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Table I. Gamma rays from the decay of the 5166-
keV level in B~o.~

Ey
(Me V) % of decays

5.166
4,449
3.012
2.154
1.437
1.023
0.717
0.414

5
30
65
14
18
33
81
33

See Refs. 7 and 8.

in a calculated population of the 5166-keV level
of &180. The measured intensity of the 3366-keV
gamma ray taken from the full-energy peak only
is 2480+ 160 counts. Assuming no difference in
detector efficiency from 3.0 to 3.5 MeV this
means the observed intensity ratio of the 3366-
keV level in Be' to the 5166-keV level in B' is
&13.

In summary: There is evidence for the (y, n)
reaction leaving B" in an excited state (717 keV);

there is no evidence of population of the T =1
states in B'; and the first excited state in Be"
at 3366 keV is seen clearly.

From these data it appears that the cross sec-
tion integrated from threshold to 35 MeV for the
T =2 giant resonance in B"is considerably
smaller than the cross section over the same
range for the T = ~ giant resonance.
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The magnetic susceptibility of a neutron gas at zero temperature, an idealization of
neutron-star matter, is estimated for the realistic, soft-core nucleon-nucleon potential

of Reid. For mass densities below twice that of ordinary nuclear matter, there is no

sign of a ferromagnetically favorable instability of the normal ground state of the sys-
tem, the effect of the interactions being to depress the magnetic susceptibility relative

to its Fermi-gas value.

The most promising models of pulsars involve
rapidly spinning neutron stars possessing intense
magnetic fields. ' It thus seems appropriate to
investigate the magnetic properties of pure neu-
tron matter at zero temperature using the most
realistic nuclear forces available. There has
been some speculation that as the density in-
creases to one to two times that of the matter in
the centers of heavy nuclei, the ground state of
neutron matter might experience a ferromagnetic
transition. However, the exchange character
(in this case simply the spin dependence) of the
extra-core component of the two-nucleon poten-

tial is such as to oppose the onset of ferromag-
netism; if the ground state of neutron matter
ever does go ferromagnetic, the density at which
the transition occurs is expected to be so high
that current nuclear many-body theories' are
probably inapplicable. 4

Consider a uniform, extended system of neu-
trons at number density p, subject to nuclear
forces alone (neutron gas). ' In view of the afore-
mentioned conclusions of Ref. 4, a proper study
of the magnetic behavior of this system at zero
temperature may begin with the calculation of
its paramagnetic susceptibility g. A standard
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derivation" yields the following working formula,
for the evaluation of X:

Here s is the spin-polarization parameter (p~'~

-p )/p, where p
' and p~ ~, satisfying p~'

+p~ ~ =p, are, respectively, the partial densi-
ties of particles with spin up and spin down rela-
tive to a weak perturbing magnetic field; E(s) is
the energy per particle of the unperturbed system
as a function of s; and y is the particle magnetic
moment. For an ideal Fermi gas of one species
of spin-& particles, Eq. (1) yields the familiar
result

1 M 2
X =r'

F~

Cd =M/M* -1,
C, = (2/w)k „f~' [a, (x)—n, (x)]xdx. (3)

The quantity M* is the effective mass, to be com-
puted via

M 8 V(k, )

m Jf -Am

(4)

The quantities a, (x) and a, (x) are to be derived,
respectively, from the two-body interaction in
even- and odd-parity states. In particular, 2w(R'/

M)a, (x) is just the sum of even-partial-wave re-
action-matrix elements for relative wave number
k, =k ~x [including for each element the statisti-
cal factors appropriate to a calculation of E(0)],
and, in the absence of noncentral forces, 2v(@'/
M)3a, (x) is the corresponding odd-state sum.
The three corrections Cd, C „and C, to the
Fermi-gas value for (X/XF) arise, respective-
ly, from the modification in the density of single-

where k ~= (3m'p)"' is the Fermi wave number of
the unperturbed system. As is well known, the
condition X '=0 signals the onset of ferromag-
netism.

