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We have examined the difference between polarization and analyzing power for the re-
action H{P,n) He. We find that this difference is due to the presence of P2 ~E, transi-
tions which are enhanced in the vicinity of the lowest 2 state of

In a recent Letter, Haight et al. observed a sur-
prisingly large and systematic difference between
their analyzing power (A) data for the reaction
'H(p, n)'He using polarized protons and published
polarization data (P) for 'H(P, n)'He for polarized
neutrons in the energy range from 1.5 to 4 MeV.
Their observation is of interest because the as-
sumptions of charge symmetry Iwhich implies P
=I', where I' denotes the polarization for the re-
ciprocal reaction 'He(n, P)'H with polarized pro-
tons] and time-reversal invariance (which im-
plies A =P) together require P and A to be equal
for this reaction. An approximate equality be-

tween P and A is to be expected if all charge-de-
pendent effects are small. In the present Letter,
we show how the difference between I' and A pro-
vides a strong constraint on a partial-wave anal-
ysis of the reaction 'H(P, n) He, and that a sim-
ple analysis of the difference observed in the en-
ergy range 1.5—4 MeV leads to the conclusion
that f waves are important in the nucleon chan-
nels at these low energies. We discuss implica-
tions of this result for the structure of ~He.

Subsequent measurements ' of both I' and A
have revealed that these quantities are equal to
within experimental uncertainties in the energy
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FIG. &. Comparison of the coefficients AI (g and

A&(A) for L = 1 and 2. For A&, polarization data-ana. l-
ysis results (Ref. 5) are connected by a solid curve;
analyzing-power data-analysis results (Ref. 4) are con-
nected by a dashed curve. These curves are intended
as a guide to the eye. The arrow (lower left-hand cor-
ner) denotes the 3H(P, &)3He threshoM. The positions
of the 0 and 2 states of 4He are taken from Ref. 8,
but it should be noted that these states are broad
enough to span the energy range of the figure.

range 6-14 MeV. In addition, Brown and Rohrer4
have further documented the difference between
P and A at low energies by measuring angular
distributions of A and comparing their measure-
ments with corresponding ones of P by Smith and
Thornton. ' Associated-I egendre-polynomial co-
efficients were derived from a least-squares
analysis of the angular-distribution data+' using
the expression

(l)
1.=1 - I

Nonnegligible coefficients were obtained for L & 3

and are shown in Fig. 1. Both P and A are dom-
inated by the P, ' coefficient in the energy range

from 1.5 to 3 MeV, a feature which was used by

Barrett, Walecka, and Meyerhof"' to establish
the level ordering of the lowest negative-parity
states of 'He. It is also evident in Fig. 1 that the
difference between P and ~ is dominated by the

P, coefficient; it is this latter feature which

provides new information on the structure of He.
The expansion of A~(P) -A~(A) can be written

as a sum of terms which have the form

where U„, ,
'" is a matrix element from the sub-

matrix of the Jrr partial wave collision matrix for
the type of scattering being considered, and C~
is a coefficient whose value depends on the angu-
lar —momentum and parity quantum numbers of
the matrix elements in the term. Iri the case of
an elastic scattering submatrix, time-reversal
invariance forces U„, ,

' and U, , » ' to be
equal. In the case of a reaction submatrix for
(P, n) reactions proceeding through self-conju-
gate compound nuclei, the additional constraint
of charge symmetry is necessary in order to
force U„, , ~

""=U, , „'. Since some charge de-
pendence is expected, the equality of V„, ,

""
and Us, „'"for such a reaction is only approxi-
mate and a comparison of P and A. provides a
measure of the diff erences, U„... ' —U

These differences can occur in three varieties:
channel-spin transition differences (st s', f = f'),
orbital-momentum transitions differences (s = s',
f c f'), and combined channel-spin-orbital transi-
tion differences (s W s', f c f'). The U-matrix ele-
ments that describe these transition differences
are often small in magnitude and therefore diffi-
cult to isolate in a partial-wave analysis of cross-
section and polarization (or analyzing power)
measurements; consequently, the comparison of
P and A is a potentially strong constraint on a
partial-wave analysis of (P, n) reactions proceed-
ing through self-conjugate compound nuclei.

