VoLuME 18, NUMBER 18

PHYSICAL REVIEW LETTERS

1 May 1967

for 1s, it is 2p°(3P,°)3s(J =1). For notation, see C. E.
Moore, Atomic Energy Levels, National Bureau of
Standards Circular No. 467 (U.S. Government Printing
Office, Washington, D. C., 1949), Vol. 1.

‘See Eq. (19) in A. SzSke and A. Javan, Phys. Rev.
145, 1137 (1966).

5The line shape resulting from the change in popula-
tion due to the laser field is a linear superposition of
two Lorentzians both centered at wy’, the center fre-
quency of the 0.6-u transition. Their corresponding

half-widths at half maximum intensity (in angular-fre-
quency units) are given by vy, =y’ +ay, where o =w/
wg and y’ is similar to y, except referred to the two
levels of the 0.6-u transition. The intensities of the
two Lorentzians are proportional to their respective
half-widths at half maximum intensity. This result
applies only when the usual Doppler width is consider-
ably larger than y,.

6A. SzSke and A. Javan, Phys. Rev. Letters 10, 521
(1963).

OBSERVATION OF TUNABLE OPTICAL PARAMETRIC FLUORESCENCE*

S. E. Harris, M. K. Oshman, and R. L. Byer
Department of Electrical Engineering, Stanford University, Stanford, California
(Received 24 March 1967)

We report the observation of an optical fluo-
rescence which is thermally tunable over a
significant portion of the visible and near-in-
frared spectrum. Using a crystal of LiNbO,
and a 4880-A argon laser as a pump, we have
observed tuning from 5400 to 6600 A. Fluores-
cent powers were estimated to be about 1072
W and to have linewidths which were measured
to be less than 75 A, and are probably less
than 1 A.

We believe that the observed effect is that
of spontaneous emission or fluorescence from
a phase-matched parametric system. This

effect has been predicted by a number of authors!-3

and is a result of the quantum-mechanical pos-
sibility that a driving pump photon may spon-
taneously split into a signal and an idler photon
such that vg+v;=vp. Alternatively the effect
can be considered to arise from zero-point fluc-
tuations of the signal and idler modes. From
another point of view the observed fluorescence
can be considered as a direct observation of

the quantum noise that is associated with any
linear amplifier.*

A schematic of the experimental arrangement
is shown in Fig. 1. A cw argon laser with an
output power of about 300 mW at 4880 A was
used as the pumping source. The LiNbO, crys-
tal was 1 cm long and was oriented with its
optic axis in its face and parallel to the polar-
ization of the incoming laser beam. The crys-
tal was mounted in an oven capable of varying
its temperature from room temperature to about
375°C. By changing the crystal temperature
and thereby varying the refractive indices, the
momentum -matching condition Kg +El~=Ep for
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an extraordinary pump wave and ordinary sig-
nal and idler waves could be satisfied and tuned
over a wide range of wavelengths.%® The out-
put analyzer was oriented at 90° to the input
polarizer and together with two blue stop fil-
ters provided about 120 dB of discrimination
against the laser pumping light. A Leiss prism
monochromator with a resolution which we es-
timated at about 75 A followed the filter.

With the crystal temperature at about 125°C,
a dull fluorescent emission in the red was ob-
served visually. As the crystal temperature
was increased, this emission moved progres-
sively toward the green. Results obtained us-
ing the Leiss monochromator are shown in
Fig. 2. For temperatures below 100°C the emis-
sion moved continuously into the far red, and
at about 75°C it was no longer detectable. As
a result of loss of visual sensitivity, wavelengths
in this region were not measured. The short-
wavelength end of the data was limited by the
inability of our oven to reach hotter tempera-
tures. If the crystal was rotated 90° around
its longitudinal axis, so as to make the pump
an ordinary wave, fluorescence was no longer
observed. We expect that associated with the
visual-range fluorescence described above,
there was also a near-infrared idler fluores-
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FIG. 1. Schematic of experimental arrangement.
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FIG. 2. Experimental results showing fluorescent
wavelength as a function of crystal temperature.

cence which tuned between approximately 1.9
and 4.6 u; however, observations in this re-
gion were not attempted.

We note that the crystal orientation described
here is the same as that recently used by Giord-
maine and Miller to obtain tunable optical para-
metric oscillation.”’>® In comparing these ex-
periments, we note that the single-pass para-
metric gain in the present experiment was
about 10~ Np/cm. Since the single-pass ab-
sorptive loss of the crystal was about 10~2Np/
cm, net parametric amplification or oscilla-
tion was not possible. The effect described
here is a spontaneous emission and is there-
fore not dependent on parametric gain exceed-
ing loss. We note also that optical parametric
amplification and oscillation has been consid-
ered by a number of authors.®”!

