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for each set and since, in the frame of refer-
ence moving with velocity+u, &' and w' are
both positive energy while +3 and co4 are both
negative energy in a frame of reference mov-

ing with velocity -u, it follows that the nonlin-
ear set of equations has only bounded solutions
for these short systems.

For a weak ion beam system in a strong mag-
netic field and for o//o/pe «kll ~De,

e(k, o/)

= -&u =k (m/M)' V (I+k'A. ')-'"
k k I) e De

(8b)

The interaction ~y'+ vy i'+ cop «2 = 0 is nonlin-
early unstable but, as the system is shortened,
stops resonating for k~~

& o/pi/u. The coupling
up'+~y '+cup '=0 is also unstable but has a
critical wave number of k~t~2o/pi/u. For short-
er systems only modes co' and u' interact, but

they are both positive energy in a frame mov-

pi
k'A. ' k' o/' (o/-k u)'

De

Here XDs =Vs/o/ps is the electron Debye length,

okapi
is the ion plasma frequency, g«1 is the

ratio of the ion-beam density to the total den-
sity, k~~ is the wave vector along the field, and
k'=k~I2+k~'. All modes of (8a) are linearly
stable if Ve'»u'& (m/M)Ve'. However, again
many resonances induce nonlinear growth.
For beam velocities in the linearly stable re-
gime, the four solutions are

c/ '=k u+k o/ g'"(k'+ I/x '-o/ '/u')
pi De pi

2 k u k ~ ~1/2(k2 + I/g 2 2/u2) —1/2

pi Ds pi

ing with velocity u, and hence in a short sys-
tem the interactions of the low-phase-veloci-
ty mode are completely stable. However, in
addition to these low-phase-velocity modes,
(8b), this system has linearly stable electron
plasma oscillations

o/
+ =+(k o/ /k)[1+2(kX )'+ ~ ~ ~ ).

k J} pe De

A resonance of the form coI, '+~I I++~~Ii'=0
can take place and is nonlinearly unstable.
This interaction is only stopped when the (dy+

mode becomes ill defined, i.e., kADe=1; how-

ever, the matrix element ( VkklkII' p is extreme-
ly small for this resonance and associated non-
linear growth rates are initially slow.

Similar exterisions of the instability regions
by resonant scattering occur for other beam-
plasma systems. It is apparent that these ex-
tensions are important for the understanding
of basic experiments and in the theory of the
structure of shock waves in collisionless plasmas.
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The majority of electroluminescence studies
undertaken have been on semiconductors. '
The theories put forth to explain the excitation
of this phenomenon involve (1) the injection
of charges into the crystal by the electrodes, 2

(2) direct field ionization of impuritiess or of
the valence band itself, 4 and (3) the accelera-
tion of charged carriers to optical energies. '~~

We make use of the first and last of these mech-

anisms to explain the intrinsic electrolumines-
cence of pure KI at 77'K.

A voltage of 2500 V rms at 500 cps was ap-
plied across a crystal 0.5 mm thick using one

Ag and one In electrode. The emitted light was
observed perpendicular to the field at 1000
cps by using a phase-sensitive amplifier. The
signal was found to be 90' out of phase with
the reference frequency. The resulting spec-
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of the Vy center. Such a process requires no

electron acceleration by the field. However,
this situation should result in an emission in-
tensity in phase with the reference signal at
twice the field frequency, in contrast to that
observed.

The application of a de field of the same peak-
to-peak value as the corresponding ac field
failed to give any emission intensity on the
same scale as the rms signal obtained with
the ac field. This is attributed to the fact that
the crystal is given the opportunity to polar-
ize and build up sufficient space charge to ef-
fectively quench the electron acceleration in
the crystal.

A study of other alkali halides is being un-
dertaken to determine the dependence of the
existence or magnitude of eleetroluminescence
on the characteristic breakdown fields of these
materials. It is also hoped that frequency-de-
pendent measurements will yield some useful
information on the transport of charge carri-

ers in alkali-halide crystals.
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~For a review of electroluminescence, see W. W.
Piper and F. E, Williams, Solid State Phys. 6, 95
(1958).

W. Shockley, Electrons and Holes in Semiconduc-
tors (D. Van Nostrand Company, Inc. , Princeton, New
Jersey, 1950).

3W. Franz, Ann. Physik 11, 17 (1952).
4C. M. Zener, Proc. Roy. Soc. (London) 145A, 523

(1934).
D. Curie, J. Phys. Radium 13, 317 (1952).

~W. W. Piper and F. E. Williams, Phys. Rev. 87, 151
(1952).

7K. Teegarden and R. Weeks, J. Phys. Chem. Solids
10, 211 (1959).

A. von Hippel, J.Appl. Phys. 8, 815 (1937).
~M. N. Kabler, Phys. Rev. 136, A1296 (1964).

~ R. B. Murray and F. J. Keller, Phys. Rev. 137,
A942 (1965).

J. B. Taylor and Q. F. Alfrey, Brit. J.Appl. Phys.
Suppl, 4, 544 (1955).
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A linear shift of the epr lines of Cu2+-doped Rochelle salt by an applied electric field
has been observed in the high-temperature paraelectric phase. The shifts become
asymmetric with respect to the polarity of the applied field in the ferroelectric phase
and disappear at low temperatures in the antiferroelectric phase, demonstrating that it
is only the instability of the crystal lattice connected with the ferroelectric transitions
which makes the electric-field effect easily observable.

Bloembergen was the first to point out that
linear effects of the applied electric field on
the epr spectra of ions occupying sites which
lack inversion symmetry could be observed.
The shifts should be particularly interesting
and pronounced in ferroelectrics and in this
Letter we report the first observation of this
ferroelectrie epr Stark effect.

Recent epr and optical studies' ~ of Cu~-doped
Rochelle salt' did not show significant chang-
es in the spectra on going through the two Cu-
rie points but demonstrated that the Cu2+ ions
are located on the sites of the Na atoms and
that the 3d copper orbitals and the 2s and 2p
orbitals of the four oxygen ligands (1, 7, 5, 10)
form molecular orbitals with C2„(and nearly

D2I, ) symmetry. Since the Cu'+ sites thus lack
inversion symmetry, linear effects of the ap-
plied electric field on the epr spectra' should
be observable.

The measurements were made on a CuCl, —

doped Rochelle-salt crystal, containing 0.05
wt. % of Cu'+ ions with the electric field applied
along the ferroelectric a axis. Spontaneous po-
larization was observed between+16 and -11 C.
The hysteresis loops were found to be displaced
from the center in the x and y directions, in-
dicating the presence of an internal bias of
about 950 V/cm and the stabilization of a par-
ticular direction of the spontaneous polariza-
tion due to the Cu2+ impurities. In the absence
of the applied electric field the epr spectra
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