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The polarization-transfer coefficients X~(0), K"„(8),and K" (8) in the reaction T(P, n)SHe
have been measured for seven laboratory angles between 15 and 120 at E& =13.55 MeV. At

E& = 8.94 MeV, K"„(30')and K", (30') were determined. In addition, the polarization function,
P (B), was measured at 13.55 MeV. The previously reported polarization-transfer data at 0'
as a function of energy are given here in more detail. Comparisons are made withe-matrix
calculations based. on the analysis of Nerntz and Meyerhof.

I. INTRODUCTION

A recent study' of polarization transfer at 0' in
the reaction T(P, n)'He provided new information
on the spin dependence of this charge-exchange
reaction. The data were compared with calcula-
tions based on the charge-independent R -matrix
parameters of Werntz and Meyerhof' (also re-
ferred to as WM) a,nd it was found that neither of
their two parameter sets was able to account very
well for this new observable. Since the poles of
the R matrix are often interpreted as unbound lev-
els of the compound nucleus, some modification
was therefore indicated in the experimental level
structure of 4He.

This paper is concerned with an extension of the
previous data in the reaction T(P, n)'He at 0' to
angular distributions of the polarization-transfer
functions. The chief objective was to accumulate
new data relating to the spin-dependent amplitudes
for this process. Such data will be used directly
in the R-matrix analysis of the four-body problem
by Dodder and Hale' of this laboratory. Further
comparisons also become possible with the WM

analysis, which was directly concerned with the
T(P, n)'He process.

We chose E~ =13.55 MeV as the laboratory bom-
barding energy for the majority of the measure-
ments for several reasons, in spite of the fact
that it was somewhat high for best comparisons
with WM. First a considerable amount of precise
data has been accumulated at 13.60 MeV on the
T+P system by Detch et al. In addition, this en-
ergy allows good beams to be extracted from the
tandem accelerator, and is better than lower en-
ergies in that the magnitude of multiple-scattering

corrections in the liquid-helium polarimeter de-
creases with increasing neutron energy.

Relatively few other measurements of this kind
have been made on low-energy (p, n) reactions.
To our knowledge the only prior work in this cat-
egory is that of Robertson et al.' They made po-
larization-transfer measurements at 0 for the
reactions D(p, n)2P, 'Li(P, n)'Be, and 'Li(P, n)'Be
at 30 and 50 MeV. The polarization-transfer co-
efficients measured were relatively small in mag-
nitude. The larger effects were of negative sign
in the p+D process, which presumably is a mani-
festation of the p-n quasifree scattering.

For completeness, the results of the previously
reported Z'„(0')measurements for the T(p, n)'He
reaction are presented in tabular form. The large
values noted for this parameter imply that this
reaction is an excellent source of polarized neu-
trons.

II. FORMALISM

The T(P, n)'He reaction has a spin structure
formed of two spin--', particles each in the initial
and in the final states. In this respect, it is com-
parable to the nucleon-nucleon (N N) problem wit-h

the exception that symmetries arising from charge
independence and time reversal are absent. In
this section we review briefly the geometry of the
reaction and pertinent aspects of the spin formal-
ism.

The laboratory scattering geometry is shown in
Fig. 1. We make use of two frames of reference;
the incident laboratory frame is defined by the
orthonormal basis x, g, 0 while the final or scat-
tered frame is described by the orthonormal ba-
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sis %', g', 2'. The two frames have a common y
axis g' =g =8, where 8 is the normal to the scat-
tering plane defined by it =%, &&@/~ k, &&/~, where

k,. and %& are the incident and final directions of
motion of the nucleons in the laboratory system.
The axes Z and g' are taken along %, and kv, re-
spectively. For these experiments the reaction
plane was the horizontal plane.

The relationship between incident and final po-
larization vectors was given by Wolfenstein' for
the case of N-N triple scattering. His formulas
apply equally well to the present case which we
describe as transfer of polarization from the in-
cident proton to the outgoing neutron. Let the po-
larization vector of the incident proton beam be
described by p, = (p,„,p,.„,p, ,), and similarly let
the polarization of the final neutron flux at the
laboratory angle 8 be denoted by p~

= (PI„,p~...
pz, ). The final polarization is related to the in-
cident polarization by the Wolfenstein equations,
which read in a somewhat different notation:

I(e)p„,=I,(s)[p,„K"„'(e)+p.,,K (8)),

1(8)p,„=i,(e)[P(8)+p„K„(e)],
I(s)p,;='f, (e)[p,„K„"(8)+p „K",(8)],

with
I(e) =1,(8)[1+p, „a(e)].

