;„.
In this reaction, E, '({))is similar to Woifenstein's'
parameter D(8) for nucleon-nucleon scattering,
except that the outgoing particle is different from
the incoming particle. At & =O', E, '(&) depends

only upon triplet-triplet and singlet-singlet chan-
nel spin transitions. For this case, Eq. (1) may
be expressed as

,(,)
2Re[M»*(M«+M„)]

21M„I'+1M i'+fM i"E 0'=

where the singlet (M„) and triplet (M», M«) M-
matrix elements have the form given by Macore-
gor, Moravscik, and Stapp~ for n-P scattering.
Thus K, '(0') is sensitive to few elements of the
scattering matrix and as such will provide new
information on the four-body system.

Experimentally, a beam of polarized protons
produced by the Los Alamos Scientific Laboratory
Lamb-shift polarized ion source' was accelerated
by the model FN tandem accelerator and directed
onto a tritium gas target at a pressure of 4.8 atm
(absolute). The proton spin polarization vector
was oriented parallel to the y axis in the horizon-
tal plane normal to k;„, The y component of the
neutron polarization at 0' was measured by scat-
tering the neutrons from a helium polarimeter.
Briefly, this polarimeter consisted of a 4.8-mole
liquid-helium scintillator operated in fast coinci-
dence with two NE-102 neutron detectors located
at scattering angles 8,(lab) =115' above and below
the helium scintillator. The experimental details
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and data-taking procedures are the same as those
discussed by Mutchler, Broste, and Simmons, '
except that R, =99 cm and R, =R, =30 cm, and the
gold beam-stop target assembly was used. The
asymmetry e, measured by reversing the proton
spin orientation at the ion source, is related to
the neutron polarization P„by the expression e
P„I'„~. A reversal of the proton spin produces

a reversal of the neutron spin according to Eq.
(3) below. I'„,which is the n-n analyzing power
calculated from the phase shifts of Satchler et al. '
and averaged over the finite geometry of the de-
tector system, had values ranging from 0.82 to
0.95. The measured asymmetries were increased
by multiplicative factors f and g related to back-
ground corrections and multiple-scattering cor-
rections, respectively. The quantity f was near
unity with values of 1.025 typically. The multiple
scattering in the liquid helium led to corrections
that were fairly large at low energies, namely,
g=1.25 at E~=3 MeV andg=1. 13 at E~=4 MeV;
the corrections were smaller at higher energy,
namely, 1.02 ~g-1.07 for E~~ 5 MeV. The un-
certainties in these corrections were assumed to
be 3 of the correction.

At 0', the polarization transfer coefficient
E„"(0')is related to the polarization of the proton
beam, P» and to the outgoing neutron polariza-
tion by

P„(0 ) =P,&, '(0 ).

This formula obtains by reference to the formal-
ism of Wolfenstein. ' The polarization of the beam
was measured by an atomic-beam technique' to
+ 0.01 and was typically 0.90. The intensity of the
beam on target varied from 2 to 35 nA, depending

upon the transmission through the tandem.
The experimental values of E, '(0') are plotted

in Fig. 1 as a function of the mean proton energy.
Also shown are two theoretical curves that are
discussed below. The dominant uncertainty in the
coefficients arises from statistical considera-
tions, but also includes uncertainties in the beam
polarization and in the multiple-scattering and
background corrections. As in the earlier polar-
ization transfer measurements in the reaction
T(d, n)4He and the reaction" D(d, n)'He, the values
of K, '(0') are sizable over the whole energy in-
terval, ranging here in magnitude from +0.39 to
+0.83. These values are appreciably greater than
those reported by Robertson et al." in their (P, n)
transfer polarization measurements at 0' for 0„
'Li, and 'I.i targets at 30 and 50 MeV, where
their largest value reported was —0.23. Polar-

ization transfer parameters were also measured
by the Rochester group near 200 MeV for quasi-
elastic scattering in the reaction D(P, e)2P. In
their D geometry, " the magnitude of the mea-
sured parameter was always small ((0.087) in
the 15'-25' angular interval but was 0.269 at L9

=0' as determined from their earlier R-geometry
measurement. " In the latter geometry, however,
the parameter was large at L9 =10'.

Werntz and Meyerhof' (denoted hereafter by
WM) have made an R-matrix analysis of cross-
section and polarization data in the reaction T(P,
n)'He to determine the level structure of 'He.
Their analysis resulted in two solutions, denoted
by WM I and WM II, which are frequently used as
the "experimental" level structure of He. These
solutions are characterized by a common T =0

spectrum together with T =1 spectra which differ
chiefly in the ordering of the J"=1 levels. Vari-
ous experimental and theoretical workers have
published results favoring solutions similar to
WM I""or to WM II""

R-matrix calculations' were. made for the quan-
tity K, '(0') using the WM I and WM II solutions
and these are compared with the experimental
data in Fig. 1. The calculation procedures differ
slightly from WM in treating threshold effects
more accurately, but this does not significantly
affect the results. In the figure, it is seen that
neither curve accurately fits the data. The pre-
dictions of both solutions vary too rapidly with

energy and are too small in magnitude at the high-

+ I.O

C
O

~ ~+0.8-
hC

fL
LLj

+0.6—
X
KI-

+0.4—
O
I-

+0.2—
K

O

I

12
I

14
-0.2'

