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lieve the results reasonably establish the exis-
tence of axially asymmetric shapes at the first
barrier, we are not yet able to make a definitive
statement regarding the question of reflection
symmetry o
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"In fitting to the data we found that taking other sets

of single-particle levels resulted in a variation of the
appropriate decay widths by less than a factor of 2.
This is because in the energy region of interest (below- 6 MeV) the shell and pairing effects tend to offset
each other. In contrast, the enhancement of -20 in the
level densities due to axial asymmetry was crucial for
obtaining absolute fits to the data. This enhancement
at barrier A changed not only the overall normalization
for I'i/I „but also the energy dependence, because now
for most cases barrier A determines the low-energy
behavior while for energies of more than 2-3 MeV
above threshold I'&/I'„ is dominated by barrier B where
p(E) is rising more slowly.

In cases where E& &Ez it is also possible to fit the
experimental results with axially symmetric level den-
sities but the values obtained for E& are much lower
then the values for neighboring nuclei. This possible
ambiguity exists for Pa Pa U U.
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From a study of experimental phase shifts for p+ He elastic scattering at proton ener-
gies below 50 MeV we conclude that small D-state admixtures to the dominant S-state
configuration exist in the He ground state. This result is obtained by evaluating a for-
ward dispersion relation for the P + He spin-flip scattering amplitude.

It has been recognized long ago that in the pres-
ence of noncentral forces the ground-state wave
function of He can be a mixture of 'S» P„and
'D, contributions. ' 4 Attempts to include tensor
forces in calculations of the 'He binding energy'~4
have shown that a D-state admixture of 2-10% to
the dominant S-state configuration can be expect-
ed to exist. P-state contributions should be much
smaller, since they enter only in second order. ' 4

To our knowledge, no experimental evidence
for D-state contributions has ever been present-
ed. Since 4He has no spin, a D-state admixture
does not give rise to a quadrupole moment. The
only way to investigate such a configuration is to
remove a nucleon from the 4He ground state and

to determine its orbital angular momentum. How-
ever, since the D-state contribution is small,
its effects on any such process will be masked by
those of the dominant S-state configuration, un-
less a process is studied to which the latter can-
not contribute.

Such a selective process is the trinucleon ex-
change' in N+ He spin-flip scattering as shown
in Fig. l. A nucleon spin-flip is only possible in
this exchange scattering if the orbital angular mo-
mentum / at the vertices is not zero. ' Since E is
just the (asymptotic) orbital angular momentum
of a nucleon in 4He, the amplitude for this trinu-
cleon exchange is proportional to ground-state
admixtures with lt0, or, neglecting P states, to
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We have applied these ideas to the experimental
p+ He spin-flip amplitude g as determined from
the scattering data by phase-shift analyses. '
Many accurate p+ He scattering experiments
have been performed in the last fifteen years,
particularly with polarized beams. Hence the
spin-flip amplitude g is well known below approx-
imately 65-MeV proton energy.

The evaluation of the FDR is straightforward,
following the methods (and notation) outlined pre-
viously. ~"" The trinucleon-exchange contribu-
tion is represented"" by the quantity A(E)/E and
has been determined from the FDR as

FIG. 1. Trinucleon exchange in N+4He spin-flip
scattering. The particles are labeled with their spins,
parities, and spin projections. The exchanged trinucle-
on can have I = 2,~, ~+, &+, ... . The orbital angular
momentums at the vertices must be different from
zero to make the process possible.

the D-state probability. Thus we can investigate
the D state if we find a way to isolate the trinu-
cleon exchange from the other contributions to
N+4He spin-flip scattering, e.g. , that caused by
the spin-orbit interaction in the compound nu-
cleus.

We can achieve this separation in a model-free
manner by evaluating a forward dispersion rela-
tion (FDR) for the N+ ~He spin-flip scattering am-
plitude g. The use of this technique in nuclear
physics has been developed in the last five years"
and has been shown to yield reliable results. ' "
It is based solely on conjectures about fundamen-
tal symmetries and the analyticity of scattering
amplitudes. We use the fact that the FDR sepa-
rates the scattering contributions from the upper
and lower sheets of the complex energy plane. "
This amounts to eliminating exactly the contribu-
tions of all the positive-energy states from the
scattering amplitude, so that one is left with the
contributions from negative energies. These are
caused by exchange processes'" and by bound
states, if such exist.

For N+4He spin-flip scattering the trinucleon
exchange shown in Fig. 1 is the only source of
negative-energy contributions" since there exists
no bound state in the five-nucleon system. Thus,
the FDR evaluated for this amplitude will isolate
exactly those terms which are proportional to the
D-state probability. Any nonzero contributions
will indicate a D-state admixture to the ground
state of 4He.

EN) 1 1 - lmg(E') „,
E E 7r o E'(E'-E)

In Fig. 2 the result is shown as a function of the
proton lab energy for the available sets of experi-
mental phase shifts. "" For comparison we have
also plotted the exchange contribution to scatter-
ing without spin-flip, taken from earlier work. "
The uncertainties introduced by the evaluation of
the FDR, in particular by the lack of information
about lmg(E) above 65 MeV, are of the order of a
few percent. It is evident from the figure that
nonvanishing exchange contributions to p+4He
spin-flip scattering and hence a D-state admix-
ture to the 4He ground state do indeed exist. As
expected, the contribution to spin-flip scattering
is only about 5-10% of that to spin-nonf lip scat-
tering, since the latter process involves both the
S and D states of 4He rather than the D state only.