(1)

(2)

(3)

(4)
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FIG. l. Illustration of laboratory coordinate systems.
The initial frame of reference is defined by. the ortho-
normal basis x, g, 8; the final frame of reference is
similarly defined bye', y', Z, with g=g'.

In these formulas the following definitions hold:
8 is the laboratory angle' of the neutron, I(8) and
I,(8) are the polarized and unpolarized differential
cross sections, respectively, P(8) is the polariza-
tion function, and A(8} is the analyzing power.
The functions K„'(8), etc. , represent transfer of
polarization from the incident proton component
(lower index} to the final neutron component (up-
per index). This notation is modeled after that of
Schumacher and Bethe. ' An attempt is being made
here to achieve a more rational notation for these
processes and one that is consistent with the Madi-
son convention. ' The parameters K~, K"„,K", ,
K, , and K; are directly analogous to the triple-
scattering parameters of Wolfenstein D, R, 'A,

R', and A', respectively. Further discussion is
given in Appendix A justifying the use of the Wolf-
enstein equations of the N-N problem in the reac-
tion T(p, n)'He.

The various spin-polarization observables of
the reaction T(p, n)'He may be related to the reac-
tion amplitude through the M matrix. MacGregor,
Moravcsik, and Stapp" have given the general
form which is applicable to our cases (see also
Appendixes 8 and C). M is assumed to be a func-
tion of the c.m. scattering angle, and incident en-
ergy, such that the operations given below yield
the polarization-transfer coefficients at the cor-
responding angle in the laboratory system. The
definitions of interest here are the following:

K"„(8)= Tr(Mo„Mto&„)/TrMMt,

K„"(8) = [coseTr(Mo,„,M~oz„,)

+ sine Tr(Mo'. ..Mte&, ,)]/TrMM~I,

K; (8) = [-sine Tr(Mo,„,Mtoz, , )

+ cos8 Tr(Mo;, ,M~oz„,)]/TrMMt.

(5)

III. EXPERIMENTAL PROCEDURE

The Los Alamos Lamb-shift polarized ion
source" produced the polarized proton beam
which was accelerated by an FN tandem acceler-
ator. Beam currents on target averaged 96 nA
with average polarization of 0.8S for the polariza-
tion-transfer runs at 13.55 MeV. The improve-
ment in intensity was due partly to increased out-
put of the source and partly to good transmissi. on
through the tandem accelerator. The magnitude
of proton polarization was determined by an atom-
ic-beam technique" which for the present experi-
ment is believed accurate to +1.5%. The direction
of this polarization was controlled at the source by
a spin precessor; however, complete reversal of
the spin direction was accomplished by reversing
the fields in the spin filter and argon cell de-
scribed in Ref. 11.

Other experimental details and data-collecting
procedures have been described at length else-
where. " The modifications used in these mea-
surements and a brief summary of the method are

The a's here are the usual Pauli matrices. As is
noted in Appendix C, the sine and cosine compo-
nents arise in expressing the incident polarization
vector in the final laboratory frame of reference.
The polarization function and the analyzing power
also appear in Eqs. (2) and (4), and their defini-
tions in terms of the M matrix are

P(8) = Tr(MME&, )/TrMM~,

A(8) = Tr(Mv, „Mt)/TrMMt.
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as follows: The proton beam impinged on a 3-cm-
long tritium gas target maintained at 4.8 absolute
atm. The entrance window was a 9.8-mg/cm'
molybdenum foil plated with 2.4 mg/cm' nickel so
that it could be soft-soldered to the target cell.
The beam was stopped by 0.48 mm of gold which
also served as the end wall of the tritium cell.

