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ter of the spin resonance line; T, is the spin-
spin relaxation time. In the steady state

ANO 4 )

AN = T TG Pe P /O T,

so that saturation effects are important when

ex,? ~H%/21T,T,|GI? . (5)

If we set T, ~10-° sec, T, ~107° sec, |G| ~1072"
erg?, we have ey, ~3Xx10-?, corresponding to a
phonon energy flux of about 0.1 uwatt/cm?. The
photon energy flux required for saturation is
also ~ 0.1 watt/cm?, but in an actual experiment
this will be reduced by the Q of the cavity. We
note from Eq. (1) that T, |G ? in Eq. (5) is rela-
tively insensitive to the precise nature of the
paramagnetic center. The ultimate sensitivity
is determined by the sensitivity to saturation
changes; if 10-3 of saturation can be detected,
one can detect a phonon flux ~ 10~* pwatt/cm?.

I am indebted to C. H. Townes, R. Truell,
and K. M. Watson for helpful discussions.

*This research was supported in part by the
Office of Naval Research, the Signal Corps, the
Air Force Office of Scientific Research, and the
National Security Agency.

1Some of the difficulties in detecting micro-
wave phonons are discussed by C. Kittel, J.
Acoust. Soc. Am. 21, 308 (1949).

?Private communications from J. K. Galt, J.
R. Pellam, and E. M. Purcell.

3See, for example, N. Tsuya, Science Repts.
Ritu B8, 161 (1957), who deduces from experi-
mental magnetostrictive measurements values
of G ~ 107 o 107!% erg for various ferrites.
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This letter discusses a spin-lattice relaxa-
tion mechanism, which has some novel features,
and describes preliminary experiments® which
suggest the importance of the mechanism in
certain cases. Possible applications of the
mechanism to spin-echo storage memories and
to masers are outlined.

If the lattice motions producing spin-lattice
relaxation are random and thus have a Debye
spectral density distribution with a correlation
time 7., the dependence of T, upon the nuclear
resonance frequency w has the form?

(WT,) & Cro/(bwirc?) . (1)

Major deviations from Eq. (1) are possible in
situations such as the following. Consider a
single crystal containing two nuclear species,
one with I = 3, and the second with I>3 and sub-
ject to an electric field gradient. The arguments
are general but we will assume the first species
to be protons and the second, C1% for which I =
3/2. In a static magnetic field, H,, the two pro-
ton levels are separated by -ylbeo. On the other
hand, the chlorine nuclei have four levels which
arise from the Zeeman splitting® of the doubly
degenerate pure quadrupole levels, Em°. For
an axially symmetric field gradient, the levels
are given to first order in H; as

1
E = Em°+m-y2b(H0cos 6 m#3,
E = Em°+m72MHO[(I+%)2sin26 2)
+ cos?0]"”? m=3%,
where
Em°=%[e2qQ/1(2I-1)] [3m? -1(1+1) ] . (3)

Thus, the separations of the chlorine levels de-
pend on the quadrupole coupling, €*qQ, on H,,
and also on the angle 6 between H, and the sym-
metry axis of the field gradient.

Because of the different factors governing the
energy levels for protons and chlorine nuclei it
is possible to find cases where, by adjusting 6
and H,, the proton resonance frequency can be

brought into coincidence with a chlorine transi-
tion. While this “resonance” condition is satis-
fied, proton-chlorine spin exchange can occur.
Usually, the quadrupolar coupling of nuclear
spins with the lattice is much stronger than mag-
netic coupling. Therefore the spin exchange,
which transfers energy between protons and
thence to the lattice, can reduce the proton T, by
as much as several orders of magnitude.

A schematic representation of the two sets of
levels and their dependence on H, is given in
Fig. 1. Two simple types of experiment can be
performed to characterize the relaxation me-
chanism. With a single crystal in a given orien-
tation, the proton T, may be observed as a func-
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FIG. 1. A schematic representation of the
proton and C1%® energy levels, as a function of
applied magnetic field, for a single crystal in a
given orientation. Spin exchange occurs between
the proton levels and the +3/2, -1/2’ C1%* levels
when H, = H;, as shown by the solid arrows.

The populations of both of these pairs of levels
can be inverted at Hy = H, by saturating the C13®
-3/2--1/2' transition, shown by the dashed
lines.

tion of H, and thus of w. We should find the slow
change in T, predicted by Eq. (1) and depending
upon 6 and E,° there will be up to four very
sharp deep minima* corresponding to the four
high-frequency C13%® transitions shown in Fig. 1.
Or H, could be kept constant and T, plotted ver-
sus 6, obtaining minima much as before. The
decrease in the proton T, will depend upon the
distances between protons and C1% nuclei, and
also upon angular factors determining the spin
exchange probabilities.®> The limiting value for
the proton T, will, of course, be approximately
the value of T, for C1%,

Experiments demonstrating the existence of
the above mechanism were performed on solid
p-dichlorobenzene and p-bromochlorobenzene at
room temperature using rf pulse apparatus.®
The normal proton T, in these samples is 10¢
sec while T, for C1% is about 2x107% sec. At a
given time only a small fraction of the molecules
in the polycrystalline samples used can have
orientations such that a chlorine transition coin-
cides with the proton frequency. However, by
rotating the sample in H, during the proton re-
laxation experiment, most of the protons can be
brought into resonance with chlorines and relax
by spin exchange. It was found that rotation of
the cylindrical samples at 30 rpm decreased
the proton T, to values as short as 2.5 sec, de-
pending upon the proton frequency. The ob-

served dependence of T, uponfrequency is complex
because of the polycrystalline samples, the pre-
sence of C1% as well as of C1%, and the rota-
tional averaging. It is significant that the rota-
tional effect was not found at proton frequencies
below 23.22 Mc/sec. This is the lowest fre-
quency at which a chlorine transition (C137) can
coincide with the proton frequency, as calcula-
ted with Eq. (2) using the C1% pure quadrupole

resonance frequency of 27.00 Mc/sec.

