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observations may be made from Figs. 1 and 2:
Emission from low exciton number gives spectra
with quite high kinetic energies, consistent quali-
tatively with the high-energy tails observed in
neutron spectra and in excitation functions for re-
actions induced by medium-energy proj ectiles.
The spectra approach the equilibrium distribution
as n -n. The example of an equilibrium spectrum
shown in Fig. 2 was calculated with Eq. (9) for
the system described above, with g = 10 MeV
(for which F7 =12).

The spectral distribution is shown in Fig. 2 for
n =21, a distribution which gives very much low-
er kinetic energies than the equilibrium values.
Such a situation could arise in heavy-ion reac-
tions, i.e. , a situation where the initial exciton
number is far in excess of the equilibrium value.
For example, in forming A =160 nuclei at 50-
MeV excitation via a Ne '-induced reaction with

g =10 MeV l, n =22. If the interaction of the
projectile with the nucleus is strictly as in a sin-
gle-particle model, the initial exciton number
could be as high as 60, far in excess of the equi-
librium value. The dashed curves of Fig. 1 rep-
resent the relative emission probabilities ap-
proaching n from above [e.g. , Eq. (9) evaluated

from n = 60 to n = 22], showing a possibility of
significant precompound emission. In this case,
the precompound spectra may show a considerab-
ly lower kinetic energy than the equilibrium val-
ue, which is the same qualitative result obtained
from the old statistical theory when angular mo-
mentum effects are considered to lead to rota-
tional cooling. Thus, this model suggests an al-
ternative explanation for such an effect, render-
ing certain types of heavy-ion experiments am-
biguous in interpretation.

The author very much appreciates long and
fruitful discussions with Professor J. J. Griffin,
as well as with Professor J. B. French, Profes-
sor J. R. Huizenga, Professor D. Koltun, and
Professor D. Sperber.
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We present results of detailed spin- and isospin-dependent analyses of pd and p- He
elastic-scattering intensities, polarizations, and total cross sections. The basic nucle-
on-nucleon scattering amplitudes used yield nucleon-nucleon observables in excellent
agreement with measurements, including those of the elastic-scattering intensity, po-
larization, and spin correlation. Contributions of multiple scatterings, including multi-
ple charge-exchange collisions, produce considerable structure in the predicted polari-
zations.

There has been much theoretical and experi-
mental interest lately in scattering of medium-
and high-energy particles by few-nucleon sys-
tems. ' " Extensive measurements were recent-
ly made at the Brookhaven Cosmotron where 1-
GeV protons collided with a number of different
target nuclei. ' Intensities for elastic scattering
by deuterium and 4He were among the observ-
ables measured. The most striking and surpris-
ing property of these intensities was the virtual
absence of a minimum in the pd angular distribu-
tion for four-momentum transfers t) -1.4 (GeV/
c)' contrasted to the appearance of a rather deep

and sharp minimum in the p- He angular distri-
bution near t ~ -0.24 (GeV/c)'. There has been
no satisfactory explanation of this phenomenon.
However, it has been conjectured' that the spin
dependence of the basic nucleon-nucleon (NN)
scattering amplitudes might perhaps help solve
this puzzling feature. We wish to present calcu-
lations which illustrate the influence of that spin
dependence upon pd and P-4He intensities, polar-
izations, and total cross sections.

Most of the recent analyses' ' of collisions be-
tween particles with kinetic energies «1 GeV and
light nuclei have been made by means of the
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FIG. 1. Proton-proton elastic scattering differential
cross sections in the angular regions {a) 3'-12.5' c.m.
and {b) 12.3 -90' c.m. The curves are calculated from
a phase-shift analysis by Hoshizaki, Ref. 16. The mea-
surements are from {a) Dowell et al. , Ref. 17, {b) Do-
well et al. , Ref. 17, and McFarlane et al. , Ref. 17. &

is the four-momentum transfer.