The polarization of the outgoing neutrons was
determined by scattering them in a helium polar-
imeter which consisted of a 4.8-mole liquid-heli-
um scintillator, denoted as S1, operated in fast
coincidence with either of two NE-102 plastic
scintillators, denoted as S2 and S3. Accidental
coincidences were determined concurrently and
were later subtracted from the spectra. The liq-
uid-helium scintillator subtended an angle of b, 0
=2.08 which was the full angular spread over
which these measurements were averaged. The
dimensions of S2 and S3 were 5.1 cm in 68 by 19
em in hQ. The plastic seintillators were posi-
tioned above and below the helium sample at n-n
scattering angles of 115'. Associated with the po-
larimeter was a spin-precession solenoid. %hen
the solenoid was off, the polarimeter measured
the x' component of polarization of the neutron.
The solenoid could also be energized such that the
neutron's spin was rotated by +90' about the z'
axis. The y component could thereby be rotated
to the horizontal plane and measured. Details of
the polarimeter were given in Ref. 13 with the
modification that R, = 99 cm and R, =R, = 30 cm.

For each of the polarization parameters an
asymmetry e was measured. Aside from correc-
tion factors, e is related to p&, which is either
the final x' component of neutron polarization or
the final y component, by

e =P&P(n n, 115'), -

where P(n-n, 115') is the n-o. analyzing power at
115'.

Experimentally, e is determined from the usual
expression e =(N, -N )/(N, +N ), where N, and
N represent true signal events. For measure-
ment of pz, the asymmetry was obtained by pre-
cessing the outgoing neutron spin into the+x' direc-
tion to give N„and into the -x direction to give
N . For measurement of pz„.the asymmetry was
obtained by reversing the incident beam polariza-
tion, p, , with the spin-precession solenoid off. In
the case of K,*, for example, Eq. (1) explicitly
shows that p&„,is reversed when p,. is reversed.
The quantities N, and N therefore correspond
directly to opposite signs of outgoing neutron po-
larization. In all measurements, cycles of + ——+
were performed to reduce the effects of electronic
drifts. Furthermore, the two asymmetries mea-
sured, one for the S1-S2 system and one for the

S1-S3 system, were combined in geometric aver-
age to further reduce spurious asymmetries.

The polarization vector of the incident proton
beam at the target was oriented along the + or -x
direction for the determination of K„(8),along
the + or -0 direction for K", (8), and along the +g
direction for K', (8) and A(8). In the measurement
of P(8), the protons were unpolarized.

IV. DATA REDUCTION
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FIG. 2. Smoothed representations of correction fac-
tors for background (f), multiple scattering (g), and
finite geometry (h). The squares represent 0 back-
grounds .

The experimentally measured asymmetries were
increased by multiplicative factors f, g, and h

for background, multiple-scattering, and finite-
geometry corrections, respectively. The latter
two factors were functions chiefly of the neutron's
energy, whereas f varied with the incident beam
energy and the neutron production angle. The val-
ues used for these other factors are given in Fig.
2, and are discussed below.

All the correction factors were determined after
the experimental spectrum had been well de-
scribed by a Monte Carlo simulation of the experi-
ment. The simulation was done with a Los Alamos
Scientific Laboratory code'4 modified to include
the experimental resolution which was treated as
a folding function. In addition, consideration was
given to the fact that the light output of the helium
scintillator was not directly proportional to-the
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FIG. 3. Typical Q. -recoil pulse-height distx'ibutions.
Each panel is labeled by the incident proton energy and
lab angle. The bracketed interval of the peak represents
the signal region. The dot-dash curve represents the
estimate of background, while the dashed curve repre-
sents the doumy scattered (v=2) events from a Monte
Carlo calculation, shifted to lower channel number as
described, in the text.

n-recoil energy. In particular, one n recoil with

energy E„gavemore light than two n recoils each
with energy —,'E„.The result was that the double-
scattered events were shifted to lower pulse
heights relative to the single-scattered events
and the triple relative to the double. For ease of
calculation, the entire spectrum of double-scat-
tered events was shifted by a constant value rela-
tive to the single-scattexed events and the entire
triple-scattered spectrum by the same value rel-
ative to the double. This procedure is exact i.f
the light output of the scintillator is linear with
n-recoil energy, that is, I- = aE„-b. The con-
stant 5 is then the amount of the shift and in prac-
tice was taken from a linear approximation to the
response function of 81. This procedure gives an
overestimate of the shift; however, it is believed
that an improvement in the simulation of the ex-
perimental spectrum was obtained in this way.

