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"The field interval, AH, between peak and valley in Fig. 2
gives the magnetic moment directly by (phd/sA)(t&+&T)8=~,
where 5=1.06 is a first-order resolution correction which takes
into account the finite gate width and muon lifetime. The 5%
uncertainty comes principally from lack of knowledge of the
magnetic field in carbon. Independent evidence that g=2 (to

10%i comes from the coincidence of the polarization axis
with the velocity vector of the stopped p, 's. This implies that
the spin precession frequency is identical to the p cyclotron
frequency during the 90' net magnetic deflection of the muon
beam in transit from the cyclotron to the 1—2 telescope. We have
designed a magnetic resonance experiment to determine the
magnetic moment to ~0.03%.

"Note added in proof. —We have now observed an energy de-
pendence of a in the 1+a cos9 distribution which is somewhat
less steep but in rough qualitative agreement with that predicted
by the two-component neutrino theory (p~e+ v+ v) without
derivative coupling. The peak-to-valley ratios for electrons
traversing 9.3 g/cm2, 15.6 g/cm2, and 19,8 g/cm' of graphite are
observed to be 1.80~0.07, 1.84+0.11, and 2.20~0.10, respec-
tively.
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E have recently obtained a E -meson beam from
the Bevatron in which the intensity was greatly

enhanced by selection of particles emitted in the forward
direction. We further improved the usefulness of the
beam incident on our emulsion stacks by causing the
magnetically analyzed particles of 435 Mev(c to tra-
verse a polystyrene degrader of 18.36 g/cm' and
undergo a second bending of 180', thus discarding the
pion component of the beam. The remaining back-
ground tracks are chieAy muons and electrons. A small
emulsion stack exposed in order to evaluate the beam
has already yielded useful information. Although much
more work is planned on this and a larger stack, some
of the data now in hand are of sufhcient interest and
reliability for a preliminary report. In order to make
quantitative measurements the emulsion density was
carefully determined, and we employed our new range-

TABLE I. Measurements obtained from the interaction and decay
of negative X mesons in emulsion.

E mean life (1.46 o. ~'8))(10 ' sec
E -proton elastic scattering cross section (52 ~1+"))(10"cm'
E free path for inelastic collisions in emulsion 27.2& 2.3 cm
Z+ mass (from 2+~proton decay) (2327.8w 0.7) m,
Z mass (from Z —Z+ mass difference) (2341.5+ 2.3) m,
K mass (from X +p~Z++~ at rest) (965.3& 1.5) m,
E mass (from E +p~Z +7r+ in flight) (961.4& 3.3) m,
K mass (from X +p elastic collisions) (978 &25 ) m,,
Binding of Ao in AHe5 3.0& 0.6 Mev
Binding of A in gHe 1.2& 1.0 Mev
Binding of A' in pLi' 3.8& 3.0 Mev
Decay branching ratio (Z+~p+m )/(Z+~n+~+) 13/13
Frequency distribution of prongs from K stars at rest

Prongs 0: 1: 2: 3: 4: 5:6:7:8:9
Distrib. 36:43:63:30:28:20:9:2:2: 1

Frequency distribution of prongs from K stars in flight
Prongs 0: 1: 2: 3: 4: 5:6:7:8:9:10:11:12
Distrib. 16:22:46:34:31:14:8:4:0:1:1: 0: 1

Frequency distribution of prongs from X stars that emit hyper-
fragments

Prongs 1:2: 3: 4:5:6:7:8
Distrib. 1:3:11:12:6:3:2:3:1

Frequency distribution of hyperfragment prongs
Prongs 1: 2: 3:4:5:6:7
Distrib. 4:11:15'5'3:1:1

Frequency of hyperfragment emission from K stars 28/1152
Ratio of mesonic to nonmesonic decay of hyperfragments 9/42

energy curve. ' The numbers in Table I were derived
from along-the-track scanning of 1224K mesons. Of
these, 21 decayed in Right, 182 interacted inelastically
in Bight with emulsion nuclei, 6 scattered elastically
from free protons in the emulsion, 2 interacted in Right
with free protons to produce negative hyperons, and
only 2 interacted at rest with free protons to produce
charged hyperons (the two had opposite signs). The
K-meson energy interval for which the interaction cross
sections were calculated was 30 to 90 AIev. Analysis
of hyperfragments and their parent stars was carried
out on an IBAI 650 digital computer using a program
kindly supplied by Dr. C. Violet. We are greatly
indebted to Ernestine Beleal, Anna-glary Bush, Thoma
Davis, John Dyer, Renee Feldman, Hester Lowe, Lynn
Reynolds, and Toni Woodford for their conscientious
scanning work.
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Energy Commission.

'Barkas, Barrett, Cuer, Heckman, Smith, and Ticho, Phys.
Rev. 102, 583 (1956); 100, 1797 (1955); and Bull. Am. Phys.
Soc. Ser. II, 1, 184 (1956).

