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is not generally applicable to the hopping situa-
tions which are envisaged in noncrystalline solids.
Furthermore, it is suggested that the generally
observed nonactivated temperature dependence of
the dc conductivity is, at least in part, a mani-
festation of the multiphonon nature of acoustic-
phonon-assisted hopping between well-localized
states. A detailed account of the herein-summa-
rized consideration is currently being prepared.
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A simple explanation is presented for the observed tendency of the spin-orbit part of
the optical potential for a proton scattered by a nonspherical target nucleus to be more
deformed than the central part. The explanation is based on the fact that the range of the
central two-body force is longer than that of the two-body spin-orbit force.

The macroscopic description of inelastic scat-
tering is based on the extended optical model,
which differs from the conventional optical model
in that the spherically symmetric optical poten-
tial is replaced by a deformed potential. It is
now generally accepted that in addition to the real
central potential, the absorptive central and spin-
orbit potentials are also affected by the nuclear
deformation. With respect to the spin-orbit cou-
pling, two deformed forms have been proposed:
the so-called Oak Ridge' and fuLl Thomas' forms.
The latter has been shown to be in better agree-
ment with experiment. '

A general feature following from the early in-
vestigations, for both full Thomas and Oak Ridge
forms, was a slight but consistent perference
for a value of the experimental spin-orbit defor-
mation parameter P"' larger than that for the
central potential, P""'. It is well known' that
this discrepancy can partly be resolved by fol-

lowing Blair's suggestion that the deformation
distances a(8y) over which the various parts of
the optical potential are displaced in the deforma-
tion process are taken equal, which implies
equal products PA, R standing for the radius pa-
rameter of the specific potential term considered.
The relative smallness of the spin-orbit radius
parameter R'", given by elastic scattering fits,
then yields an increased value for P"'. It turns
out, however, that this effect is not sufficient to
explain the discrepancy, the tendency being that
even the product PR for the spin-orbit coupling
is anomalously large. A similar tendency has
been observed in later work. ' ' Cases for which
there is no clear indication of a discrepancy with-
in the experimental accuracy have also been re-
ported, ' and even cases in which the discrepancy
is in the opposite direction. It is, however, re-
markable that deviations take place almost with-
out exception in the direction of larger spin-or-
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bit deformation. A recent rather extensive in-
vestigation confirming the preference for larger
spin-orbit deformation has been published by
Tait and Edwards. "

Raynal has attempted an explanation of the dis-
crepancy on the basis of microscopic structure
of the nuclear states involved. ' The regularity,
however, with which deviations from equality of
the deformations take place almost without ex-
ception in the direction of larger spin-orbit de-
formation, suggests the possibility of a more
simple explanation. In this note we propose an
explanation within the framework of the macro-
scopic description. The resulting ratio (PR)"/
(PR)"" is larger than 1 and varies slowly as a
function of mass number. The fluctuations of the
ratio from nucleus to nucleus apparent from ex-
perimental data might then be interpreted as a
superposed nuclear-structure effect, resulting
even in a ratio smaller than 1 for a small num-
ber of nuclei.

Let us try to ascribe the discrepancy to the
longer range of the N-N central force relative to
that of the N-N spin-orbit force. On this basis
Greenlees, Pyle, and Tang"" were able to ex-
plain the difference in radius parameters between
central and spin-orbit optical potentials in the
case of spherical nuclei. Here we suggest that
the same effect may be responsible for the dif-
ference in angular variation of the potentials for
nonspherical nuclei. If one thinks of the macro-
scopic potential felt by a projectile as the aver-
age sum of N-N interactions with the target nu-
cleons inside its range of interaction, one would

expect the central N-N force to scan a larger
part of the density distribution in the nuclear
surface region. Therefore an average value of
the deformation distance over such a portion of
the surface of the nuclear mass distribution may
express itself in the central proton-nucleus po-
tential, "so that (PR)""& (PR) '". On the other
hand, the finite-range effect may be small enough
for the optical spin-orbit potential to maintain its
Thomas form" in terms of the gradient of the
nonspherical mass distribution, which implies
(PR)"= (PR) ". In combination with the de-
crease of (PR)"" this may serve as an explana-
tion for the anomalous deformation ratio. %e
are thus led to the consistent picture that the ge-
ometry of the optical spin-orbit potential is more

FIG. 1. Proton interaction sphere overlapping de-
formed nuclear mass distribution.

directly related to the geometry of the mass dis-
tribution than is the central potential, both with
respect to radial as well as to angular variation.

