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The outputs of a ruby laser and a tunable dye laser (pumped by the ruby laser) have been frequency-
mixed in a proustite erystal, Difference wavelengths have been generated around 5 and 11 [im; tuning being
achieved for the latter covering the range 10.1 to 12,7 im. Extrapolations from these preliminary results
indicate that currently available lasers and nonlinear crystals should allow continuous tuning from 2.5 to

12,5 idm,
watt,

Recently considerable advances have been
made in the operation of laser devices producing
tunable medium infrared (IR) radiation. Of
these the spin-flip Raman laser [1] and the various
semiconductor laser diodes [2] suffer from res-
tricted tuning ranges in practical devices. The
proustite parametric oscillator [3, 4] has in
principle a much wider tuning range although
at the time of writing, tuning of this device
has only been attempted in the near IR (from
1.82 to 2.56 um) [4]. All these devices are re-
latively complex. Infrared generation by optical
mixing is much simpler and, in addition, offers
a very wide tuning range.

Martin and Thomas [5] first demonstrated
medium IR mixing using an Nd laser and its
Raman shifted output. In this way they produced
a few fixed wavelengths around 10 ym by non-
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1 and at pulsed powers of the order of a kilo-

phase-matched mixing in CdS and CdSe. Ex-
tension of this work to produce higher powers
and tunability of the medium IR had to await

two advances. These were the availability of
phase-matchable nonlinear crystals trans-
parent from the visible to medium IR and the
development of sources of high power tunable
visible radiation for one of the mixing fields.
Dewey and Hocker [6] have recently demon-
strated the fruitful marriage of these two
advances, by mixing a ruby laser and a tunable
dye laser (pumped by the same ruby laser) in a
crystal of LiNbO3. The longest wavelength gen-
erated, 3.5 um, was limited by IR absorption in
the LiNbO3. In this letter we report some prelim-
inary experiments which extend the dye laser
mixing technique further into the medium IR

by using proustite as the mixing material. The
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Fig. 1. Experimental arrangement.
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attractions of proustite are its large non-
linearity, its transmission from ~ 0.6 to =~ 13
um and the fact that phase-matching is possible
for any three-wave collinear process within its
transmission band {7]. The material has a
rather low damage threshold [8], particularly
for ruby laser radiation (a few MW/cmz) as the
wavelength is close to the band edge. However,
with care. damage can be avoided and the results
of our preliminary experiments indicate that
medium IR powers of the order of 1 kW are
feasible with present-day laser and crystal
technology.

The experimental arrangement is shown in
fig. 1. The 75 mm X 6 mm ruby was ¢-switched
by a solution of vanadium phthalocyanine in
toluene and oscillated in the TEMy, mode with
a peak output power of 290 kW and a pulse
duration (fwhm) of 12 nsec (see fig. 2b). The
linearly-polarised ruby laser beam was split
into two beams with orthogonal polarisations
by means of a crystal quartz retardation plate
followed by double refraction walk-off in a block
of calcite. Tilting the retardation plate was a
convenient way of adjusting the relative powers
in the two beams without changing their paral-
lelism or overlap at the mixing crystal. The
longitudinally pumped dye laser [9] consisted
of a 10 mm cell of 10-4 Mcryptocyanine in
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Fig. 2. (a) Dye laser output (~740 nm). (b) Ruby laser
output. (¢) Time-overlap of dye and ruby laser out-
puts. (d) Difference-frequency signal, Time bases:

(a) - (¢) 10 nsec/div; (d) 50 nsec/div.
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glycerol [10] placed between plane mirrors

80 mm apart. The resonator also contained a
plane Fabry-Pérot (FP) interferometer (free
spectral range ~ 250 cm-1 and finesse ~ 20) for
spectral narrowing and wavelength tuning by
varying its angle [11]. The dye laser output

(of the same polarisation as the ruby beam
pumping it) was recombined collinearly with the
other (orthogonally polarised) ruby beam by
means of a Glan-Taylor calcite prism. A lens
inserted in the dye beam provided approximate
matching of spot-size (~ 2 mm diameter) at the
proustite crystal. Type I phase-matching has
been used (ruby beam extraordinary, dye and
IR ordinary). The crystal was 5 mm long and
cut with its optic axis at 220 + 30 to the

face normal.

The infrared radiation was monitored by a
Cu-doped Ge detector (response time ~ 50 nsec)
after passing through a prism monochromator.
The dye and ruby laser outputs (figs. 2a and
2b, respectively) were monitored by a planar
vacuum photodiode (overall response time
< 1 nsec). The good time-overlap of ruby
and dye pulses is evident from fig. 2c.

We have observed, as reported by Stepanov
et al. [12], that the cryptocyanine dye laser
can oscillate simultaneously in two bands
centred on 740 and 810 nm. The finesse of the
FP was much reduced at the longer wavelength
and tuning in this wavelength range was not at-
tempted.

By varying the angle of the FP, tuning from
734 to 746 nm was achieved, this being limited
by the free spectral range of the FP. When
the powers at the crystal were 45 kW at 694
nm and 500 W at 743 nm the measured IR
power was 100 mW, the wavelength being 10.6
um. The IR wavelengths were tuned from 10.1
to 12.7 um. The measured phase-matching
angles agree well with those calculated from
Hobden's [13] refractive index data. The band-
width for phase-matching was calculated to
be sufficiently wide to accommodate the fre-
quency spread of the dye laser.