tudes obtained earlier from the phase-shift anal-
ysis with analytic forms identical to those as-
sumed for the five nP amplitudes. This yields
values for the ten complex pp parameters corre-
sponding to the ten complex np parameters. We
then set t'wo of the five undetermined complex np
parameters equal to the values obtained for the
corresponding pp parameters, and we set the
phases of the remaining three undetermined com-
plex np parameters equal to the values obtained
for the phases of the corresponding pp parame-
ters. The only undetermined quantities then re-
maining are the magnitudes of three of the com-
plex parameters, and these will be the only free
parameters in our calculations of the pd and p-
He elastic-scattering intensities, polarizations,

and total cross sections.
The scattering amplitude operator for pd or p-

~He elastic collisions may be written as a sum of
a single- and a multiple-scattering operator. '
For P- He elastic collisions, the single-scatter-
ing operator contains a spin-independent ampli-
tude and a spin-dependent amplitude, the latter
of which vanishes in the forward direction. For
pd elastic collisions, the single-scattering oper-
ator contains a spin-independent amplitude and
five spin-dependent amplitudes. Two of the spin-
dependent amplitudes vanish in the forward di-
rection. The single-scattering operators are
rather easy to construct and may be expressed
very simply in terms of the NN amplitudes. '
Therefore, these NN amplitudes, which we have
described, may (and should) be used directly in
the calculation of the single-scattering ampli-
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Glauber approximation" with spin- and isospin-
independent particle-nucleon scattering ampli-
tudes. The basic techniques for including the
spin dependence were presented some time ago, '~'

and more recently the significance of isospin de-
pendence was investigated. 4~' It is well known'

that at 1 GeV np observables, such as the total
cross section, the ratio of real to imaginary
parts of the forward spin-independent elastic
scattering amplitude, and the spin-dependent
contributions to the forward elastic scattering in-
tensity, differ rather markedly from the corre-
sponding pp observables. It should be clear,
therefore, that multiple charge-exchange colli-
sions4&' will be significant in proton-nucleus col-
lisions at 1 GeV. Furthermore, since the PP po-
larization and spin correlation (Cnn) are mea-
sured" to be quite large near 1 GeV, the signifi-
cance of spin-independent analyses of proton-nu-
cleus collisions at this energy is unclear, '~ par-
ticularly where single- and multiple-scattering
amplitudes interfere appreciably to produce min-
ima in the scattering intensities. Consequently,
in the present work we shall include both the
spin and isospin dependence in the basic NN am-
plitudes.

The pp scattering amplitudes which we use
have been obtained from a detailed phase-shift
analysis by Hoshizaki" "of measurements of the
pP elastic scattering intensity" (including the in-
tensity in the small-angle Coulomb-interference
region), polarization, '3 and spin correlation. '~

The quality of the fits to these data given by the
phase-shift analysis is illustrated in Fig. 1 by
the fit to the elastic scattering intensity. '8 The
fits to the polarization and spin-correlation mea-
surements are as good. Hoshizaki obtains a to-
tal &P of 55.9 for 60 data points. "

Very few np measurements have been made at
1 GeV. There do exist data for the np total cross
section, ratio of real to imaginary parts of the
forward spin-independent elastic scattering am-
plitude, and spin-dependent contribution to the
forward elastic scattering intensity. e For the
five np amplitudes we shall assume complex
Gaussian functions of the momentum transfer q
[say, a~exp(-n qm), where a and n. are com-
plex], or q or q' multiplying such functions. "
The data' determine two of the amplitudes and
the (complex) value of a third in the forward di-
rection. Five complex np parameters remain un-
determined.