Backgrounds were drawn in by hand as in Ref.
13 aftex the spectrum had been well fitted by the
Monte Carlo calculation. An uncertainty of b.f
=+)(f -1) was ascribed to the background correc-
tion and became a significant uncertainty in the
measurements at angles greater than 60'. The
largest value off was 1.4 at 8 =120'. Target-
empty runs indicated the background to be unpo-
larized. An additional background of unknown ori-
gin not observed in the target-empty runs was al-
so assumed to be unpolarized.

The multiple-scattering correction factor, g,
was taken from the Monte Carlo simulation. In
view of the uncextainties in the shifting procedure,
primarily, an uncertainty of bg =+-,'(g -1)was as-
cribed to this factor. In all cases the statistical
uncertainty ing was less than ~. The finite-
geometry correction factor h was taken from the
single-scattered events in the Monte Carlo sim-
ulation.

In Fig. 3 four representative spectra are given
to illustrate the quality of the data, the Monte
Car].o description of it, and the assumed back-
ground. The spectrum at 100' at 13.55 MeV cor-
responds very nearly to the same neutron energy
as the 0' spectrum at 6 MeV. The much higher
background of the former arises primarily from
neutrons produced ln the metal of the target.

To improve the ratio of these events to back-
ground and to minimize the multiple-scattering
corrections, the asymmetries were calculated
for that part of the peak which was approximately
within the full width at half maximum as denoted
by the arrows in Fig. 3. These asymmetries
agreed with ones calculated from the full peaks
when the appropriate correction factors were ap-
plied for background and multiple scattering.
Thus we have confidence in our correction factors
at least to the accuracy quoted.

The components of neutron polarization were
extracted from the corrected asymmetries ac-
cording to Eg. (10), using values of P(n a, 115')-
calculated from Satchler et a/. " Finally, polar-
ization transfer coefficients were calculated fx om
these components and from the beam polarization
according to Eqs. (1)-(4).

V. RESULTS AND DISCUSSION

A. Data atEp=13.55 MeU

The experimental values of the polarization
function and the transfer functions are given in
Table I. The values of A(8) needed to calculate
E', were taken fx om an independent experiment to
be reported elsewhere. " The errors are standard
deviations and include statistical uncertainties as
well as uncertainties in the correction factors.
The uncertainty in the beam polarization, where
appropriate, is not included; we estimate +1.5%
error from this cause as systematic error. Like-
wise, uncertainty in the n-He analyzing power is
not included.

Figure 4, shows a comparison of our results for
P(8) at 13.55 MeV (closed circles) with experi-
mental data of two other groups at nearby ener-
gies. The open triangles Show the dRtR of %Rlter
eg al."at 12 MeV; the agreement is quite reason-
able. Also shown are the published data of Alek-



seev e g al."at 12.2 and 14.5 MeV as open squares
and diamonds, respectively. The experimental
method of both groups was based on a high-pres-
sure helium-gas scintillator with precession so-
lenoid. At 15 the data of Ref. 18 have significant-
ly smaller values than ours; otherwise the com-
parison is satisfactory. In fact, all the data are
reasonably consistent, and indicate that the po-
larization function varies slowly with energy in
this region. Also shown in Fig. 4 are theoretical
curves from the formulation of WM. The curves
reproduce the qualitative nature of the data, but
lack quantitative agreement, . We return to this
comparison below.

In Fig. 5 are shown the experimental results
for the polarization-transfer parameters K~, K",
and K", as functions of 8 at 13.55 MeV. In this
case, there are no other data with which to com-
pare. There are some geometrical considerations
that bear mentioning. If the process were pure
P-n charge exchange in the absence of spin inter-
action, the neutron might be expected to retain
the spin polRrization of the incoming proton. Our
measurements at 0 show that this is not true,
since at this energy K,' =0.52, .which however, is
not a small value. K', is approximately constant
out to 30', but goes down significantly at 45'. Un-

der the supposition above, K"„andK", would rep-
resent the geometrical components of initial po-
larization proportional to cos8 and -sin8, re-
spectively. These components are shown in Fig.
5 multipbed by the factor 0.52. One observes
that the expected geometrical behavior does per-
sist out to =30', where well-marked deviations
begin to occur.

