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or from an excited doublet -5 cm ' above the
ground state. As seen from Fig. 1(c), however,
the absorption falls instead of rising with de-
creasing temperature, We conclude that this
resonance is saturated and hence the resonance
observed at the considerably lower temperatures
used by Kirton and Newman is a fortiori saturated.

We are grateful to Dr. J. R. Shane for many
helpful discussions, to Dr. R. Newman and
Dr. R. Damon for their interest and sugges-
tions, and to Mr. R. J. Brophy for performing
the resonance experiments.
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We have determined the dispersion relations
for phonons in aluminum at 80 and 300 K by
slow-neutron spectrometry, using a three-axis
crystal spectrometer at the 30-MW research
reactor R2 in Studsvik. Initial detailed mea-
surements on a single dispersion curve failed
to reveal Kohn anomalies of the kind reported
by Brockhouse, Rao, and Woods' for lead, but
later supplementary measurements in select-
ed regions and an improved analysis of data
have revealed such effects. They are too small
to be obvious by direct inspection of a series
of points on a dispersion curve, but the data
are sufficiently accurate to allow the variation
of slope along a curve to be followed, utiliz-
ing average values of the slope in the interval
between two successive points, and to see ir-
regularities which are significant in relation
to the errors involved. This improved anal-
ysis has been applied to all data. Even on curves
of slope versus wave number the effects are
still not large, but we have two independent
series of measurements (at 80 and 300'K) and
the shapes of observed one-phonon resonances
to refer to, and on this basis feel justified in
assigning eight points on the Fermi surface of
aluminum.

Figure 1 shows the expected sites of Kohn
anomalies in aluminum. The construction is

to draw the intersections of spheres with the
triangular surface indicated; each sphere is
of radius 2pF and has its center at a recipro-
cal lattice point. The radius pF of the Fermi
sphere for free electrons is 1.13 (on the same
scale as the figure; this scale is used for all
wave vectors here). Circles derived from lat-
tice points outside the plane of the figure are
dashed. The intersection of two circles is
"rounded off" if the centers of the spheres con-
cerned are separated by twice a lattice vector
—corresponding to Bragg reflection of electrons
and gap formation. The rounding-off is sche-
matic, and does not attempt to follow theoret-
ical descriptions of the Fermi surface. The
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FIG. 1. Estimated positions of Kohn anomalies for a
near-spherical Fermi surface.
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figure is a guide to the positions and expected
sizes of anomalies: The positions are indica-
ted by the modified circular arcs, the sizes
by the following line of reasoning.

If u is the phonon frequency, m may be ex-
pressed as a sum of various terms, and the
part of this sum which figures in the Kohn anom-
alies is

where 6 is any reciprocal lattice vector, Q
is the wave vector of a phonon, referred to
the lattice point G, and e is the polarization
vector of the phonon. For a metal such as alu-
minum this formula is expected to be a fair
approximation, except where the departure of
the Fermi surface from sphericity is pronounced,
i.e. , near Bragg planes. The densities of states
involved in the electron transition may vary
markedly in such regions: A flattening of the
Fermi surface should give a larger Kohn ef-
fect, and vice versa. The anomalies arise from
the behavior of F(Q) when q =2pF (spherical
Fermi surface), and the relative size of an
anomaly in a particular material will therefore
be proportional to the product of what we may
call the multiplicity and the polarization fac-
tor. The multiplicity is the number of G vec-
tors contributing simultaneously to (1) at the
anomaly concerned; the polarization factor is
(Q ~ e/Q)'. What has just been said applies to
a Kohn anomaly in the curve of co' vs q. For
a dispersion curve, the expected relative size
of an anomaly is given by (multiplicity) x (po-
larization factor)/&u. In order that this quan-
tity shall be dimensionless, u should be taken
relative to a given frequency; taking the latter
to be 10" rad/sec ', we arrive at the values giv-
en in Table I. The anomalies there are num-
bered from the origin in accordance with Fig. 1.