Energy of Interacting Feliai Systems
C. DEDQMINIcIs AND P. C. MARTINI

University of Birmingham, Birmingham, England, and Institute
for Theoretical Physics, Copenhagen, Denmark:

(Received December 26, 1956)

'HE purpose of this note is to make known a
number of investigations concerning the energy

of interacting Fermi systems, All of these investigations
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are based on an approximation which may be crudely
characterized as an expansion in the ratio of the
distance between particles to the distance traversed
between successive virtual scatterings. This parameter
can be small either because the interaction is weak, or
because, although strong and repulsive, the interaction
has a range short compared to the distance between
particles. The similarity between these two alternatives
is mathematically formulated and utilized by system-
atically rearranging perturbation theory according to
the pseudopotential description of Fermi. ' When the
potential is weak, this rearrangement reduces essentially
to ordinary perturbation theory; when it is strong, but
of short range, the modified procedure may still be
employed. In the present note we report on calculations
dealing with each of these possibilities.

Our interest in the results of perturbation theory for
weak interactions lies in the applicability of this method
to nuclear physics. For a gas of nucleons with a density
near the observed one, and interacting by conventional
attractive nucleon-nucleon potentials, the perturbation
expression for the energy'' converges quite rapidly. 4

We have examined this perturbation expression to
determine how large a repulsion is required in odd
states in order to obtain conditional saturation from
exchange forces alone. Such a repulsion does not seem
to be compatible with the scattering data. We have
also, preliminary to studying saturation with more
realistic forces, examined the first-order energies, as a
function of density, of states with given relative
angular momentum. In the neighborhood of the ob-
served density, s, p, and d states are all significant.

The second-order perturbation energy, which gives a
first approximation to the correlational energy between
each pair of particles, has also been calculated in the
earlier discussions. "We have calculated this energy
taking the exclusion principle into account (as in these
references) and also neglecting it. At the observed
density, with conventional forces, the latter result is
about four times as large as the former, and conse-
quently the Pauli principle is quite important. When it
is taken into account, the second-order perturbation
energy is about one-tenth of the first order and conver-

gence seems quite good. 4

The third-order perturbation expression contains two
terms in addition to another contribution to the corre-
lational energy of each pair of particles. The first of
these represents corrections to the energy arising from
correlations in the motion of more than two particles;
the second describes the effect on the correlations of
two of the average velocity-dependent held of the
remainder. The former has recently been estimated by
both Brueckner' and Bethe. ' A slightly more detailed
examination of it suggests a somewhat larger estimate
(about one-eighth of the second-order energy at the
observed density). The latter term is one to which

great weight has been given in recent discussions. "

Attempts have been made to take it into account more
accurately by making the equation for the pseudo-
potential approximately "self-consistent. " A careful
calculation of this term yields a result not significantly
larger than that obtained for the former one. With
conventional forces, a quadratic approximation to the
velocity dependence of the potential overestimates the
latter correction by a factor of two; an effective-mass
approximation which also neglects the exclusion princi-
ple yields a value eight times too large. The essential
point appears to be that because of the exclusion
principle, and either the short range or weakness of the
interaction, collisions take place rarely. When they do
take place, however, the average momentum change is
quite large. Consequently the quadratic approximation
to the potential, although valid at low energies, con-
siderably overestimates the difference in potential
between typical initial and intermediate states. This
overestimate is even greater when strong and more
singular forces, with their characteristically higher
momenta, are employed. After a smaller initial reduc-
tion due to the exclusion principle, the second correction
term is still overestimated by the reduced-mass approxi-
mation to it, by a factor of three in the case of a tensor
force, and a factor of five for a force with a hard core.
In all cases the actual value of this correction term
appears to be sufficiently small to permit its determi-
nation by modified perturbation theory. The more
complicated self-consistent procedures of Brueckner
and Levinson seem unnecessary. '

Our first application of this perturbation theory to a
system in which there is a strong short-range interaction
has been to the case of a pure hard-core gas. Such a
gas is characterized by one parameter, the product of
the hard-core radius, a, and the Fermi momentum, kF,
and the energy may be expressed as an expansion in
it. To third order, the energy of such a gas, with the
spin degrees of freedom of a neutron-proton system, is' '

3 2 12E=—+ (k Fa)+,(11—-2 lo—g2) (k Fa)'
2m 5 ~ 35m-'

+0.78(kFa)s .

Approximations used in evaluating the third-order
term may be in error by ten percent. To third order,
eR'ects of a velocity dependence of the average potential
do not contribute, but eAects of three- and four-body
correlations do. The terms they give rise to would be
significant in the nucleus if the hard-core interaction
were present in all states and if its effect were not
diminished by the surrounding nuclear attraction.

* Present address: Service de Physique Mathematique, Centre
d'Etudes Nucleaires de Saclay (Seine et Oise), France.

t Present address: Harvard University, Cambridge, Massa-
chusetts.