In Fags. 4 and 5 compansons are made to R-
matrix calculations'9 based on the charge-inde-
pendent analysis ot Werntz and Meyerhof (their
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two solutions are denoted as WM and WMII).
Their analysis used I egendre coefficients rep-
resenting existing T(p, n)'He differential-cross-
section and polarization data to provide informa-
tion on the 7.'=0 states of He, together with p-'He
phase-shift analyses from various sources as in-
put concerning the T =1 levels. T(p, n)'He polar-
ization information was used up to E~ =12.2 MeV,
representing an excitation in the compound nu-
cleus ~He of 28.96 MeV. On this basis we would
expect to see a reasonably good comparison with
the T(p, n)'He polarization data at 13.55 MeV,
since P(e) is not changing rapidly with energy.
Figure 4 shows this comparison. The solutions
WMI and WMII differ little from each other and
give a qualitative Recount of the shRpe of the dRtR.
At forward angles the curves are about a factor
of 2 low relative to the data. The deviation is not

0

-0.2-

20 40 60 80
e~, b (deg)

IOO

0,+—
-0.52 Sins

8 (dog)
l20

FIG. 4. T(p, n)3He polarization data at 13.55 MeV and

comparison with experiments at nearby energies. The
experimental data are identified as follows: (0) this
work; g) Walter etal. (Ref. 17), 12.0 MeV; (Cl) Alekseev
etal. (Ref.. 18), 12.2 MeV; (&&) Alekseev etig. (Ref. 18),
14.5 MeV. The curves represent R-matrix calculations
based on the Werntz'and Meyerhof (WM) analysis.

FIG. 5. T(p, e)3He polarization-transfer data at 13.55
NeV for K"„(toppanel), E" (middle panel), and IP,
(lower panel). The points at 0' (open squares) are inter-
polated from the 0' data of Table G. Also shown are 8-
matrix calculations based on the Werntz and Meyerhof
(VVM) analysis, and geometrical components.
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E& =8.94 MeV
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FIG. 6. Polarization-transfer data in the reaction
T(p, n)SHe at 8.94 MeV for X„' (left side) and E.", (right
side). Comparisons with calculations based on the
Werntz and Meyerhof (WM) analysis are also shown.

fully understood; presumably it indicates need
for change in the WM level parameters.

Figure 5 shows the comparison between WM and
the polarization-transfer functions. At forward
angles the magnitudes of the predictions of WMI
and WMII are less than experiment, although in
every case WMII lies closer to the data. At back-
ward angles the data show a tendency to form a
peak; WMII reproduces this trend although gen-
erally shifted toward smaller angles. There is a
discernible trend for WtNII to reproduce qualita-
tive features of the data, WMII more so than WMI.
Quantitatively, the agreement is not good; how-
ever, it must be remembered that the compari-
sons being made here represent an extrapolation
of =1.5 MeV above the range in which data were
used by WM.

B. Data at E& =8.94 MeV

At the end of the runs at 13.55 MeV it was pos-
sible to obtain two data points at 8.94 MeV for
K"„andK; at 30'. These are given in Table I.
They are also shown in Fig. 6 with additional data
at 0' from K,"[K„'(0')=K "„(0')],and compared with
the WM predictions. In the case of K"„alarge
separation between the predictions for WMI and
WMII occurs, with WMII being much closer to
these small-angle data. In the case of K", both
predictions have values much smaller than that
required by the single datum at 30'. This energy
is well within the range covered by WM, and it
may be that further effort on analysis and experi-
ment at this energy would be profitable in under-
standing the 4He problem.

C. Tabulation of Data on IP~(0')

In Table II we document the data of our prior
communication' on K, at 0' as a function of energy.
Given in the table is information on neutron ener-
gy, proton polarization, p,„,measured asymme-
try, e„,measured neutron polarization, pf y

as
well as the final values of K"„(0').The background
correction factor f was quite small for these data
compared to results of large-angle measurements
at E~ =13.55 MeV of comparable neutron energy.
This is illustrated in Figs. 2 and 3 where pulse-
height distribution and correction factors are
shown. These data were also compared earlier
with the predictions of WMI and WMII to which
we allude briefly here. At low energy, 3 & E~ & 6
MeV, both solutions were in accord with the data.
As the energy is increased both solutions show a
more rapid energy variation than the data with

TABLE I. Polarization-transfer functions and the polarization function for the reaction T(p,n) He.