Mixing 250 W at ~ 810 nm with 90 kW at 694
nm in the same crystal produced ~ 6 W of

IR power. In this case the monochromator was
not used to measure the IR wavelength (ex-
pected to be 4.9 um) but transmission of the
radiation by filters indicated that it lay be-
tween 4 and 6 um.

The difference power Py generated at fre-
quency wy = wg -wy is given (in MKSA units)
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x exp[ -3a9l] . (1)

In deriving this expression, double refraction and
diffraction effects have been ignored and depletion
of I3 assumed negligible. #1,%9 and n3 are refrac-
tive indices at frequencies w, wg and wg res-
pectively; ay is the power absorption coefficient
of the difference radiation; Wy and Wg are the
spot sizes of the incident gaussian beams; [ is
the crystal length; and d is the effective non-
linear coefficient. 75 and Ty are the trans-
missions of the entrance face at frequencies

wg and wy, and T'g is the transmission of the

exit face at frequency wo. All the powers Py,

Pg, Pgare external to the crystal.

Our crystal was not coated, hence
T1=T9=Tg = 0.78 due to Fresnel reflection.
The crystal had been cut in such a way that the
contributions of d 31 and dyg were additive [7]
thus giving an effective d coefficient of
~ 3x 10-11;m/V over the range of phase-mat-
ching angles used. With Wy =Wy =1 mm, Pq
=90 kW and P; =250 W, eq. (1) predicts a
power of 4.5 W at 4.9 um (where og can be ne-
glected). For 10.6 um generation with Pg =45
kW, P =500 W and a9 =1 em-! the pre-
dicted IR power is 750 mW. The observed
power at 4.9 um was =~ 6 W and at 10.6 ym
was ~ 100 mW. The transverse mode structure
of the dye laser at 740 nm was noticeably less
pure than at 810 nm probably contributed to
the reduction in measured 10.6 um power
compared to that calculated.

Since the measured 4.9 um power is in
good agreement with that calculated, it is
interesting to make predictions of the IR power
which could be generated using the larger crys-
tals and more powerful lasers available.

With large values of P, and P1 (i.e., * 1 MW)
and for damage prone materials such as proustite
and silver thiogallate [14] the spot sizes are
determined by the need to keep power densities
below damage threshold rather than by consider-
ations of optimum focussing [15]. The values of
W1 and W9 are then large enough for eq. (1) to
be valid, i.e., diffraction and walk-off effects
may be ignored. It is worth noting that the ma-
terial may have significantly different damage
thresholds for the two mixing wavelengths when
these are close to the band edge.
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We consider two examples. First a ruby-
pumped dye laser of 0.5 MW power, bandwidth
0.02 cm-1, and a ruby laser of 0.5 MW power,
bandwidth <« 0.02 ¢cm-1, both operating in the
TEMg mode. The possibility of achieving
such performance figures has already been
demonstrated [16,17]. In addition Miyazoe and
Maeda {18] have shown that a range of ruby
pumped dye lasers is available which allows
tuning of the IR wavelength from 2.5 um up to
the long wavelength transmission limit of
proustite (~ 13 pm). In a 10 mm cube of prous-
tite, with spot sizes Wy =Wy = 5 mm and hence
with beam centre density below the measured
damage threshold (3 MW/cm?) at 694 um [8],
the above laser powers would give tunable IR
power ranging from 5.5 kW at 2.5 um to 150 W
at 12.5 um with a bandwidth of = 0.02 em-1,

The second example considers two rhodamine
6G dye lasers each having TEMqq powers of
50 kW, mixed in silver thiogallate [13]. We
assume a cube of only 3 mm side for this material
since this is the maximum size currently avail-
able. The measured damage threshold is
> 6 MW/cm2 for wavelengths longer than 590 nm
[19]. Thus using the two rhodamine 6G lasers,
one at the fixed wavelength of 590 nm and the
other tunable from 619 nm to 633 nm, phase-
matched IR difference mixing is possible
from 8.7 um to 12.6 um. With spot sizes
Wi =Wo =~ 1 mm (hence power density ~ 6 MW/
cm?®) and oy = 1 cm'l, the IR power would
range from ~ 300 W at 8.7 um to ~ 100 W at
12.6 um. Dye laser bandwidths of the order of
0.02 cm~1 have been achieved (see {20], for
example) allowing the possibility of an IR
bandwidth of 0.04 cm~*. As yet rhodamine 6G
lasers having simultaneously the performance
figures of 50 kW TEMg( power and 0.02 cm-!
bandwidth have not been reported but the rapid
progress of dye lasers [21] gives good expec-
tation of their achievement in the very near
future. The good chemical stability of the
rhodamines compared to the cyanine dyes and
the higher repetition rate operation possible
with rhodamine lasers compared to ruby lasers
probably make this the preferred scheme for
tunable IR generation through difference mixing.

In conclusion we have reported the first
demonstration of tunable difference mixing for
wavelengths well into the medium IR. Proposals
are made for generation of up to one kilowatt
of peak power and for continuous tuning over
the whole range 2.5 to 12.5 ym. The com-
parative simplicity of this approach suggests
applications in fields such as atmospheric pol-
lution measurement.
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