' The use of these methods for refractive indexes is discussed
by M. Lax, Revs. Modern Phys. 23, 287 (1951); the application
to the many-body problem was first suggested by Brueckner,



LETTE RS TO TH E E D I TOR 1419

Levinson, and Mahmoud, Phys. Rev. 95, 217 (1954). Closely
related topics have been discussed in later papers of Brueckner
and collaborators, by H. A. Bethe, Phys. Rev. 101, 1321 (1956),
and by J. Goldstone, Proc. Roy. Soc. (London) (to be published).' H. Euler, Z. Physik 105, 553 (1937).' R. Huby, Proc. Phys. Soc. (I.ondon) A62, 62 (1949).

4 This feature of the perturbation theory has recently been
emphasized by W. Swiatecki, Phys. Rev. 101, 1321 (1956) and
in the context of the pseudopotential description by H. A. Bethe,
reference 1.

' K. A. Brueckner, Phys. Rev. 100, 36 (1956).
'K. A. Brueckner and C. A. Levinson, Phys. Rev. 97, 1344

(1955); K. A. Brueckner, Phys. Rev. 97, 1352 (1955).
~ It should be stressed that we refer to the self-consistent
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The first term in this expansion was originally described by
KV. Lenz, Z. Physik 56, 778 (1929).' The second and third terms have been obtained by methods
similar to those discussed by H. A. Bethe and J. Goldstone,
Proc. Roy. Soc. (London) (to be published) and by K. Huang
and C. N. Yang, Phys. Rev. 105, 767 (1957).The former restricted
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of the two-body contribution. The latter independently derived
the second order (entirely two-body) contribution.
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'N this note we wish to report on a calculation' of
- - the energy of nuclear matter interacting by two-
body forces which qualitatively describe the observed
low-energy nuclear scattering data. In the 5-dominant
tripiet J= 1 states, these forces contain a tensor compo-
nent which reproduces the deuteron properties. In the
singlet S state, they have a hard core (0.5 X 10 "cm),
which leads to the prediction of a repulsive phase shift
consistent with the high-energy proton-proton scat-
tering. ' In the remaining states the forces have been
chosen to reproduce the phase shifts of Feshbach and
Lomon' in the region below 150 3Iev. Comparatively
manageable calculations with these forces have been
made possible by taking them to be separable. 4 These
calculations have been performed and found to predict
saturation at a density and energy not very different
from the ones determined empirically. This saturation
results primarily from repulsive interactions in states
with nonzero angular momentum.

Probably the most significant results of these calcu-
lations are their quite reasonable qualitative features.
The first of these is that the important contributions
to the nuclear energy depend primarily on the properties
of nuclear forces at the relative kinetic energies (below
125 ihfev) present in the nucleus. A tensor force affects
the scattering data at these energies and therefore can
alter the energy; a hard core of the usual dimensions
has a much smaller effect. In particular, a hard core in

the singlet S state alters the energy by only one Mev
near the normal density, and also at 1.4 times that
density. At the normal density, the hard core actually
decreases the nuclear energy since at this density, the
attraction, which must also be increased to maintain
the correct scattering properties, overcompensates in
the energy the repulsion of the hard core. At the higher
density the results differ by one Kiev in the opposite
direction as the hard core starts to become really
significant.

Even when the potential contains a hard core and
deep attraction it does not seem possible to neglect the
statistical effects of other particles on the scattering of
two. They appear to be important whenever the
scattering length of the two-body interaction is large
compared to the distance between particles. The
dynamical effects of other particles, on the other hand,
have a small effect on the scattering of two. '

iAIore important than the changes produced by hard
cores are the effects of the low-energy interactions in
states of higher relative angular momenta. E'or lack of
better information, we have used for each of these a
potential which duplicates the corresponding Feshbach-
Lomon phase shift. These phase shifts (unlike any
determined from meson-theoretic potentials) describe
the scattering data below 100 3 Iev at least qualitatively.
They are characterized by two properties: one is the
prediction of very little P-wave scattering when aver-
aged over spins, but of fairly substantial individual
P-wave phase shifts; the other is the presence of a net
repulsion in relative D states due to a sizable repulsion
in the D-dominant triplet J= 1 state. The latter feature
is one which cannot be reconciled with simple central
forces whatever their exchange. However, it seems to
agree with the prediction of a singular tensor force in
the triplet J=1 state. ' Since the scattering is weaker
and the intermediate momenta higher, the repulsive
effects of the exclusion principle are not so important
in most of these states of higher angular momenta. In
all but one, the 'Po state, the energy is closely related
to the corresponding phase shift.

Using the forces described above, we have determined
the nuclear energy at the observed nuclear density and
at 1.4 times that density. At the observed density we

obtain a volume energy per nucleon of 18 Mev, ' and
at the higher density we obtain a smaller binding

energy. The calculated minimum lies between these
densities and probably fairly close to the observed one.

While we place little weight on the numerical results,
they do not appear to depend sensitively on variations
in potential consistent with the same scattering phase
shifts. They do appear to make it plausible, although
far from definite, that the gross properties of nuclear
matter may be quality, tively understood on the basis
of two-body forces alone. In particular, it seems that
the "real" forces present in relatively low-energy scat-
tering may give rise to saturation at a density near the