{deg)

15
30
45
60
80

100
120

+0.505+0.026 b

+0.464+ 0.031
+0.156+0.033
+0.070 +0.026
+0.038 +0.021
+0.247 +0.042
-0.058 +0.041

Ep =13.55+ 0.05 MeV

-0.138 +0.025
-0.297+ 0.028
-0.332 +0.033
-0.211+ 0.026
-0.065 +0.028
-0.209+0.039
-0.390 +0.068

, +0.584 + 0.039
+0.429+ 0.034
+0.124 +0.042
+0.004+ 0.037
-0.071 + 0.040
+0.045 + 0.066
+0.218 +0.123

-0.143+ 0.023
-0.216 + 0.017
-0.229+ 0.027
-0 .139+ 0.021
-0.033 + 0.014
+0.122 + 0.031
+0.162+0.064

30 +0.585+0.042

E&=8.95 + 0.07 MeV

-0.529 +0.042

The uncertainty in energy is the half energy loss in the tritium gas cell.
Errors are standard deviations and include contributions from statistics, and correction factors from background,

multiple scattering, and finite geometry. Not included are contributions from incident beam polarization or P„«.
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WMI departing markedly from the data, and going
negative in fact at E~ = 9 Me V. This behavior was
thought to be significant chiefly in demonstrating
a sensitivity to the level structure of «He, rather
than allowing a choice between the solutions I
and II.

D. Utility as a Source of Polarized Neutrons

The T(p, n)'He reaction is a primary source of
neutrons at low energies (1-10 MeV) owing to its
high 0' cross section, especially in the lower part
of this range, and its relative freedom from back-
ground neutrons. With an unpolarized proton beam
incident, polarized neutrons may be obtained at
angles of =35', where the cross section is lower
than at O'. Walter' has reviewed this process as
a polarized neutron source, and he notes that
above E„=3MeV the neutron polarization is rel-
atively low, I' =0.2. The advent of polarized inci-
dent proton beams clearly allows polarized neu-
trons to be obtained by polarization transfer. The
usefulness of this process depends on incident
beam intensity; however, modern ion sources are
capable of putting 50 to 100 nA on target. For po-
larization transfer at 0' the data of Table II show
that neutron polarization in the neighborhood of
0.6 or greater can be obtained for neutron ener-
gies in the range of 2 to 10 MeV. Since the rele-
vant comparison is P'(8)I(8), the increase in P'
with some advantage from I(0')/I(35') implies that

the polarized beam may be ~ as intense as the
unpolarized beam and be competitive as a source
of polarized neutrons.

Finally we note that by using the polarization-
transfer process at a nonzero angle, it is pos-
sible to increase the polarization of the outgoing
neutrons by arranging constructive signs of the
terms P(8) and K;(8) of Eq. (2). For example,
at E~ =13.55 MeV and 15' lab with P, , = -1.0, Pz,
=0.661+0.045; the figure of merit for producing
polarized neutrons for these conditions is approx-
imately a factor of 1.3 higher as compared to 0 .
Similar considerations will also hold at lower en-
ergies, although the pertinent measurements of
E,'(8 0 0') have not yet been made.

VI. CONCLUSION

In conclusion, these measurements have re-
vealed large effects in the polarization-transfer
process for the reaction T(P, n)'He. At 13.55 MeV
and at small angles, the effects are consistent
with a naive picture of charge-exchange scattering
in which the outgoing neutron retains part of the
incoming spin polarization. Predictions for the
polarization-transfer parameters from the formu-
lation of Werntz and Meyerhof have reproduced
qualitative aspects of the data; quantitative agree-
ment is lacking. The consequence is that changes
will be necessary in the present knowledge of
states of 4He in order to accommodate the present
data.

TABLE II. Polarization-transfer function, E'(0'), in the reaction T(p, n)3He versus proton energy.