A short cut in our development is allowed by
the close formal parallel of the many-body meth-
ods required to treat liquid He3 and the neutron
gas. (5stgaard' has carried out a careful evalua-

tion of g for the former system based on a reac-
tion-matrix evaluation of the energy E(s) [and as-
sociated self-consistent determination of the
hole-line potential energy at s =0, V(k„)]. His

key formulas, to be applied here, are

(X/Xp)
'= 1+Cd+ C +C~,

particle states due to the interactions, from the
spin dependence of the reaction matrix, and from
the intrinsic dependence on s of the reaction ma-
trix (rearrangement effect). An explicit approxi-
mate formula for C, is given by Pstgaard. The
three-body contributions to E(s) in the sense of
Bethe' have been ignored; these will become
more and more important as the density increas-
es and eventually —along with other corrections
—invalidate the present approach.

Using now standard methods, ' "Sprung and
Banerjee have evaluated on-energy-shell diago-
nal reaction-matrix elements for the realistic
soft-core two-nucleon potential of Reid" in the

"L&partial waves So D2~ +o x, and 'P, -
'F,. Higher-partial-wave contributions to the
full reaction matrix were included in Born ap-
proximation, the interaction in these waves being
identified with the one-pion-exchange potential
(OPEP). The hole-line potential energy V(k )
was determined from the resulting full reaction
matrix. Self-consistency was not complete. Cal-
culations were performed for k, =(0.2, 0.35, 0.45,
0.548, 0.65, 0.775, 0.9)k „ for the same values of

, and for k F values in the range 0.504-2.02
fm ', corresponding to a factor of 60 variation
in p. The calculations could probably be pushed
to somewhat higher densities (optimistically, to
k F

=3 fm ') without danger.
The Sprung-Banerjee matrix elements and po-

tential energies supply the raw material for esti-
mates of the corrections Cd, C, and C, . Re-
sults for Cz and for three different estimates
C„, C, ', and C " of C, (to be defined below by
their mode of computation) are summarized in
Table I. With each k F appears the corresponding
mass density p, and ratio p/p„! where p, is the
equilibrium particle density of (uniform, extend-
ed) symmetrical nuclear matter with only nucle-
ar forces in action (ordinary nuclear matter).
Each of the four densities selected has some in-
trinsic interest: (1) For pure neutron matter the
S-state superfluid energy gap has a peak near 0„
=0.756 fm '. Correspondingly, the even-state
contribution to C, is positive and sizable. (2) The
even- state contributions to C, are especially
small near kF =1.26 fm '. (3) At k~=1 ~ 71 fm

p coincides with p,. Curiously, for this total
baryon density, the partial density of the proton
component of neutron-star matter (as computed
in Ref. 9) corresponds to a Fermi wave number
for this component at which the superfluid (super-
conductor) energy gap for this component in iso-
lation is near its peak value. (4) Beyond k„=2.02
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Table I. Results for the magnetic susceptibility of the ground state of pure neutron matter.

kF
(fm ~)

~n7
(10~4 g cm 3) P/P p Cd Cae CO (x/xp) '

0.756
1.26
1.71
2.02

0.244
1.13
2.83
4.66

0.086
0.40
1.0
1.6

0.950
0.873
0.779
0.719

0.052
0.145
0.283
0.391

0.720
0.772
0.750
0.698

0.702
0.736
0.742
0.736

0.760

0.798

1.8
1.9
2.0
2.1

fm, i.e., p =2p„no realistic reaction-matrix
calculations have been carried out.

Some detailed remarks concerning the entries
in Ta,ble I follow. The numerical error in the Cd
evaluation (due to the coarseness of the k„grid)
is perhaps 5'%%uo. [This error was estimated by
fitting a linear function of k, to V(0.775k F) and
V(0.9k &) and determining the corresponding M*

(cited in Table I), repeating this procedure for
V(0.65k F) and V(0.775k F), and comparing the two
M* results. ] Over the density range studied, the
correction Cd depresses X relative to its Fermi-
gas value, the effect increasing with kF. The
evaluation of C is rendered somewhat uncertain
by the fact that no parity decomposition of the
OPEP contribution to the full reaction matrix
was available. More seriously, the presence of
noncentral components in the Reid potential has
the consequence that the ' "L& partial-wave re-
action-matrix elements of Sprung and Banerjee
no longer suffice for the evaluation of a, . The
three C estimates C„, C ', and C," differ in
the manner in which these complications were
dealt with; their spread should provide some idea
of how drastic the corresponding approximations
are. In C „a,was simply omitted, along with
contributions from partial waves approximated
via OPEP. In C, ', 2m(h2/M)a, was approximated
as one-third the sum of the statistically weight-
ed odd-partial-wave reaction-matrix elements
(this amounts to forgetting about the fact that for
given LS, the reaction-matrix elements may de-
pend on J), again disregarding the OPEP waves.
Finally, C "was evaluated in the same way as
C,', except that the OPEP contribution to the
full reaction matrix, no longer ignored, was
attributed wholly to odd-state interactions. The
spread in these three estimates is seen to be at
most 14 ', at the highest density accessible.
Over the density range studied, the correction
C, remarkably constant, again acts to depress
)f relative to yF. The (y/yF) ' entries in Table I
refer to 1+Cd+ C, differences among the C,
estimates having been ironed out. The rearrange-

ment correction C„while perhaps non-negligi-
ble, cannot be computed accurately, and even a
rough estimate is tedious. However, preliminary
work using the approximation of Ref. 7 (which in-
volves a double quadratic interpolation, first in

k, and then in k F, from the reaction-matrix data
supplied by Sprung and Banerjee) indicates that
C enhances the correction Cd+ C by roughly
10/o or less over the density range examined
here, i.e., that its effect is to depress X slightly
further from yF. A thorough analysis of the re-
arrangement effect, and of the (possibly more
important) error in the C estimates C„', C," due

to the noncentral character of the potential, is
still in progress. A final note: If, following Ref.
9, we correct for incomplete self-consistency
and "underbinding" of the Reid potential by attach-
ing an overall adjustment factor to the reaction-
matrix elements, our results for (X/)t'q) ' will
be increased by several percent.

The Reid soft- (Yukawa-) core potential is con-
sidered one of the more satisfactory potential
models of the two-nucleon interaction, providing
a good fit of the low-energy (deuteron and effec-
tive-range) data and the Livermore" phase-shift
parametrization of the nucleon-nucleon scatter-
ing data in the laboratory energy range 0-350
MeV." However, the current two-body data
—even in the isospin-1 case of interest here, for
which the most accurate scattering measurements
can be made —do not determine the behavior of
the short-range repulsion: The data may be fit-
ted equally well using potentials with hard cores
or finite, flat-topped cores. ' In view of this un-
certainty, which surely has profound consequen-
ces at high enough densities, it is noteworthy
that Clark and Chao4 arrived at basically the
same conclusions regarding X as those presently
reported, using two hard-core potentials (the
Hamada- Johnston and Iwamoto- Yamada poten-
tials) whose short-range components differ sub-
stantially one from another as well as from that
of the Reid soft-core potential. Incidentally,
nuclear-matter results seem to favor soft cores, '
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although the evidence is not very strong.
In summary, a study of the normal ground

state of the neutron gas with realistic forces re-
veals no sign of a ferromagnetically favorable
instability at mass densities below twice that of
ordinary nuclear matter. This conclusion en-
hances the importance of investigations of the
role of superfluidity and/or superconductivity
in neutron star matter. " As regards the (in

some sense complementary) question of mecha-
nisms for the origin of strong magnetic fields in
neutron star models of pulsars, attention shifts
from neutron ferromagnetism to other possibili-
ties, notably that of self-consistent magnetiza-
tion associated with the Landau orbital ferromag-
netism state of the subsystem of electrons inevi-
tably present in the star. '6

This work was carried out while I was enjoying
the hospitality of the Argonne National Labora-
tory, Physics Division, where I benefited from
numerous discussions with Dr. Ben Day. I would
like to thank Professor Donald Sprung for kindly
providing reaction-matrix elements for the Reid
soft-core potential (computed by Mr. P. Baner-
jee) and for related correspondence.
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