In order to reduce the number of undetermined
np parameters, we first fit the five pp ampli-
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tudes.
For P-4He elastic collisions, the multiple-scat-

tering operator contains a spin-independent am-
plitude and a spin-dependent amplitude, the latter
of which vanishes in the forward direction. We

should point out that the p-«He spin-independent
amplitude (as well as the spin-dependent one) is
a function of all the NN amplitudes, both the
spin-independent and the spin-dependent ones.
For pd elastic collisions the multiple-scattering
operator contains a spin-independent amplitude
and eleven spin-dependent amplitudes. Thus six
of the twelve pd scattering amplitudes are multi-
ple-scattering amplitudes and do not contribute
at all to single collisions. Six of the eleven pd
spin-dependent double-scattering amplitudes van-
ish in the forward direction. The multiple-scat-
tering operators for Pd and P-4He collisions con-
tain the NN amplitudes within quite complicated
multidimensional integrals. The calculation of
these integrals is simplified if the NN ampli-
tudes can be expressed as Gaussian functions of

p or as polynomials in q multiplying such func-
tions. These are the forms taken by the np am-
plitudes we have described, and the pp ampli-
tudes of Hoshizaki have been previously fitted by
these forms. Consequently, we shall use these
forms in the evaluation of the double-, triple-,
and quadruple -scattering operators. "

For the deuteron spatial wave function we use
the most accurate fit of Moravcsik to the Garten-
haus S-state wave function. ' The ground-state
density for «He is written as a product of single-
nucleon densities p0 exp( rtm/R'), -with R =1.39 F
which is the value obtained by applying center-of-
mass and finite-proton-size corrections to re-
cent measurements of the «He charge distribu-
tion."

The results of our calculations for pd and P-4He
elastic scattering intensities are shown in Fig. 2,
where the contributions from only single scatter-
ing are also presented for comparison. It is seen
that the 4He calculation produces quite a deep and

sharp minimum, whereas the deuteron calcula-
tion does not. If the spin-dependent amplitudes
were set equal to zero, the calculated pd inten-
sities at -t =0.34 (GeV/c)' and t=0.62 (GeV/-c)'
would be -0.008 and -0.15 mb/sr, respectively,
resulting in a very deep minimum. The underes-
timate of the p-«He calculation at scattering an-
gles greater than those near the secondary maxi-
mum is typical of calculations using Gaussian
single-nucleon densities. More accurate (and
complicated) densities tend to increase the calcu-
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lated intensities for 0.3 (GeV/c)' &-t& 0.6 (GeV/
c)'.' It is worth pointing out that the multiple-
scattering effects in p-4He scattering are very
large, even near the forward direction, so that
great care should be taken in any single-scatter-
ing impulse-approximation analysis of, say, &-
«He scattering which may be used in attempting
to determine the rms radius of the «He nucleus.

Measurements of pd and P-«He polarizations
would be extremely valuable for a more complete
understanding of scattering by these target nu-
clei.~ As one might expect, the influence of
multiple collisions, which is so marked in the
elastic scattering intensities, is al,so quite ap-
preciable in the polarizations. In Fig. 3 we pre-
sent calculations of pd and p-4He polarizations at
1 GeV together with the contributions of single
scattering only. We note that the inclusion of
multiple-scattering effects results in polariza-
tions with considerable structure, the principal
features of which are maxima at relatively small
momentum transfers followed by minima in re-
gions where the single- and double-scattering
amplitudes interfere appreciably. In the p-4He
polarization the interference minimum near -t

FIG. 2. Elastic scattering differential cross sections
in the angular region 0'-26' lab for (a) pd collisions
and (b) p-4He collisions. All curves are calculated
from a spin- and isospin-dependent NÃ scattering am-
plitude. The dashed curves are obtained by consider-
ing only single-scattering effects, whereas the solid
curves include (a) double-scattering effects and (b) dou-
ble-, triple-, and quadruple-scattering effects. The
measurements are from (a) Bennett et al. , Ref. 10,
and (b) Palevsky et al. , Ref. 10.
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FIG. 3. Polarizations in the angular region 0 -26'
lab for (a) Pd collisions and (b) P-4He collisions. All
curves are calculated from a spin- and isospin-depen-
dent NN amplitude. The dashed curves are obtained by
considering only single-scattering effects, whereas the
solid curves include (a) double-scattering effects and
(b) double-, triple-, and quadruple-scattering effects.

=0.19 (GeV/c)' is followed by a maximum near
-t =0.28 (GeV/c)' produced mainly by the double-
scattering amplitudes. The same is true of the
pd polarization at momentum transfers greater
than those shown in Fig. 3(a). For t&0.6-(GeV/
c)' the p-4He polarization might be expected to
reveal an additional minimum.