A positive sign indicates an upward anomaly,
a negative sign a downward. The figures for
"split" anomalies —(2, 0, 0): 3 and 4; (2, 2, 0):
4 and 5; (2, 2, 0): 6 and 7-give poor guidance
(are probably too high), except as regards the
relation between the various branches. The
simple reasoning used here is quite invalid
at Bragg planes.

Figure 2 shows slope versus q for the (I,
1, 1) L and T curves and for the (2, 0, 0) L, and

T curves. The points at q =0 are from sound-
velocity data. ' It will be seen that points for
80 and 300'K combine very well (except near
the origin where those for 300'K are lower,
as expected), and indicate that assigned errors
are conservative. These errors arise mainly
from the estimated errors for the original fre-
quencies. Individual points with associated er-
rors are not independent in the usual sense be-
cause possible curves through them are sub-
ject to the condition that the area under the curve
is quite well defined even in an interval &q =0.2.
Similar plots to those of Fig. 2 for the three
(2, 2, 0) branches are not shown, though results
for them are quoted below.

In the (1, 1, 1) direction all three anomalies
are apparent. Anomalies 1 and 2 are close to-
gether on the L branch. From the figure and
markedly distorted peaks at q =0.52 and q =0.56,
No. 2 is at 0.52+0.04. No. 1 is weaker than
expected, presumably because of proximity to
Bragg planes (cf. Fig. 3); we take it to be at
0.42+0.03. No. 3 is at 0.72+ 0.03 (cf. T branch).

In the (2, 0, 0) direction anomalies 1 and 2

are apparent. No. 1 is at 0.23+0.02, No. 2 at
0.83+ 0.03. It seems that anomaly 3 occurs at
0.95+ 0.03; this conclusion is dubious merely
on the basis of Fig. 2(b), but from the obser-
vation of anomaly 6 in the (2, 2, 0) direction
(see below) is plausible.

In the (2, 2, 0) direction, anomaly 1 cannot

Table I. Expected positions and relative sizes of Kohn anomalies in aluminum. Units: see text.

Anomaly
No.

(1, 1, 1) direction
Relative size

L T

(2, 0, 0) direction
Relative size

L T

(2, 2, 0) direction
Relative size

L T) T2

0.41
0.55
0.75

+0.4
+0.2
-0.2

+0.4
0

-0.3

0.26
0.77
0.92
0.98

+0.4
+0.4
—0.1
—0.1

0
+0.2
—0.2
-0.2

0.35
0.57
0.61
0.95
1.15
1.34
1.40

+0.3
-0.2
+0.3

0

-0.2
-0.2

0
+0.1
+0.2
+0.2
—0.1
-0.1

+0.4
0
0
0
0

-0.2
-0.2

635
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FIG. 3. Points from our results in relation to the
Fermi surface as given by Segall.

FIG. 2. Variations of slope along dispersion curves
(a) in the (1, 1, 1) direction; (b) in the (2, 0, 0) direction.

be seen in the L branch, and can be only rough-
ly located on the T, branch because of an omis-
sion in our measurements. Anomaly 2 cannot
be seen; the high curvature of the Fermi sur-
face would probably make it weak. Anomaly 3

occurs at 0.63 + 0.02 on the L branch, and anom-
aly 6 at 1.33 + 0.03 on the T, branch (perhaps
on the L branch as well, though the large cur-
vature of the dispersion curve obscures the
effect). A distinct upward anomaly in the T,
branch at 1.06+ 0.04 does not seem to corre-
spond to either No. 4 or No. 5: It is unexpect-
edly large, apparently unaccompanied by its
"pair, " and in an unlikely position. It can be
explained in terms of a nondiametral electron
transition: If the points diametrally opposite
to A and B in Fig. 3 are A' and B', it will be
seen that transitions near A'-B and B'-A
are between regions of more nearly para1. lel
shapes than the diametral transitions A'-A
and 8'-B. Moreover, they reinforce one anoth-
er. %ith this interpretation, the anomaly cor-
responds to a point midway between 4 and 5.
If this interpretation is correct it should ap-
ply to all split anomalies.