Three of the four low-energy phase-shift sets'
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FIG. 2. Trinucleon-exchange contributions to P +4He
scattering with and without spin-flip. At low energies,
the curves have been calculated by using the experimen-
tal phase shifts of Refs. 13-16as indicated in the figure.
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larization inP + He changes sign, The quantity 4-~ is
shown as measured and as predicted by using the phase
shifts of Refs. 13-16. The argle 4 is the prediction for
~ of Satchler et al. (Ref. 13).

yield similar results. The set given by Satchler
et al."deviates strongly from the others. This
is caused by the particular parametrization used
in Ref. 13. The authors attempted to reproduce
the scattering data by a potential model. In such
a model, exchange contributions to the scattering
as in Fig. 1 cannot be included. They must be
"faked" by the introduction of a bound state at the
appropriate energy to yield the proper singularity
structure of the amplitude. " The potential used
indeed has an (unphysical) bound state at —15
MeV. This is a pure 8 state since tensor forces
were not considered. Taken all by itself, the
phase-shift set of Ref. 13 will therefore yield no

exchange contribution in our FDR analysis. In
practice, however, the parametrization of Ref. 13
extends only up to 20 MeV, so that the phenomeno-
logical phase shifts of Ref. 17 were used in the
FDR above that energy. The resulting mixture
still yields a contribution which, however, tends
towards zero at low energies.

It is easy to demonstrate that the phase shifts
of Satchler et al."are in fact incompatible with
accurate experimental data. To this end we have
performed several measurements using the polar-
ized-proton beam available at the Nuclear Phys-
ics Laboratory of the University of Wisconsin in
Madison. In Fig. 3 we show some of our experi-
mental results. The measured quantity is the
c.m. scattering angle 8 at which the polarization
of protons scattered from 4He changes sign. We
have plotted 4 —0 as a function of proton energy,

where 4 is the prediction for 0 calculated from
the parameters given by Satchler et al." The
data are in strong disagreement with this particu-
lar set of phase shifts, while the other parame-
trizations fit the measurement quite well.

Having demonstrated the existence of a D-state
admixture to the 4He ground state, we want to
comment on the possibility of determining the cor-
responding spectroscopic factor from our analy-
sis. In principle, information about the asymptot-
ic normalization of the D-state wave function can
be obtained by an extrapolation of the FDR to neg-
ative energies. ' " In the present case we have
the fundamental problem of determining where to
extrapolate to, i.e., to specify the removal ener-
gy of a proton from the D state. Because of an-
gular momentum conservation, when a proton is
removed from the D state, the remaining trinu-
cleon cannot be a triton, but must be excited into
the continuum with an a priori unspecified amount
of additional energy. This makes it impossible at
present to obtain quantitative spectroscopic infor-
mation. Since calculations can be performed
which reproduce the S-state properties of 4He

quite well, '~" we suggest that they also be used
to predict a model wave function for the D-state
with which our results could then be compared.
Secondly, the existing experimental information
is not precise enough to encourage an extrapola-
tion, as can be seen from Fig. 2. Accurate po-
larization data at very low energies (preferably
below 1 MeV) are needed to determine the p+4He
p-wave scattering lengths and effective ranges.

In this work the investigation of nuclear bound-
state properties by applying a forward dispersion
relation to scattering data has proven to be a sen-
sitive tool. We doubt that other proposed tech-
niques based on the analyticity of scattering am-
plitudes" "could yield similar results, because
there the influence of singularities on the lower
E sheet, e.g. , of resonances, cannot be elimi-
nated. In addition, Coulomb effects are easily
handled in the FDR approach~zio, ii while they give
rise to considerable difficu1ties with other tech-
niques. '""

In conclusion we have investigated p+ ~He scat-
tering in a model-independent manner, based on
no particular assumptions about the interaction
of protons with 4He. From the existing experi-
mental information we have been able to deduce
the existence of a non-S-state admixture to the
ground state of 4He. Further experimental and
theoretical progress is needed to obtain quantita-
tive spectroscopic infor mation.
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For «4x the X sin(&C + 0) quantuxn field model corresponding to the "sine-Gordon"
equation with a nonvanishing mass term in two space-time dimensions exists and yields
a field theory satisfying the Wightman axioms. For )A, ) small enough, the Euclidean
Green's functions of this model have a convergent Feynman perturbation series. For X
large enough and positive, p positive, and 0 = 0, the 4 —4 symmetry is presumably
dynamically broken.

In this note I present rigorous results on the
quantized "sine-Gordon" equation

(CI+ m-')cp(x, t) = A.:sin[ecp(x, t)+ &]:

in two space-time dimensions. Here yn is the
bare mass which is assumed to be strictly posi-
tive, unless otherwise stated; 0 is an angle; e is

a positive, real number; and the bare coupling
constant A. is an arbitrary real number. The
colons designate the usual free-field Wick, or
normal, ordering.

The field equation (1) is an interesting labora-
tory for constructive field theory, in several re-
spects:


