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FIG. 3. Superconducting transition temperatures
of La-Gd alloys. The points are the data of Matthias,
Suhl, and Corenzwit and the solid curve is theoretical.
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FIG. 4. Superconducting transition temperatures of
alloys of La and 1% solute indicated. The points are
the data of Matthias, Suhl, and Corenzwit and the
solid curve is theoretical. The point for Gd is taken
from the curve of Fig. 3.

ed in a manner suggested by Pippard" for impur-
ity scattering of electrons.

In his model I M&I' depends on zl in the same
manner as the phonon mean free path (z is the
longitudinal wave number and l is the electronic
mean free path). A decrease in l results in a
decrease in IM I' and hence in T

The ferromagnetic impurity effect has also
been treated recently by Herring'4 and by Mat-
thias and Suhl. '5

*Contribution No. 673. Work was performed in the
Ames Laboratory of the U. S. Atomic Energy Com-
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Jackson, Treiman, and 'Wyld' have pointed out
that the electron momentum, p~, the antineu-
trino momentum, p„—,and the polarization of the
nucleus, -(J )/8, may exhibit, in the decay of
oriented nuclei, a correlation of the form

]. + Q((J )/j) ~ (pe/&e) x(p&/E&)

if, and only if, the interaction responsible for
beta decay is not invariant under time reversal.
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Other three-vector- correlation experiments
that would test time-reversal invariance have
been suggested' ' and in part already carried
out. 4 However, a search for the correlation
mentioned above in the decay of free polarized
neutrons appears to be of considerable interest
since this process affords a particularly sensi-
tive test, and its interpretation requires no
knowledge of nuclear matrix elements and vir-
tually no Coulomb corrections. One has simply

21m(C C„++C C„+)
I C I' + I C ' I' + 3( I C~ I' + I C~' I') '

assuming, as is consistent with recent experi-
ments, ' that no couplings of 8 and T type occur
in beta decay.

In continuation of our work on the decay of
polarized neutrons, ' we have carried out an ex-
periment to set an upper limit for x) in this
process. This experiment was performed by
making a slight modification in the apparatus
used to measure the correlation' between the
spin of the neutron and the direction of emission
of the antineutrino. Its principle will be ex-
plained with reference to Figs. 1 (a) and 1 (b).
Figure 1 (a) represents the "normal", Fig. 1 (b)
the "time-reversed" situation. Consider the
plane of the figure as the x-y plane, and a neu-
tron polarized along the +z axis decaying, at
the point indicated by x, with pe along +x and

p
—„along +y. Assuming these momenta to have

about equal magnitudes, the slit system indica-
ted in Fig. 1 (a) will transmit the recoil proton
(pp) to the proton detector, thus enabling it to
make a coincidence with the electron. In the
"time-reversed" situation, p and p

—will appear
reversed, and the neutron spin J will point along
-z, -so that the slits and the two detectors will
have to assume the positions indicated in Fig.

J out of popes x &~pg g
p J in paper ~

{a}

FIG. l. Schematic dravring of arrangement for
"time-reversed" measurements.

Table I. Results of measurements on Q', the cor-
relation between antineutrino momentum, p-, elec-
tron momentum, j, and neutron spin, (J),

(J) p p—„Q'= &+X)- ' — x
J Ee p

Beta energy

Observed asymmetry

Correction factor for angular
spread of antineutrinos

Polarization of neutrons

Mean p&/Ee

150 - 650 Mev

-0.015 +0. 017

2.2

0. 87

0. 8

-0. 04 +0. 07

1 (b) to give a coincidence. The coincidence
rates per neutron should be the same with both
arrangements if the process is invariant under
time reversal. In practice, it will suffice to
compare coincidence rates for neutrons polar-
ized in the +z and -z directions, since the two
arrangements indicated can be made-to coincide
by a rotation around the z axis, an operation
which is still assumed to leave physical laws
invar iant.

To perform the actual experiment, the slit
system shown in Fig. 1 of reference 5 was ro-
tated by 90' along a line normal to the face of
the beta counter indicated in that figure, so that
recoils associated with antineutrinos emitted
perpendicularly to the neutron spin were prefer-
entially collimated onto the proton counter. All
other features and the operating conditions
were essentially unchanged with respect to those
described. In consequence of a recent re-activa-
tion of the proton detector, the ratio of coinci-
dences to background (at about 0.3 coincidences/
min) had the rather favorable value of 3/1. The
results of the measurements are indicated in
Table I, where the errors given in the first line
are purely statistical. The error in X) includes
an uncertainty of + 0.03 because of possible mis-
alignment of the neutron spin which brings in a
contribution from the correlation between the
antineutrino momentum and the neutron spin.
The preliminary result of a similar experiment'
is in agreement with our result.

Expression (1) could yield a nonzero result if
there was a phase difference, other than 0 or p,
between any of the four constants. To express
the experimental result in terms of a single

325



VOI. UME 1, NUMBER 9 P H YSICAL REVIEW LETTERS NovEMBER 1, 1958

phase angle ~, we shall assume that CA =x Cye j8

and CA'=CA, Cy'=Cy, withx and Cereal.
The relations between primed and unprimed con-
stants correspond to right-handed antineutrinos;
the absence of phase differences between primed
and unprimed members of either pair is strongly
suggested by the high polarization of beta par-
ticles. Taking x =+1.19+0.04, ' which is con-
sistent with our most recent value (8 = -0.11
+0.02) for the correlation between electron mo-
mentum and neutron spin, we conclude that ~

does not differ from n by more than +8 . It is
to be noted that the combination of our values of
0, and already implies this difference is not
more than 45'.

Work performed under the auspices of the U. S.
Atomic Energy Commission.
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California.
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The determination of the electron-antineutrino
correlation in an allowed transition has for many
years constituted a basic experimental approach
to the solution of the problem of the nature of the
beta-decay interaction. In the ease where only
the directions of the electron and antineutrino are

observed, the correlation is given by

W(8p -„) 1+o.(v/c)cos8~„-

where n has the values 1, 1/3, -1/3, -1 for vec-
tor, tensor, axial vector, and scalar interactions,
respectively. As a practical matter, the direction
of the antineutrino emission is ordinarily deduced
from coincident measurements of the vector mo-
menta of the electron and the recoil nucleus.
Even so, the experiment involves great difficul-
ties because of the extremely low energy of the
heavy recoil particle. Some years ago' it was
pointed out that the decay of Li' provides a par-
ticularly attractive object of study in this regard,
both because the decay energy is relatively high
and because the kinematics of the alpha-particle
decay of the daughter nucleus, Be'*, permits
extraction of the necessary information from ob-
servations on the relatively high-energy, easily
detectable alpha particles.

Radioactive Li', which has a half-life of 0.84
sec, decays to the 2.9-Mev, &=2+, excited
state of Be', which immediately breaks up into
two alpha particles. The half-width of the Be'*
is about 1 Mev. In the Be' frame of reference
the two alpha particles emerge with equal energ-
ies, and in opposite directions. In the laboratory
frame, the effect of the recoil is seen as a de-
viation in angle between the alpha particle paths
or as a difference in their energies, depending
upon the direction of recoil. %ith a total beta
transition energy of 13.6 Mev, the maximum de-
viation in angle is about V degrees and the maxi-
mum energy difference is about 20%. It is clear
that determination of the vector momenta of
the electron and the two alpha particles uniquely
determines the vector momentum of the anti-
neutrino, and with a sufficient number of
cases, permits the desired distinction between
the V, T, A, or S interactions. '&' On the other
hand, the much simpler experiment in which
only the distribution in angle between the alpha
particles is observed also permits certain dis-
tinctions, though of a more restricted character.
In effect, such a distribution is a direct measure
of the distribution of recoil momenta perpendic-
ular to the line of emission of the alpha particles.
Qualitatively, it may be seen that if the electron
and the antineutrino are emitted mainly parallel
to one another (vector interaction), the mean
square perpendicular recoil momentum will be
large, while if they are most often antipara11. el
(scalar case), the recoil momentum will be small.
The T and A interactions would be expected to
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