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ABSTRACT

We report the use of a dual-frequency dye laser
system to generate continuously tunable far-infrared
radiatibn over the frequency range from 20 to 190 cm—l.

We have investigated béth collinear (forward and back-
ward).and non-collinear phase-matching in LiNbO3 over most

of this frequency range and forward collinear phase-matching

in Zn0O, ZnS, CdS, and CdSé at selected frequencies.
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The generation of tunable far-infrared (FIR) by optical mixing in

1-7 In this

nonlinear crystals has attracted much attentionzrecently.
Letter we report the generation of continuously.tunable radiation ffom
20 to 19.0‘cm‘--l using a dual—freduency dye laser system. We observed

FIR radiation in the 20 to 160Acm_1 ffequency range with various phase

matching échemes in LiNbO forward collinear (FCPM), backward

3¢
collinear (BCPM)3’4 and non-collinear (NCPM) . Wevhave also investigated
FCPM in zﬁo; ZnS, CdS, and CdSe at selected freﬁuencies as high as 190
cm—l. The observed FIR power is sﬁmmarized in Table I.

Figufé 1 shows the basic experimental arrangemeﬁf for FIR genera-
tion withfFC?M and BCPM. This single dye cell.éystem was rather simple
and very convenient to use. We also used two séparafe dye lasers8
pumped with a single ruby beam, especially for fﬁe“NCPMg case. The
single dye.cell system was composed of a single dye cell pumped nearly
longitudinaiiy' bY a ruby laser, a Glan-Thomson prismlo (GTP) to divide
the cavipyiinto ﬁwo in&ependent arms with orthogon#lly polarized beams,
two echelle gratings to tune independently the freﬁuencies of the two
beams, and‘a‘single output mirror to insure spatial overlap of the two
beams. Temporal overlap of the beams was obtained-by equalizing the
net gain in the two arms of the cavity. To achieve this, the pump
beam was gif@ularly polarized or linearly polarized at 45° with respect
toAthe axes'of the polarizer. Fine tuning of the relative gain of the
two arms was obtained with a microscope slide in the cavity. With a 30-MW,
30-nsec _"ruby laser beam the dye laser (DTTC iodide in DMSO) output
had a peak power of 600KW and its two wavelengths could be tuned

independently from 8100 to 8400 A. The linear polarizations were pure °

-
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to withiﬁ 10%.
The FIR output from the non-linear crystal was collected by a

brass iight—pipe which was evacuated to avoid wafér vépor absorption.

The FIR sigﬁal was detected by an n-type InSb (Putley) detector at

1.4K for th¢ 20-95 cm_l~range and.a Ge:Ga detectof at 4.2K for thé

95—200 cm_l range. The sensitivity of the detector-amplifier system

was measﬁred,by conventionalkFourier transform spectrosqopy using a

calibratéd Céléy cell.8 From this we could estiﬁa#e the ébsdlute FIR

power. Tﬁe w5ve1ength of the FIR radiation was checked by a Fabry-Perot

interferometer with metal mesh reflectors. We used the width of the

phase matching peak at w, = 21 cm_l in a .16 cm-thiék LiNbO

3 3
“1 11 p1R bandwidth.® |

crystal
to measurevthe 3 cm
In order to reduce statistical noise due to laser fluctuations,
the FIR signal yas normalized against the sum-frequency signal generated
by reflection from a (110) surface of an InAs crystal,12 which has a
negligiblé dispersion over our frequency range. 'Thé intracavity
microscope;élide (see Fig. 1) that was used to adj#st the relative gain
of the two arms of the.cavity was also used to couﬁle out a,fraction of
the orthogonally polarized beams for the sum—frequéncy generation.

Our results on FCPM and NCPM in LiNbO, are shown in Fig. 2.

3
They can be explained by the following equation derived from the usual

plane-wave approximation:

121 (2)12 2 31 12, . .2, 2 |
PP, = 16w Ingf' wh T, T,T./ [e |m3l nyn, (ri+r,)] (1)

*[1-2 exp(-0,2/2) cos (Mkh)+ exp(-032)1/[ (4k) 2+(oc3/2)2]
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where‘Pi 1s the power (i = 1,2 for the inpuﬁ beams- and 1 = 3 for the
FIR), ki'is the wavevector in the crystal,'ni is the refractive index,

r, 1s the beam radius at e--2 intensity, o, is the FIR absorption co-

| 3

efficientv(a1 = a, ~0), Ti is the power transmission ccefficient,

- EBI is the phase'misgatch, R,ié the crystal length or
(2)
eff

nonlinear susceptibility which depends on the crystal orientation. In

b = [k, - K,

the effective length in the case of NCPM, and X is the effective

calculating the theoretical curves in Fig. 2, we included the dispersion

(2) 23,14
aff”’ .