To estimate the averaging effect, we consider
the simple relation"

between the real proton-nucleus potential V, the
nuclear density p, and the N-V central interac-
tion &', and study the relation between equiden-
sity and equipotential surfaces. In a region of
greater curvature of the nuclear surface the pro-
ton "interaction sphere" must be displaced in-
ward to obtain the same total amount of attrac-
tive energy (see shaded area in Fig. 1), so that
the equipotential surfaces will be less deformed
than the equidensity surfaces. " This considera-
tion suggests that we write a Taylor expansion to
second order in r' —r for the nuclear density with-
in the interaction sphere. Since the range of the
central V-N force is not small compared to the
diffuseness parameter of the mass distribution,
it is more realistic to carry out a second-order
Taylor expansion in tangential directions only.

%'riting the spherical mass distribution as
p, (r, R), where the radius parameter R is indicat-
ed explicitly, the deformed mass distribution is
given to first order in u by (see Fig. 1)

p(r') = p,(r', R + n(9', p')) = p, (r', R) + oI(9', y')(slsR)p, (r', R),

o.(6', v ') = ll+ij I——,'(y 1)'+. . .]a(e, v),
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where y is the angle between r and r' (y II r& r') and the angular-momentum operator I operates on
n(t't, p). Substituting in the integral (1), the first-order y term vanishes, while in the second-order
term we operate on each of the spherical harmonics contained in n:

e(8, co) =Q E~&"""I'„„*(9,g).
A, p

The cross term in the components of y perpendicular to r vanishes for symmetry reasons, while the
component of l = r~ ~/'i parallel to r vanishes. To second order in y we thus obtain

Without the y' term this is equal to the usual de-
formed potential with its multipole deformation
distance $„„""'equal to that for the mass distri-
bution. The y' term introduces a correction due
to the angular variation of the nuclear density
and can be roughly estimated by replacing y' by
its average value over the interaction sphere.
Noting that the r' integral in Eq. (4) depends on

R only if r is in the nuclear surface region, we
approximate: (y') = T2(v, /R""")', where v,' is the
mean square radius of v. Finally we obtain

(t)R)""' = (PR)"""[I—-', X(X + 1)(v„/8 "')'j. (5)

Following Greenlees, Makofske, and Pyle, "we

t ke r '=4.27 fm'. Furthermore, R "'=1.2A'

For X = 2 this leads to a 101' additional decrease
of P""' relative to P" for the heaviest nuclei
and a 30%I one for the lightest nuclei for which
experimental data on P~'/tl""' are available.

Note that this effect is linear in the deforma-
tion, in contrast to the correction calculated re-
cently by Hendrie" using the model of a contact
interaction between sharp-edged colliding parti-
cles. This model may be considered to express
in a simplified way the idea that the equipotential
surfaces will tend to have constant normal dis-
tance to the nuclear surface, rather than con-
stant vadi~l distance, as is implied by the usual
formulas when (~„"= $~~ "'. In our treatment
based on the more realistic Eq. (1) the corre-
sponding correction shouM be contained automat-
ically as a contribution of second order in e.
However, it leads to more complicated radial
form factors and cannot be taken into account by
a correction to PR. A similar complication aris-
es in Hendrie's model if the projectile interacts
with the target nucleus also at smaller distances
of its center of mass to the nuclear surface. The
second-order correction to P then varies and
even changes sign when the projectile center of
mass is inside the nuclear surface.

If the deformation distances for mass and charge
distributions can be identified, the above-men-
tioned decrease of (PR)""' may show up in a com-

parison between (PA)""' and (PR)'""~', although
the estimate (5) is probably too rough for a de-
tailed comparison with experimental data to be
meaningful. The relative values of nuclear and
Coulomb P values tabulated by Hinterberger et
al. ,