2.90 +0.17
3.90 +0.13
4.92+0.11
5.43+0.10
5.93 ~0.09
6.44 +0.09
6.94 +0.08
7.44 ~ 0.08
7.94+ 0.07
8.45+ 0.07
8.95 2 0.07
9.95+0.06

10.96 + 0.05
11.95 + 0.05
12.95+0.05
13.95 +0.05
14.96 z 0.04
15.96+0.04

2.12
3.12
4.15
4,66
5.16
5.67
6.17
6.67
7.17
7.68
8.18
9.18

10.19
11.18
12.18
13.18
14.19
15.19

0.885
0.896
0.898
0.902
0.898
0.901
0.895
0.890
0.888
0.898
0.882
0.888
0.881
0.898
0.906
0.915
0.910
0.911

N
b

0.356 + 0.012
0 471+0- 013 c

0.540 + 0.034
0.521 + 0.018
0.598 +0.029
0.615+0.023
0.683 +0.036
0.633 ~ 0.028
0.621 +0.033
0.614 +0.036
0.642+ 0.034
0.537+0.038
0.560 +0.037
0.477 +0.036
0.455 +0.045
0.370 +0.037
0.428 + 0.033
0.327 +0.030

0.559 + 0.042
0.592 +0.030
0.646+ 0.047
0.614 +0.028
0.650+ 0.032
0.710 + 0.033
0.742 + 0.040
0.720 +0.036
0.701+0.042
0.691+0.043
0.692 +0.038
0.595+0.044
0.600 + 0.042
0.509+0.039
0.499 +0.051
0.406+ 0,042
0.463 + 0.036
0.358+0.033

X (0)

0.632+ 0.048
0.661+0.033
0.719+0.052
0.681+0.031
0.724+ 0.036
0.788 + 0.037
0.828 + 0.045
0.808 + 0.040
0.789+0.047
0.769+0.048
0.785 + 0.043
0.670 + 0,050
0.681+0.048
0.567 ~ 0.043
0.551+0.056
0.444+ 0.046
0.509 + 0.039
0.393 + 0.036

~&E'& is the half energy loss in the tritium gas cell.
"The measured asymmetry e~ is related to the corrected. asymmetry e by e =fg kez, where f, g, and h are correction

factors given in the text. Errors are standard deviations, and include contributions from the correction factors, but
notp&~ or P„H~.

c Average of runs on different days.
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The form of the Wolfenstein equations for the
polarization-transfer functions, K"„(8},may be
written in a general way as follows:

I(e}P,„=I,(e)[P„(e)+ g p,. &Z&(e)],

whereI(8} Rnd Io(8) R1'6 tl16 polR1'ized Rnd llllpolR1'-
ized differential cross sections, with P„(8)being
assumed polarization functions. The label p.

1'Rllges ovel' ~'~ g'~ 01' ' 111 016 f111Rl laboratory
frame of reference; x, y, z refer to the incident
laboratory frame. The pseudovector j& is con-
structed by multiplying each component given
above by the appropriate unit vector ~', g, or ~'.
The initial polarization, p„is also a pseudovec-
tor, which implies that p, .g is a scalar, whereas
p,. k and p, g are pseudoscalars. The functions
P„(8)and K"„(8)are considered to be scalars. To
maintain the pseudovector nature of p& we require
&„,P„&„",&",', E„'',and K,"all to be zero, which
establishes the form of Eqs. (1)-(3).

ln a similar fashionI(8) may be written in a gen-
eral @ray,

I(e)=I,(e)[l+ g p, aA.(8)].
~=&stag

applies to our case, namely, in our notation,

M=a+b(O, g-o, g)+C(O, y+a, y)+m((r, y(r, g)

+g(~ z'' z'+o 'a '}
+h(o, 'o, '-o, x'o, ')
+ g(Tg'' (T2'' }+t (og'' Vg'').

The coefficients a, b, .. . , g' may be considered
8 la f t' fth . . a gl ad gy,
whereas the coordinate system defining the com-
ponents of the Paub spin operators is the final
laboratory system x', y', z'. This situation is
the same for the Ã-N problem where the usual
unit vectors E, N, I also define a final labora-
tory frame of reference. The unit vectors 2', y',
2' couM be expressed in the final c.m. frame by
a rotation of coordinates by the difference between
the c.m. and laboratory angles. In Eq. (81}above,
the subscript (1) denotes the nucleon, while the
subscript (2) denotes the mass-8 particle, with
the assumption that suitable charge-exchange
operators change the incident proton to the final
neutron, and similarly for the mass-3 particle.