The following U-matrix-element differences oc-
cur for 'H(P, n)'He when /, f ' ~ 3: U,», ' —U»»'
U0212 ~ 1202 U0313 U1303 for channel- spin
transitions; and U10121' U12101, U11132- V13112

for orbital- momentum transitions. Combined
channel-spin-orbital transitions are not allowed
for this reaction. Only the 1 channel-spin tran-
sition has been considered previously. ' Each of
the above differences can occur in a given coef-
ficient A„(P) -A~(A) unless forbidden by angular-
momentum coupling rules, or unless there are
accidental cancelations in C~. The number of
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terms with the form of Eq. (2) which occur in a
given A~(P) -A~(A) is large; however, those
terms for which t U„,.„. '

I is appreciably dif-
ferent from zero' should be the domina. nt contrib-
utors, and they are relatively few in number
when the reaction proceeds through a limited

number of states of the compound system. The
important U-matrix elements for 'H(p, n)'He and
their maximum moduli in the energy range of in-
terest' are L'«« ' (0.9), U, »," (1.0), U»»' (0.8},
U»»' (0.4), and U„„' (0.3). If the expansions
of A„(P) -A~(A) are restricted to these U-matrix
elements, then they are given by

+ (2 } ~ (Un2» Ui2o2

s(P) As(A)= r6™~9~3U«oo'(Uoa» U»os }*+(T}'Z(Uou2
'

U&202 '}*I
~

A, (P)-A, (A)= T 13m[msz(U „' -U„' )*],
where

01Ql 1111 1111

111 llll llll

The sign = in Eqs. (3a)-(3d) signifies that other
terms with U-matrix elements of smaller moduli
have been neglected.

The experimental data require A, (P}=A,(A),
A, (P) =A, (A) =0, and A, (P) =A, (A) = 0, Unless
these features of the coefficients are the result
of cancelations'o of the terms in Eqs. (3a), (3c),
and (3d) over the entire energy range from 1.7
to 3 MeV, all of the U-matrix-element differ-
ences U„, j

'" —L', ., „'"that occur in these equa-
tions must be small. The only difference that
survives in Eq. (3b) is U»»' —U»»' . Thus, in
the absence of cancelations, the difference be-
tween P and & is due to the presence of 'P, —'I',
transitions in the reaction 'H(P, n)'He; to be
more precise, it is the result of a difference be-
tween the 'P, -'I:, and the 'I",-'P, transition am-
plitudes. These transitions take place in the res-
onant 2 partial wave, and suggest that the 2

state of 4He at 22. 1 MeV excitation energy" (E~
=3.1 MeV) has an appreciable f-wave partial
width.

The present analysis of the difference between
P and A provides fairly unambiguous evidence
for the importance of f waves in the 2 partial
wave. In this regard, it is of some interest to
note that observations' based on the behavior
of A,(P) remain intact. The large values of
A, (P) and A, (A), as well as their difference, are
due to the 0 and 2 states of 'He. The explana-
tion of the difference between P and A given here
is not likely to alter the previously established

gross features of the structure of He between
20 and 30 MeV. It does, however, provide new
information about the details of this structure
which has a direct bearing on the analysis of oth-
er experiments and theoretical models, For ex-
ample:

(1) The possible importance of f waves in the
nucleon channels of the reactions 'H(d, P)'H and
'H(d, n}'He was noted some time ago, "and has
continued to be a source of difficulty in their anal-
ysis. "" Penetrability considerations, which
would apply equally well to the reaction 'H(p,
n)'He, are the basis for arguments used to neglect
'P, -'I', transitions" in the ana, lysis of the above
deuteron-induced reactions. The result of the
present work indicates that the pentrability argu-
ments are inadequate because they do not take in-
to account the 2 state at 22. 1 MeV. The width of
this state is about 5 MeV, which is broad enough
to overlap the d-d threshold a.t 23.8 MeV.

(2) The shell-model interpretation of the nega-
tive-parity states of 'He is based on the 1k~ har-
monic-oscillator configuration (Is' )(IP). Since
it is not possible for a state from this configura-
tion to have an f-wave partial width, the result
of the present work indicates a need for the 38~
configuration (Is~)(if) in the description of the 2

state. It might appear surprising that 38~ con-
figurations, which have zeroth-order excitation
energies of about 50 MeV„would have much ef-
fect on states near 22 MeV. However, both the
two- and three-nucleon systems require signifi-
cant 28~ admixtures to describe adequately the
D-state components of their ground states. The
2 state of He is above the thresholds for emis-
sion of trinucleon fragments, so the wave func-
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tion for this state must behave asymptotically
like the wave function for the relative motion of
a nucleon and a Physical trinucleon. An oscil-
lator description of the trinucleon D state re-
quires the (ls')(1d)(1P) configuration in the wave
function, and this configuration leads to an ad-
mixture of the {1s'){lf)configuration when spur-
ious c.m. excitations are eliminated from the
3k~ configurations. If the above picture is qual-
itatively correct, the D-state amplitudes of com-
posite fragments (-25%% in magnitude) play an im-
portant role in the description of the P, —'I',
transitions.

We conclude with suggestions for measure-
ments which would be useful in a more complete
analysis of the difference between P and A in the
rea.ction 'H(P, n)'He. First, it would be desirable
to have measurements of P and A. carried out un-
der as nearly identical circumstances as possible
in the energy range from 1.2 to 6 MeV. Second,
excitation-function measurements of P and 4
near 8, „, = 90', where the contribution from the
P, coefficient is minimal, would be particularly
useful for the purpose of determining the extent
to which the difference between P and A. is con-
fined to the P, ' coefficient.
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