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We report, for the first time, the mixing of three infrared frequencies
corresponding to wavelengths 3.39, 2.39, and 1.15 p, and production of coherent
continuous emission at the combined frequency of wavelength 0.63 u in a gas.
Effective continuous frequency conversion was realized via nonlinear interaction of
three fields that are resonant with adjacent transitions in neon. Owing to the
resonance conditions, the addition of the frequencies in the gas turned out to be
more effective by 8-10 orders of magnitude than in nonlinear optical crystals.

PACS numbers: 42.65.Dr, 51.70. +f

1. Until recently, continuous coherent conversion (addition and substraction)
of infrared and optical frequencies was effected with the aid of nonlinear optical
crystals and diodes based on metal-metal point contacts. The production of
harmonics and addition of frequencies in metal vapors under pulsed conditions
was reported inf1 and™! respectively. We have carried out the first successful
experiments on the addition of the frequencies 88,37 THz (A=3.39 p), 125,13
THz A\ =2,39 p), and 260,1 THz (A=1.15 p) and obtained continuous coherent
emission at the summary frequency 473.6 THz (A=0.63 p) in a gas under
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FIG. 1. Working~level scheme in neon.
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resonance conditions, The wavelengths 3,39 &, 2,39 i, and 1.15 p correspond
to the coupled transitions 3s,—3p,, 3ps~2s,, and 2s,=2p, in neon (seel®d),

2. Effective continuous frequency conversion in a gas is realized by non-
linear interaction of three fields with amplitudes E;, E,, and E; at frequencies
wy, Wy, and w3 resonant to the transitions 1—2, 2—3, and 34, respectively
(see Fig. 1). The appearance of radiation at the summary frequency ws=w1
+wq+ w3 is usually connected with the onset of polarization at this frequency.
It is more convenient to attribute this polarization under resonance condition
in a gas to microscopic characteristics of the medium, We write down only
those equations for the density matrix, which enable us to obtain directly the
polarization P, of interest to us
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Here V;,=1d;,E,/2%, dy, are the matrix elements of the i —% transitions, wy
are the frequencies of the i ~k transitions, and I';, are the damping constants
of the off-diagonal elements, We have assumed for simplicity that in the ab-
sence of fields the populations of all the levels except the first are equal to
zero. The polarization per unit volume is equal to Py =dypy. From (1) we
determine p,y, Substituting the obtained p,; in the second equation, we obtain
p31. We then use (3) to determine pyy:
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Polarization at the frequency  is thus the result of the following processes:
the field of transition 1—2 and the population », of level 1 produce polarization
at the frequency wy, the field at the frequency w, and the polarization at the
frequency w; produce polarization at a frequency wq+w,, and finally, the
polarization at the frequency wi+ wy and the field at the frequency w; produce
the polarization at the frequency ws=w{+wq+ws. We can obtain analogously the
polarization P,y following initial excitation of other levels. The emission power
at the frequency w is proportional to the product (Vy V3 Vys)? and depends on
the deviations of the frequencies from resonance and on the statisfaction of the
synchronism conditions. We note that allowance for the motion of the atoms
changes the quantitative estimate of the process when d;E,/2Fi ~Ty,.
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FIG. 2. Diagram of experimental setup.

3. To observe the effect of frequency mixing in a gas, it was simplest to use
a cascade He~Ne laser at the three wavelengths 3.39, 2.29, and 1.15 p [see
(3)] corresponding to the cascade transition 3s,— 3p, — 25, 2p, in neon. The
three fields produced as a result of the lasing interact with the excited neon
atoms and induce polarization at the combined frequency, as a result of which
coherent emission is produced at this frequency (A=0.63 p).

The cascade laser L {Fig. 2} had a compound resonator consisting of one
common aluminum-coated spherical mirror (R=20 m), a prism (P,), and three
flat mirrors M,, M;, and M, forming three independent resonators at the
wavelengths 3.39, 2.39, and 1,15 u, respectively. The transmissions of the
interference mirrors M, for A=3.39 p, My for A=2,39 i, and M for A=1,15 i
were respectively 30%, 20%, and 1.5%. Each of the resonators could be tuned
independently in frequency with the aid of the piezoelectric elements to which
the mirrors were secured. We take special note of the absence of a resonator
for A=0.63 i, so that ordinary lasing was completely excluded.

FIG. 3. Spectrum of beat signal produced when
the emission at the summary frequency was
mixed with emission of an He—Ne laser at
A=0.63 u.
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All three fields overlapped in the region of the discharge tube, and thus
interacted with the same active medium. The discharge tube was 5 m long and
had an inside diameter 15 mm.

Lasing at 3.39 ¢ and 1. 15 p took place in a wide range of pressures of the
He—Ne mixture (0,1-—~3 Torr) and discharge currents (40—100 mA), Lasing
at 2,39 u was produced only in the presence of lasing at 3.39 and 1.15 &, and
was present in a rather narrow pressure interval (0.2—0.5 Torr at a mixture
ratio Py, : Pg,=1:10). The input lasing power at the wavelengths 3,39, 2.39,
and 1,15 p was respectively 20, 12, and 7 mW, Coherent emission at A=0,63 u
without a resonator was observed only when lasing took place at the three
wavelengths simultaneously, It was sufficient to interrupt the lasing at any of
the wavelengths to cause the emission at A=0,63 & to vanish. The power at
0.63 ¢ was of the order of 10-8 W, It started smoothly upon appearance of the
simultaneous lasing at the three infrared wavelengths. At a certain distance
from the prism (2 m) it was possible to observe on a shaded screen the struc-
ture of the spot produced by the radiation. The spot was sharply outlined and
had an approximate diameter 5 mm, The structure of the spot changed with the
adjustment of the resonator mirrors,

The coherent properties of the emission were investigated by mixing it with
emission from an additional He—Ne laser L, at A=0,63 p (Fig, 3), and by ob-
serving the signal at the intermode beat frequency. The cascade laser operated
in the multimode regime and the emission at the summary frequency had there-
fore a complicated frequency structure., It was easy to see on the spectrum-
analyzer screen the spectrum of the beats between the individual components of
the structure. When the lasing frequency at one of the infrared wavelengths was
varied, the emission at A=0, 63 p changed accordingly.

The observed phenomenon can be regarded as resonant multiphoton undis-
placed scattering. The difference between the frequencies of the incident and
scattered radiation provides unique opportunities for investigating resonant
coherent scattering. The new method of frequency mixing in a gas is important
for direct measurements of optical~band frequencies and for the development
of a unified time and length standard. In the described cascade system of fre-
quency mixing, two transitions are already used to develop lasers of highest
frequency stability, at A=3.39 4 and A =0.63 p.

We are grateful to E.V, Baklanov, N, G, Nikulin, L.S, Vasilenko, and
Yu. G. Kolpakov for useful discussions.

13, E, Harris and R. B. Miles, Appl. Phys, Lett. 19, 385 (1971),

’R. T. Hodgson, P.P, Sorokin, and J.J. Wynne, Phys, Rev. Lett, 32, 343
(1974).

3W. R. Bennett, Jr., Some Aspects of the Physics of Gas Lasers, Gordon and
Breach Science Publ, , New York, 1973.

4S.A. Akhmanov and R. V. Khokhlov, Problemy nelineinof optiki (Problems of
Nonlinear Optics), Moscow, 1964,

8 JETP Lett., Vol. 24, No. 1, 5 July 1976 Klement'ev et al. 8