Based on the work of Louisell, Yariv, and
Siegman® and others,??2 the spontaneously emit-
ted power per mode per unit length of crystal
is given by hvgadv, where 7 is Planck’s con-
stant, v is the optical frequency, « is the
incremental power gain of the parametric sys-
tem, and dv is the incremental frequency band-
width. If the pumping laser is focused to an
area of A =3);L, where L is the length of the
nonlinear crystal, and }; is the idler wavelength,
then the spontaneous emission from only a sin-
gle idler mode need be considered.!? The spon-
taneously emitted power PSp in an incremen-
tal frequency range dv per signal mode is then

given by
2 2
sp=n n4zaé‘ SIZLZA 2dev, (1)
sip 0 s i

where d,; is the magnitude of the pertinent crys-
tal nonlinearity; €, is the dielectric constant

of free space; ng, n;, and ny are the refrac-
tive indices of the signal, idler, and pump,
respectively; Pp is the total power of the pump-
ing laser. Since the number of idler modes
which spontaneously emit into the signal mode
is proportional to the area of the pumping beam,
it is expected that Eq. (1) should also be cor-
rect, independent of the area of the pumping
beam.

At this time we are uncertain as to the band-
width of the spontaneous emission. For the
data points of Fig. 2, our pump beam was un-
focused and had an area of about 3 mm?, By
visual comparison with an attenuated He-Ne
laser, the spontaneous power was estimated
to be about 10~¥W. Based on Eq. (1), this would
require a bandwidth of about 1 cm™*,

We note that since Psp is proportional to 4,2,
the technique described here provides a means
to measure optical nonlinearities over a wide
range of frequencies conveniently. This should
be of particular interest in regions of the spec-
trum which are close to, or within, an absorp-
tive region. The technique also provides a con-
venient method for determining the dispersion
and phase-matching conditions of nonlinear
crystals to be used in optical parametric oscil-
lators. Knowledge of the spontaneously emit-
ted power as a function of frequency determines
the magnitude of the pump field which will be
necessary to achieve oscillation, and also de-
termines the tuning curve of the oscillator.
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ULTRAHIGH-FREQUENCY INTENSITY-MODULATED LIGHT FROM A PLASMA

Glen J. Morris
Boeing Scientific Research Laboratories, Seattle, Washington
(Received 5 October 1966; revised manuscript received 17 March 1967)

Intensity-modulated light emanating from a
region of a plasma, wherein strong oscillations
were excited by means of the familiar two-stream
instability, has been detected at frequencies
of several hundreds of Mc/sec.! The observa-
tions were made using a photomultiplier radi-
ometer.? In essence, this device coupled a
short time resolution photomultiplier to a ra-
dio receiver. Intensity-modulated components
present in the light were detected by scanning
the receiver in frequency and recording the
receiver output as a function of frequency.

The photomultiplier used was an RCA 7746
with <2-nsec rise time and an S-11 photocath-
ode response. A synchronous-detection tech-
nique was used to aid in recovering periodic
signals from the white-noise output of the pho-
tomultiplier. This, in combination with care-
ful shielding of the photomultiplier and receiv-
er, eliminated any possibility of spurious re-
sponses due to direct pickup of radio signals.
The details of the instrument will be published
elsewhere.

The principal source studied with the radio-
meter was an experimental tube in which the
two-stream instability was used to excite co-
herent, longitudinal plasma oscillations. In
the tube used in this experiment, two contra-
streaming coaxial electron beams 2 mm in di-
ameter were used to generate a plasma and
to excite longitudinal plasma electron oscilla-
tions in it. The spacing between the two gun
anodes was 5 cm, and a weak axial magnetic
field was used to confine the beams. Krypton
or xenon at pressures in the range from 1 to
10X1072 Torr were the gases commonly used.
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Such devices as the tube described above and
the two-stream mechanism have been discussed
by several authors.3*

Longitudinal electron oscillations occur in
such a tube at a frequency slightly lower than
the plasma frequency. For the experiment dis~
cussed here, the degree of ionization was ~10—*.
Electron number densities in the range from
10° to 10%° cm~—2 were typical. Corresponding
oscillation frequencies ranged from about 300
to 600 Mc/sec. In the absence of oscillations,
electron temperatures of 2-3 eV were measured.
This type of plasma oscillater is known to ra-
diate electromagnetic waves at the second har-
monic of the oscillation frequency.* As discussed
earlier, there was no possibility of direct pick-
up of a signal by this means.

A noteworthy characteristic of this type of
oscillator is its ability to sustain simultaneous-
ly oscillations in two different modes at differ-
ent frequencies. This was particularly true
of the oscillator used here because each elec-
tron stream was reflected upon itself at the
anode of the opposing gun. As a consequence,
each stream interacted with itself. The super-
position of the two oscillating fields resulted
in the familiar phenomenon of a high-frequen-
cy field modulated in amplitude at a low fre-
quency.

A low dispersion spectrophotometer was used
to determine the spectral characteristics of
the light emitted by the plasma oscillator. With-
in the range from 3400 to 6000 A (S-11 photo-
cathode response), five to ten lines were de-
tected. The lines were superimposed on a weak
continuum, but the relative intensities indicat-



