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FIG. 4. Multiple
reQections of longi-
tudinal waves at 1000
Mc/sec and 15'K.

seen at 1000 Mc/sec and above. The uncertainty
of the absolute values of each curve in Figs. 2
and 3 is estimated to be about 10%. The relative
values are considerably more accurate, the
main source of error being the calibration of the
leakage signal. The frequency dependence of the
attenuation is different at high and at low tem-
peratures. Below about 25'K there is practically
no variation with frequency, while above 60'K
the frequency dependence appears to be bebreen
linear and quadratic. Further experiments over
a wider frequency range will clarify this point.

At present we have no satisfactory explanation
for our observation. It appears to be more diffi-
cult to account for the magnitude of the absorp-
tion than for its temperature dependence. It is
interesting to note, in this connection, that the
attenuation drops to half of its high-temperature
value where the mean free path of the thermal
phonons is of the same order as the acoustic
wavelength, particularly in the case of trans-
verse waves; thus this appears to be an example
of interaction between sound waves and the ther-
mal phonons. The small variation of the attenua-
tion above this temperature may be related to
the fact that here the product of the total phonon
energy' E and the phonon mean free path l is
nearly constant. A naive assumption of a "pho-
non-viscosity, "

l=rE l/xSc, (c= average sound velocity)

would therefore qualitatively explain the tem-
perature dependence, but it would account for
only about 15% of the observed absorption of
transverse waves above 60'K In the case of
longitudinal waves our data would, in addition,
require the assumption of a considerable com-
pressional viscosity.

Absorption due to heat conduction, as calcu-
lated for example by Lucke~ and others, is one
order of magnitude smaller than observed and
w'ould not account for the absorption of trans-
verse waves.

Akhieser" and Pomeranchuka treated the inter-
action between sound waves and thermal phonons
in ideal crystals. Unfortunately Akhieser only

considers temperatures much higher and much
lower than the Debye temperature, so that a
co~parison with our results is not yet possible.
Pomeranchuk's results do not agree with our
observed temperature dependence.

Eshelby, ~ Leibfried, 8 and Nabarroe estimated
the sound absorption arising from the fact that
the motion of dislocations is damped by interac-
tion with thermal phonons. But the observed
temperature dependence and the strong longitu-
dinal absorption are difficult to understand on
the basis of their models.

We should like to acknowledge gratefully very
interesting discussions with C. Herring, H. J.
McSkimin, and W. P. Mason of these Laborato-
ries. We also wish to thank A. DiGiovanni for
his very valuable assistance with the experi-
ments.
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When He+ ions are scattered from He atoms at
kev energies, a small fraction of these collisions
result in large-angle scattering of the incident
particle. Scattered particles from this collision
(and other combinations as well) have been ana-
lyzed to determine their charge state in boo pre-
vious papers, '~~ the data being taken at 25, 50,
and 100 kev incident energies. Two interesting
facts appear from the He+ on He data of these
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FIG. 1. The particles scattered at 5' from a He on
He collision are analyzed to determine the fractions
Po and P2 which are neutral and doubly ionized, re-
spectively. These fractions are plotted as a function
of collision time on the lower axis and incident energy
in kev on the upper axis. Several resonance peaks
are shown.

papers. Firstly, there is hardly any variation to
the charge-state fractions of the scattered helium
particle as the angle of scattering varies from 1'
to 20'. Secondly, the fraction of neutral helium
is unexpectedly higher at 50 kev than at 25 or 100
kev, indicating that this quantity must reach a
maximum within this region.

A detailed investigation of this second anomaly
has uncovered several resonance peaks as shown
in Fig. 1. The curve P, is the fraction of the
particles scattered at 5' which are neutral. There
are maxima in Po at 2.7, 4.0, 5.8, 9.6, 17.5, and
43 kev, and indications of a maximum at about
250 kev. Although the data are plotted for 5' scat-
tering, the curve for 10' scattering is coincident
at energies in excess of 15 kev. At lower ener-
gies, where the analysis is to some extent a
function of the scattering angle, the peaks would
be shifted if the 10' data were plotted. The curve
for P» the fraction scattered as He++, is plotted
also. This curve shows peaks at 80, 26, and
13.5 kev and is zero at lower energies. Peaks
for P, occur where P, is a minimum. The values
for P„ the fraction scattered as He+, are not
shown but are readily found since Pz, P„and P,
must add to unity.

The data are plotted on a scale spaced in pro-
portion to the collision time, which varies as the
inverse square root of the energy. It is immedi-
ately evident that the high-energy peaks are even-
ly spaced on this scale and there is a strong in-
dication that the peak at about 250 kev is the
first one in the series. The low-energy peaks
are spaced progressively further apart.