It appears that this relaxation mechanism
may prove useful in two types of application.
Anderson et g_l_." showed that spin echoes can be
used as a serial-storage memory device. How-
ever, the T, of the sample determines the sto-
rage time as well as erasure, and in their ex-
periments they could only pre-set T, over a
limited range by selecting the sample. It now
appears possible to adjust the T, and the storage
time over a very wide range simply by varying
H, or 6 for a properly chosen single crystal.
Erasure can be accomplished at any time by ad-
justing H, or § momentarily to optimize the re-
sonance relaxation. Moreover, the control and
adjustment operations can be performed with
simple electrical circuits.

The second possible application concerns pro-
posals®;® made for three-level nuclear quadru-
pole rf masers. Unfortunately, such devices are
on the borderline of feasibility because the power
available is proportional to 72, and y is rela-
tively small for quadrupolar nuclei. However,
suppose the operating frequency represents a
transition between levels which can undergo spin
exchange with proton magnetic levels. Inversion
of the populations of the quadrupole levels is
transmitted thereby to the proton levels and both
sets of levels contribute to the stimulated emis-
sion. Thereby the power available may be in-
creased by a factor up to (yg/ 'yQ)z which is be-
tween 20 and 100 depending on the nuclear spe-
cies involved. This situation is shown schema-
tically in Fig. 1.

*This research was supported in part by the
National Science Foundation and by the Office of
Naval Research.

TEsso Research Company Postdoctoral Fel-
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submitted by D. E. Woessner and H. S. Gutowsky
to J. Chem. Phys.
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In fully ionized plasma, close (large-angle)
collisions between particles in appreciable re-
lative motion are rare. However, collective
Coulomb interactions (i.e., small-angle colli-
sions) cause instabilities which grow so rapidly
that relative motions of ions and electrons, i.e.,
currents, are continually damped down by con-

Bu-wpe -2.0 -1.5 -1.0
Rew 0.05 0.09 0.15
Imw 0.48 0.54 0.60

All quantities in the table are in units of wy{?/3
prel’é. The growth rate, Imw =(wpizwpecos 6)vs
Xsinf. maximizes at@ =m/3, where fu =wpe.

For hydrogen, wpe= 43 Wpi and the shortest
e-folding times of fluctuation amplitudes are
18wpe. (Multiply by A for ions of mass num-
ber A.) The wavelength is then the distance trav-
eled by the electrons during one electron-plasma
period. But appreciable growth occurs over a
band of wavelengths 20% longer to 10% shorter
(for hydrogen). Exponential rise is accompanied
by very little oscillation (small Rew). Energy
doubles in just about one electron plasma per-
iod. The growth rate is independent of u, but

version of directed energy into (random) fluctua-
tion energy.

The growth mechanism is the familiar '=*
two-stream amplification. For initially station-
ary ions of uniform charge density p [ plasma
frequency wy; = (e p/Me /)% traversed by
electrons [charge density -p, plasma frequency
Wpe = (e p /mey)*/?] with velocity u, the(real)
wavelength 27/B of fluctuations and their (poss-
ibly complex) frequency w obey the dispersion
formula

wpi’/w? +wpe /(Bu -w?) =1.

[A fluctuation Coulomb field E creates ion ve-
locities e E/iwM and, by virtue of continuity,
ion charge density fluctuations - (p/iw) V'e E/
iwM=¢, V'E wpi’/w?. Similarly the electrons
contribute charge density fluctuations €, V'E
wpez /(Bu-w)y, encountering the fluctuations at
the Doppler-shifted frequency Bu - w. Poisson’s
equation furnishes the dispersion law. ] 27/8 is
measured along the electron flow; transverse
wavelengths are irrelevant.

Exploring the likely range wpj<< |w [<<wpe
for possible complex w= lw| exp (if), one equates
first the imaginary parts in the approximation

Bu/wpe - w/wpe =(1-wpi*/w?)™/2x 1 +wpi¥/2u?,

giving |w®=w izwpe cos 6. Then, from the
range 0<f <7/2 and the real part one deduces
the following table.

-0.5 0 0.5 1.0 1.5
0.25 0.40 0.58 0.78 1.00
0.66 0.69 0.66 0.51 0

our arguments imply that u exceeds random
electron velocities.

If a field is briefly applied to a plasma in
thermal equilibrium, accelerating electrons to
energy eV within an interval shorter than a
plasma period, initial thermal energy ev, of
plasma oscillation within the relevant wave-
length band will amplify sufficiently to destroy
the directed electron motion in about log,(V/V )
electron-plasma periods (probably 10-20 for
typical cases).

When a quasi-steady current is maintained by
a lasting applied field E, fluctuations will never
be allowed to drop appreciably below the level