The M mRtrix fox' the N-N problem Rlso has
this form except that b =0 owing to the identity
of the particles or the related consequence of
charge independence, as explained in standard
texts." Another feature of the N-N problem is
that, for nonrelativistic scattering, the labora-
tory scattering angle is half the c.m. scattering
angle. Hence the final laboratory z' direction is
along k. +k,„,with the momentum wave vectors
defined in the c.m. system. Invariance arguments
based on time reversal" show that t and t' are
identically zero in this x', y', z' coordinate sys-
tem. If the coordinate system 18 rotated about
the y' axis, the form of M is the same, but the
coefficients 8, t, and t' transform among them-
selves llneRrly Rnd, in general, t Rnd f Rx'e not
zero„

I(8) must be a scalar. . Thus, terms involving

p, 3ii,'Rnd p, 2 must vanish, i.e., A„=A,=O, and
the form of Eg. (4) is established. To simplify
notation we drop the y subscript for the polariza-
tion function and analyzing power and use P(8}
and A(8) where they occur.

APPENDIX 8

In two-body scattering or reactions the M ma-
trix relates final spin states to initial ones. The
reaction T(p, n)'He is very similar to the N-N
system, but restricted only by rotation and space-
reQection invariance. MacGregor, Moravcsik,
and Stapp" have given a general form of M which

The observables are related to the M matrix
by the density-matrix formalism 2' The initial
density matrix for a polarized proton beam is
p, =—,'(I, +p„Fx,)I2, where I, andI2 represent
unit matrices for particles 1 and 2. The final
normalized densl+ matrix ls p'=(Mp'M')/
Tr(Mp, Mt). The expected value of the final spin
polarization for the outgoing neutron is (vQz=p, z
= Tr(Mp&Mto, ,)/(TrMp @fan). 'Note that all opera-
tors arid vectors must be expressed in the same
coordinate system, which in our case is the final
laboratory frame, Ã, g, O'. For example, if the
incident polarization is p, =p,P, its resolution in
the final laboratory system is p,.„(R'cose+I' sine),
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as used in Eq. (6).
Applying these rules, we write down the rela-

tions between the polarization-transfer observ-
'ables and the coefficients of the M matrix, and
for I,(0), P(0}, and A(0) as well:

where

I.(0}K."'«}=
I
al'- f~ I'+

I
&I'-

I
&'I'

—4Re (b c*+gb*), (C9}

I,(0) =
f
af'+ 2fb I'+ 2

I
cl'+ Im I'

+2lg I'+2 IIt I'+
I
tf'+ I

t'l', (Cl)

I.(0)K (0) =
I
al'- l~ I' —

I
tf'+

I
&'I'

—4Re(b c*-gh*), (C10)

I,(8)P (8) = 2Re[a(b *+c~) + m*(c —b)]

-2lm[t'(g*-b*)+ t+(g+h)], (C2)
and

I,(0)K,(0) =2Re[f(g~+a+)+ t'(g + —b+)]

—2lm[a(b *+c*)+ m *(c—b)], (C11)

I,(0)A(0) = 2Re[a(b*+ c")+ m*(c —b)]

+2lm[t'(g* —b*)+ t*(g+b)], (C2)

I,(0)K; (8) = 2Re[f(g*+ i't*)+ t'(g+ —b+)]

+ 2Im[a(b*+ c*)+ m*(c —b)] . (C12)

K"„(8)= cos HK"„,(8) + sinHK", , (8),

K", (0) =-sinHK„",(0)+cosHK", ,(0),

K„'(0) =cosHK„',(8)+sinHK;, (8),

K; (0) = -sinHK„' (0)+cosHK; (0),

(C5}

(c6)

(CV)

(C8)

I.(0)K; (0) =
I a

I

'+ 2
l
b l

'+ 2 I c I'+
I ~ f

'
—2

I g I

' —2 I b
I

' —
I t
I' —

I
t'

I
', (C4)

It may be noted that P(8) eA(0) explicitly in the
expressions above. For elastic scattering, i.e.,
T(p, p)T, the quantity t'(g*-b*)+ t*(g+b) is in
general nonzero, since the laboratory scatter-
ing angle is, in general, not half of the c.m. an-
gle (see Appendix B). However, the quantity can
be shown to be purely real owing to time-reversal
invariance. Hence for elastic scattering, P(0)
=A(8), which is a well-known result from general
symmetry conditions. "

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

*Visiting staff member to the Los Alamos Scientific
Laboratory.
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