A qualitative explanation of these phenomena
may be the following: At 250 kev the collision
time is so short that an electron from the neutral
target atom has just time to jump to the ion and
neutralize it. At 80 kev the electron has time to
jump to the ion and back to its original atom. At
43 kev the electron has time to jump on and off
and on again, and so on. The formation of the
He++ is a nonresonant competing process at high
energies upon which effects of the resonant cap-
ture process are superimposed.

It is most interesting that Firsov and Massey,
Bates, and Stewart' have predicted that the dif-
ferential cross section for elastic scattering with
charge exchange of an ion in its own gas should

1
vary as sin' [kE =2], where E is the energy and
k is a constant. Our data clearly show this sort
of energy dependence. However, their theories
were expected to be valid at low energies, of the
order of a few kev or less.

Our data were taken with essentially the same
apparatus as in our previous work ~ except that
the detector is now a secondary electron multi-
plier which counts the scattered particles indi-
vidually. We have not yet developed a method of
calibrating and comparing the counting efficiencies
for neutrals and singly-ionized atoms below 25
kev. The heights of the peaks and depths of the
valleys may need later adjustment when this cali-
bration is made. The gradual falling off of peak
heights of Pp at low energies might simply re-
flect a decreased efficiency in the counting of neu-
trals. The energies at which the peaks and val-
leys occur should not depend on this calibration.

We would express our thaaks to Dr. Arnold
Russek for valuable discussions of this phenom-
enon and to Mr. Grant Lockwood for his help in
obtaining the data.
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ROTARY SPIN ECHOES
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Torrey' has observed the free precession of
nuclear spins around an rf field H„ fixed in a
frame rotating at the Larmor frequency eo=yHo
around a large dc magnetic field Ho. He showed
that, for an H, much larger than the inhomoge-
neity of Ho, the latter has a negligible effect on
the decay of the spin magnetization which is
mainly due to the inhomogeneity of H, . Vfe re-
port here on a method of overcoming the inhomo-
geneity of H, by the production of echoes in the
rotating frame ("rotary echoes") which are very
similar to the usual spin echoes. l The rotary
echoes, however, have some additional specific
features that make them particularly suitable for
the measurement of long relaxation times.

Consider the rotating frame with the z-axis
along Ho and the g -axis along the rf field H, . If
at the time t =0 we suppose that the spin magnet-
ization M is along the z-axis, M will precess in
the yz plane and, at t = 7, the angle of precession
is p=yH, 7. In practice H, is inhomogeneous,
with a half-width ~» and will vary within the
sample. Therefore, the total magnetization,
sum of magnetization vectors at different points
of the sample, will fan out in the yz plane in a
time of the order of 1/ydZE, .

At t = ~, we perform a 180' phase shift on the
rf field so that H, is suddenly reversed in the ro-
tating frame. From then on, the magnetization
vector, at each point, will precess at the same
rate as before, but in the opposite direction.
Therefore, at time 1=2', the angle of precession
will cancel out and all the magnetization vectors
will be in phase again on the z -axis producing
an "echo, "as shown in Fig. 1.

In that way, we overcome the effect of the
inhomogeneity of H, and we measure only the
effect of spin relaxation. For example, in a
liquid where the Brooch equations are valid, the
envelope of the echoes, when ~ is varied, is an
exponential curve with a time constant T given

FIG. 1. A rotary echo in doped water. The total
trace is 100 msec long.

l, (l 1i
+
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where T, and T, are the longitudinal and trans-
verse relaxation times, respectively. The main
limitation of the rotary echo method is due to
self-diffusion in the liquid just as in the standard
spin-echo experiment. Its effect can be greatly
reduced, as in the Carr-Purce114 method, by
reversing H, (which corresponds to a 180' pulse
in a spin-echo experiment) not only at t= 7 but
also at t=27, t=57, ..., t=(2n+1)7; the echoes
then occurring at t=27, t=47, ..., t=2(m+1)7.

The main difficulty in applying the spin-echo
method in the measurement of long relaxation
times is that (a) in order to overcome diffusion
a large number of 180' pulses must be applied,
and (b) the errors on the 180' pulses being cumu-
lative, a large number of pulses give poor re-
productibility. A remarkable feature of the "ro-
tary echoes" is that the errors on the reversals
of H, are not cumulative. This can be seen by a
detailed analysis in the rotating frame in a man-
ner analogous to that described by Meiboom and
Gill' for their modified Carr-Purcell method.
The result is the possibility of obtaining a large
number of echoes (1000 are shown in Fig. 2) with
good stability, while it was practically impossi-
ble to obtain in the same magnet more than 30
echoes of the Carr-Purcell type. Figure 2 shows
a measurement of relmcation time in oxygen-free
benzene which yields the value T, =19.6+1.5 sec.

Vfe use a crossed coil spectrometer. The
transmitting coil is fed by a gated oscillator
giving an rf field H, up to 1.5 gauss (rotating
component). As in Torrey's exyeriment, ' we
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