Points on the Fermi surface corresponding
to six of the above anomalies are shown in Fig. 3,
which is a section through the Fermi surface
given by Segall. A seventh point in the middle
of the AB gap is in accordance with the explana-
tion offered above. The other two anomalies
—mentioned above as (2, 0, 0): 3 and (2, 2, 0):
6 —are more tentative individually. They are
both close to (1,0, 0.5) (~), however, and thus
lend support to one another. In the light of what
has been said above about split anomalies and
the circumstance that three Bragg planes meet
at 8", it is not certain what such anomalies
correspond to, but it does seem that, what-
ever the structure of the Fermi surface near
&, the main surface comes near to W. This
agrees with the conclusion that the fourth-zone
pockets are empty, '" and (less definitely) that
the Harrison monster is dismembered. '

A rough estimate of the magnitude of anom-
alies in aluminum (steps in dispersion curves)
may be made from three of them which corre-
spond to points on the Fermi surface far from
Bragg planes (cf. Fig. 3), and for which the
estimates of Table I may be reasonable. In
frequency units 10" rad/sec the resulting fig-
ure is (0.3+ 0.15) times the estimated relative
strength as given in Table I.

No attempt has been made to interpret an



VOLUME 15, NUMBER 15 PHYSI t" AL REVIEW LETTERS 11 OCTOBER 1965

anomaly at q =0.45 in the T branch of Fig. 2(b).
An explanation might be obtained in terms of
an extreme value of Q associated with a marked-
ly nonspherical region of the Fermi surface,
but in the present incomplete state of our re-
sults such a special case does not seem to war-
rant much speculation. A similar unexplained
anomaly appears to occur at q = 0.35 in the (2,
2, 0) T, branch. To examine such effects, and

to check and extend our observations, further
precise measurements are desirable.

A preliminary report was given in the Proceedings
of the International Atomic Energy Agency Symposium
on the Inelastic Scattering of Neutrons, Bombay, India,
1964 (International Atomic Energy Agency, Vienna,
1965), Vol I, p.211. A full account will be published
soon.
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HIGH-ENERGY (0.1-2 MeV) FISSION CROSS-SECTION STRUCTURE MEASURED USING
A NUCLEAR EXPLOSION IN SPACE*
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During the last U. S. high-altitude nuclear
test series, an experiment to measure the fis-
sion cross sections of U"' and U' ' was per-
formed using a nuclear explosion as a source
of neutrons. ' The measurement was carried
out above the earth's atmosphere over a neu-
tron flight path of about 1300 km using sound-
ing rockets to carry the fission and moderated
8F3 neutron detectors . A des cription of the
experiment which includes gross cross-section
data obtained over five decades of energy (30
eV to 5 MeV) has been previously presented. '

The purpose of this Letter is to report de-
tails of data obtained for the energy region
above 100 keV where the fission cross section
is characterized by large variations in ampli-
tude as a function of incident neutron energy.
The observed structure, which is shown in
Fig. 1, has not been seen previously in labora-
tory data, which possess lower energy resolu-
tion. ' Our data, which were obtained with an
experimental resolution of less than 1 nsec/m,
are averaged over 10- to 30-keV energy inter-
vals (indicated by the spacing between points)
to reduce statistical errors and facilitate cor-
relation analyses.

As seen in Fig. 1, structure appears in both

cross sections, although its features are more
prominent in the U' data, which exhibit vari-
ations of the order of three times the statisti-
cal error. (A solid curve has been drawn to
delineate features that are believed to have
statistical significance. )

An autocorrelation analysis of the U" data
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FIG. 1. U 3 and U fission cross sections plotted
against energy in the 0.1- to 2-MeV energy region.