Although the precise quantitative predictions of
the polarizations depend upon the NN parame-
ters, some of which may not be very accurately
known, even crude pd and p-~He polarization
measurements at 1 GeV could test the interest-
ing qualitative features of the calculations. More
accurate polarization measurements would be in-
valuable in helping to determine some of the NN

parameters with greater precision. For a better
understanding of Pd and p-4He scattering, it
would be more useful to have pd and P-4He inten-
sity and polarization measurements at one or two
energies than to have only intensity measure-
ments at a number of energies.

By virtue of the optical theorem it is easy to
determine the theoretical total cross sections.
The pd total cross section is calculated to be
83.74 mb when both single and double scatterings
are included and the NN spin dependence neglect-
ed, and 83.46 mb when both single and double
scatterings and the NN spin dependence are con-
sidered. The measured value is" 83.04 + 0.06 mb

(error quoted is statistical only). The p- He to-
tal cross section is calculated to be 143.7 mb
when single through quadruple scatterings are in-
cluded and the NN spin dependence neglected, and
137.5 mb when single through quadruple scatter-
ings and the NN spin dependence are considered.
The measurements of Igo et al. 'o yield 152 +8 mb.
We see that the effect of the NN spin dependence
on the pd total cross section is to decrease it by
only -0.3%, whereas its effect on the p-4He cross
section is to decrease it by -4%. We might men-
tion that no parameters were adjusted to try to
fit the pd and p-4He total cross-section measure-
ments. The nucleon-nucleus amplitudes used
were simply those previously obtained by fitting
the elastic scattering intensities.

After the completion of this work, an attempt
to explain the pd and p-4He elastic scattering in-
tensities was published. ' Unfortunately the basic
NN amplitudes used are inconsistent with NN

measurements. Furthermore, two of the five NN

amplitudes (denoted as G~lV and H~~ by Kujaw-
ski, Sachs, and Trefil") were taken to be equal
since it was claimed that there is no evidence to
the contrary. In addition a, third amplitude (de-
noted by BN~ in Ref. 26) was taken equal to

s(GfVy+H~fV) since the equality is valid to O(8),
where 8 is the scattering angle. These assump-
tions may be tested by the phase-shift analysis of
Hoshizaki" ~' and are found to be inaccurate. "
I'he discrepancies arising from these assump-
tions may help account for the appearance of a
maximum in the calculated pd elastic scattering
intensity of Ref. 26 at a momentum transfer [ t-
=0.39 (GeV/c)'] where the data [see Fig. 2(a) of
the present paper) perhaps show signs of a shal-
low minimum.

We wish to thank Professor R. J. Glauber for
many interesting and useful discussions. We are
grateful to Professor N. Hoshizaki for supplying
us his most recent phase-shift solution and to
Dr. G. E. Walker for a helpful discussion of the
helium wave function.
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It is argued that a sufficiently fast, charged, nongravitating particle would radiate
strongly in a classical gravitational field. Subject to some assumptions, the possibility
that the muon does not couple to gravitation is ruled out on the basis of existing data.

I would like to present a calculation which pre-
dicts that a, sufficiently energetic, electrically
charged, nongravitating' pa.rticle, in the pres-
ence of a classical gravitational tensor potential,
would radiate photons in a manner similar to that

Y
of the Cerenkov effect. The predicted radiation
rate is sufficiently high that the very existence
of a particle with velocity above a certain thresh-
old for practical laboratory times constitutes
evidence that this particle couples to gravitation.

I think that this effect is of little importance in

the case of the particles which comprise "nor-
mal" matter, and the concern here is with the
unstable particles, such as the muon. For such
particles, to my knowledge there are at present
no "direct" measurements of gravitational prop-
erties, e.g. , the observation of deflection in the
earth's gravitational field, nor in my opinion are
any likely until some unforseen technological ad-
vance occurs. Some indirect evidence exists and
is discussed at the end of this report.

For the purpose at hand, one must assume for
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