2 184 6 8 10
Ept MeV)

FIG. 1. Experimental values of the polarization trans-
fer coefficient IC„"(0 ) are plotted as a function of the
mean proton energy. R-matrix calculations using the
two solutions of He level parameters of Werntz and
Meyerhof are compared with the data. The proton en-
ergy range covered in the figure corresponds to 4He

excitation energies between 21.3 and 33.3 MeV.
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er energies. The anomalously rapid energy de-
pendence comes from the positive-parity T'=0
states. One of these levels (J"=2', T =0) was
already considered dubious by WM. Also the re-
duced magnitudes of K, '(0') at the higher ener-
gies may x'esult from incorrect positions of these
7" =0 levels, but probably suggest that the posi-
tive-parity A matrices require contributions from
background levels and scattering states other
than singlet, which were the only ones that WM

included.
The obvious fact that WM II gives a better qual-

itative description of the data than does WM I
requires comment. Our calculations show that
the energy dependence of the predictions calcu-
lated from Eq. (2) is dominated by the relative
Phase of M» and M«+M„. [For instance, WM I
predicts K„'(0 ) =0 at =9 MeV because the rela-
tive phase is m/2. ] As a result, the shapes of the
curves turn out to be especially sensitive to the
relative positions and widths of the T =0 and
T =I levels. Indeed, the uncertainty in the level
parameters (T =0 in particular) could cause vari-
ations in the oalculated values at least as large as
the observed difference between the predictions
of WM I and WM II. Therefore, we feel that the
difference between the predictions of this observ-
able for the two solutions is not significant.

Thus it appears that this new observable, which
the WM 4He level parameters do not describe
very well, may provide a sensitive test of the
relations of T =0 and T =1 levels in the A =4 sys-
tem. We feel that a reliable determination of the
level structuxe of 4He will only come from a com-
prehensive multichannel analysis of the four-body
system. Such an analysis using the same charge-
independent 8-matrix approach that WM used is
currently under way at this laboratory.

The authors have benefited from informative
discussions and correspondence with Professor
Werntz relative to his earlier calculations. We
also express our appreciation to Dr. J. L. Mc-
Kibben for help with the polarized beam and to
Mr. J. C. Martin for his assistance with the ex-

periment.

*Work performed under the auspices of the U. S. Atom-
ic Energy Commission.

)Visiting staff member from Ohio State University,
Columbus, Ohio 43210.

C. Werntz and W. Z. Meyerhof, Nucl. Phys. A121,
38 (1968).

The notation is adapted from the paper of C. Schu-
rnacher and H. Bethe, Phys. Rev. 121, 1534 (1961).
The lower index of E„"(8) indicates the component of
the incoming spin polarization vector while the upper
index indicates the component of the outgoing spin po-
larization vector. This notation was also employed for
the reaction D(d, n)3He by Z. E. Simmons, W. B. Broste,
G. P. Lawrence, J. L. McKibben, and G. G. Ohlsen,
Phys. Bev. Lett. 27, 113 (1971).

L. Wolfenstein, Annu. Rev. Nucl. Sci. 6, 43 (19M).
4M. H. MacGregor, M. J. Moravscik, and H. P. Stapp,

Annu. Rev. Nucl. Sci. 10, 291 (1960). Table II, p. 306,
gives the form of M&& in terms of transition elements.

G, P. Lawrence, G. G. Ohlsen, and J. L. McKibben,
Phys. Lett. 28B, 594 (1969).

66. S. Mutchler, W. B. Broste, and J. E. Simmons,
Phys. Rev. C 3, 1031 (1971).

Q. B. Satchler, L. W'. Owen, A. J. Elwyn, G. L. Mor-
gan, and R. L. Walter, Nucl. Phys. A112, 1 (1968).

Q. G. Ohlsen, J. L. McKibben, G. P. Lawrence,
P. W. Keaton, Jr., and D. D. Armstrong, to be pub-
lished.

W. B. Broste, G. P. Lawrence, J. L. McKibben,
G. G. Ohlsen, and J. E. Simmons, Phys. Bev. Lett. 25,
1040 (1970).

Simmons, Broste, Lawrence, McKibben, and Ohlsen,
Ref. 2.

L. P. Robertson, B. C. Hanna, K. Bamavataram,
D. W. Devins, T. A. Hodges, Z. J. Moroz, S. J. Hoey,
and D. J. Plummer, Nucl. Phys. A134, 545 (1969).

D. Spalding, A. B. Thomas, and E. H. Thorndike,
Phys. Rev. 158, 1338 (1967).

3N. W. Beay, E. H. Thorndike, D. Spalding, and A. B.
Thomas, Phys. Rev. 150, 801 (1966).

D. H. McSherry and S. D. Baker, Phys. Rev. C 1,
888 (1970).

~P. P. Sxydlik, Phys. Rev. C 1, 146 (1970).
8W. E. Meyerhof, M. Suffert, and W. Feldman, Nucl.

Phys. A148, 211 (1970).
B. R. Barrett, Phys. Hev. 154, 955 (1967).
These calculations were made using the computer

code EDA programmed by K. Witte.