by fitting the experimental phasé matching curves in

of n3,d3:(fpr the e-ray), T3, and Y Forvthe O-ray, we observed

the values of d3

the FCPM'case.15

The theoretical curves as shown in Fig. 2 describe the experimental

(2) _ ()
eff ~ X24

and the c-axis) the dip at 65 cm_1 is méinly due
' 1

data fairly well. In the FCPM results, (X sinf, where 0 is

the angle.between il

to the dispersion of o, which has an absorption peak around 65 cm

3
superimposéd on the slope of the stréng infrared‘mode af 152 cm—l. We
also observed backward propagating FIR radiatioﬁ from 20-95 cm_l generated
using BCPM. In this case, the FIR was collected from'thealasérfside
of the crystal and a 1/8—inch.hole was drilled in the collectingflight
pipe to aliow the laser light to pass through. bue'to the freqpency
dépendent‘FIR loss through this hole and 5 cm of air in the collection
path, thesevdgta were difficult to calibraté precisely. The BCPM power
was estimafed'to be one to three times the FCPM signal‘throughout the
40-95 cm—l-frequency range, in rough agreement with Eq. (1), which
predicts a:factor of about 2.

In the NCPM case, a 4-mm cube of LiNbO, was used with one cornmer

3
cut off at 68° to let the generated FIR out (see the inmsert of Fig. 2).
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The polarization of the two laser beams were both parallel to the

c-axis and"xégé = ng)' Noncollinear phase—matchihg of FIR generation
from 40—160‘cm_l_was.achievedvby varying angles and ¢ from 0.81° to

14,16

9.18° and from 65.11% to 73.08° respectively. The FIR output in

this case should be strongly affected by the divergence of the input
beams. The theoretical curve for NCPM in Fig; 2 was therefore averaéed
over Ak from 0 to 137 cmfl, which is appropriate for our .4 mrad beam
divergence at the crystal. With Zeff = 0.5 mm,:if fits the experimental
data very well. The éteady decrease in the FIR;signalvwith w, above

3

55 cm-¥ (where o

> . . o .
3 leff > 1 and zeff is not an 1mPortant parameten is due

¥

to the increasing e-ray absorption.14 The decrease on the low frequency

side is due to the laser beam divergence and the wz

3 radiation efficiency

factor.

Compared with the FCPM scheme, the NCPM scheme requires only one

-crystal for operation over .a wide frequency rangeebut needs two angular

adjustments to orient the crystal for phase-matching. It generates more
FIRlpowef‘(Fig. 2) than the FCPM scheme for two basic reasons. First,
since xég) é ng),l7 Xé%; for FCPM is reduced by a factor of sin®,
which decreases at low frequencies. Second, the }IR e-ray generated with
NCPMvhas a:lewer absorption coefficient than the FIR b-ray generated
with FCPM. |

We heve also verified that the dual-frequency dye laser system,
shown in'Fig; l, can be operated with flashlamp-pumped Rhodamine 6G
dye laser, -although the dye laser output of our system was

insufficient to generate detectable FIR in the mixing experiment.

However, aiflashlemp-pumped dye laser system of 100 KW peak power and
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1 us pulsewidth would yield the same FIR signai»fﬁr each pulse as our
laser-pumped system with 600 KW peak power andv§O hsec pulsewidth.
Because a repetition rate greater than 1 pulse/séévis possible with such
a dye laser, the dual-frequency single dye cell,séheme described here

should make a very useful source for FIR spectroscbpy. Cohpared with
’ 2,5-7 ..

the other FIR generation experiments using‘?'COéllasgrs, this
system has the advantages of a large continuously tunable FIR range

~and the use of room-temperature’ mixing crystalsﬁ
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Table I. Summary of the mixing experiments on five different crystals.

Power (Frequency Observed).

Crystals Tunable Range
LiNbO, 20 to 127 cm T (FCEM) See Fig. 2
20 to 95 em T (BCEM) ~ tﬁce that of FCPM
40 to 160 cm - (NCPM) See Fig. 2
700" < 190 em  (FCEM) 14 mH (190 cm D)
CdS* < 180 cm“l (FCPM) 3 mW (180 cm_l)
ZnS* < 91 cm—l (FCPM) 0.74 mW (91 cm_l)
cdse” < 150 cm © (FCPM) < 0.15 mW+ (150 cn 1)
* crystal thickness 1 mm

t less than the detector noise
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FIGURE CAPTIONS

Fig. 1. ’Ohé.of the far-infrared generation setups.l.The wavelength
of the two.beams can be independently varied from 8100 A to 8400 A
using a éingle dye cell. |

Fig. 2. Far-infrared power generated vs frequéﬁéy for two phase-matching
conditioﬁs. The far-infrared power is normalized by a sum frequency
power. The'solid curves are the theoretical éalculations based on data
of the fa;—infrared absorption and the Raman cross-section in LiNb03.
The inseftvshows the experimental geomeﬁry fof‘non—collinear phase-
matching which was achieved by a coupled tranélation and rotation of

the prism.
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