"after introducing the Blair correction, do
not show any systematic deviation of the type ex-
pected. On the other hand, the values tabulated
by Hendrie" seem to lend some support to the
validity of the averaging effect in the case of o
particles, if we leave out Hendrie's second-or-
der correction in view of the above-mentioned
objection, but take into account the first:-order
Blair correction. The P, values indicated as
"first order" show a systematic 5-10% discrep-
ancy with the Coulomb-excitation results. For
e particles and for the target nuclei considered
this is of the correct order of magnitude and sign
to be identified with the correction implied by Eq.
(5). For the higher multipoles the less satisfac-
tory agreement may be due to the fact that the
spatial oscillation of the nuclear surface inside
the interaction sphere becomes too rapid to al-
low the neglect of higher powers in y. In addi-
tion, however, it should be noted that the empir-
ical basis for the identification of deformation
distances for mass and charge distributions is
rather weak as yet. Further accurate experimen-
tal data on tl""', P~', and P"""g' for strongly col-
lective transitions are needed before one can
draw more definite conclusions on the angular
properties of potentials and on mass and charge
distributions, comparable to the conclusions by
Greenlees and co-workers"' '6 on the radial
variations.

The author is grateful to Dr. W. C. Hermans
for helpful discussions.

'M. P. Fricke, E. E. Gross, aod A. Zucker, Phys.
Bev. 163, 1153 (1967).

H. Sherif and J. S. Blair, Phys. Lett. 26B, 489
{1968); H. Sherif, Nuel. Phys. A181, 532 (1969).



VOLUME )2, NUMBER 6 PHYSICAL REVIEW LETTERS 11 FEBRUARY 1~$74

G. B. Satchler, in Proceedings of the Third Interna-
tional SymPosium on Polarization Phenomena in ¹-
clear Reactions (Univ. of Wisconsin Press, Madison,
Wis. , 1971), p. 167.

N. Austern, Direct Nuclear Reaction Theories
(Wiley, New York, 1970), 1st ed. , p. 125.

%. A. Kolasinski, J. Eenma, F. H. Schmidt, H. Sher-
if, and J. B. Tesmer, Phys. Bev. 180, 1006 (1969).

J. R. Tesmer and F. H. Schmidt, Phys. Rev. Lett. 26,
857 (1971).

B. de Swiniarski, A. D. Bacher, F. G. Resmini,
G. B. Plattner, D. L. Hendrie, and J. Baynal, Phys.
Bev. Lett. 28, 1139 (1972); B. de Swiniarski, H. E.
Conzett, C. B. Lamontagne, B. Frois, and R. J. Slobod-
rian, Gan. J. Phys. 51, 1293 (1973).

J. S. Blair and H. Sherif, in Proceedings of the Third
'International SymPosium on Polarization Phenomena in
¹clearReactions (Univ. of Wisconsin Press, Madison,
Wis. , 1971},p. 692.

J. Baynal, in The Structure of ¹clei(International
Atomic Energy Agency, Vienna, Austria, 1972), p. 75.

W. H. Tait and V. R. W. Edwards, Nucl. Phys, A203,

193 (1978).
"G. W. Greenlees, G. J. Pyle, and Y. G. Tang, phys.

Bev. Lett. 17, 33 (1966).
' G. W. Greenlees, G. J. Pyle, and Y. C. Tang, phys.

Bev. 171, 1115 {1968).
' The simple picture proposed here bears primarily

upon the real central potential. The absorptive part is
usually considered on a phenomenological basis. Since
the imaginary spin-independent potential is probably
determined mainly by the central +-W force, it is natu-
ral to assume a similar averaging effect for the corre-
sponding PR value.

~4The derivation of the Thomas form indicated in Ref.
12 is easily extended to nonspherical nuclei.

B.J. Verhaar, "Polarization Effects in Inelastic
Scattering", in Lecture Notes in Physics (Springer,
Berlin, to be published).

6G. W. Greenlees, W. Makofske, and G. J. Pyle,
Phys. Bev. G 1, 1145 (1970).

D. L. Hendrie, Phys. Bev. Lett. Bl, 478 (1973).
F. Hinterberger, G. Mairle, U. Schmidt-Bohr, and

G. J. Wagner, Nucl. Phys. A115, 570 (1968).

Difference between Polarization and Analyzing Power in the Reaction 'H (p, n )3He

L. G. Arnold, R. G. Seyler, and T. R. Donoghue
Department of Physics, The Ohio State University, Columbus, Ohio 43210

Louis Brown
Department of Terrestria/ Magnetism, Carnegie Institution of Washington, Washington, D. C. 20015

and

Urs Rohrert
DePartment of Physics, University of Basel, Basel, Switzerland

{Received 7 December 1973)

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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