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Phase-Matched Far-Infrared Generation By Optical Mixing of 
Dye Laser Beams 

K. H. Yang, J. R. Morris, P. L. Richards, and Y. R. Shen 

Department of Physics, University of California, 
and 

Inorganic Materials Research Division, 
Lawrence Berkeley Laboratory, 
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ABSTRACT 

We report the use of a dual-frequency dye laser 

system to generate continuously tunable far-infrared 

-1 radiation over the frequency range from 20 to 190 cm 

We have investigated both collinear (forward and back-

ward) and non-collinear phase-matching in LiNb03 over most 

of this frequency range and forward collinear phase-matching 

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

1-7 nonlinear crystals has attracted much attention recently. In this 

Letter we report the generation of continuously tunable radiation from~, 

:-1 20 to 190 cm using a dual-frequency dye laser system. We observed 

-1 FIR radiation in the 20 to 160 cm frequency range with various phase 

matching schemes in LiNb03 : forward collinear (FCPM), backward 

collinear (BCPM)3,4 and non-collinear (NCPM). We have also investigated 

FCPM in ZnO, ZnS, CdS, and CdSe at selected frequencies as high as 190 

-1 cm The observed FIR power is summarized in Table I. 
, 

Figure 1 shows the basic experimental arrangement for FIR genera-

tion with FCPM and BCPM. This single dye cell system was rather simple 

8 and very convenient to use. We also used two separate dye lasers 

. 9 
pumped with a single ruby beam, especially for the NCPM case. The 

single dye cell system was composed of a single dye cell pumped nearly 

10 longitudinally' by a ruby laser, a Glan-Thomson prism (GTP) to divide 

the cavity into two independent arms with orthogonally polarized beams, 

two echelle gratings to tune independently the frequencies 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 circularly polarized or linearly polarized at 45° with respect 

to the axes of the polarizer. Fine tuning of the relative gain of the 

two arms was obtained with a micros.cope 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 600·KW and its two wavelengths could be tuned 

independently from 8100 to 8400 A. The linear polarizations were pure 
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to within 10%. 

The FIR output from the non-linear crystal was collected by a 

brass light-pipe which was evacuated to avoid water vapor absorption. 

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

-1 
1. 4K for the 20-95 cm range and a Ge:Ga detector at 4.2K for the 

-1 
95-200 cm range. The sensitivity of the detector-amplifier system 

was measured by conventional Fourier transform spectroscopy using a 
. 8 

calibrated Golay cell. From this we could estimate the absolute FIR 

power. The wavelength of the FIR radiation was checked by a Fabry-Perot 

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

-1 phase matching peak at w3 = 21 cm in a .16 cm-thick LiNb03 crystal 

to measure the 3 cm-l 11 FIR bandwidth. 8 

In order to reduce statistical noise due to laser fluctuations; 

the FIR signal was normalized against the sum-frequency signal generated 

by reflection from a (110) surface of an lnAs crystal,12 which has a 

negligible dispersion over our frequency range. The intracavity 

microscope slide (see Fig. 1) that was used to adjust the relative gain 

of the two arms of the cavity was al$o used to couple out a fraction of 

the orthogonally polarized beams for the sum-frequency generation. 

Our results on FCPM and NCPM in LiNb0
3 

are shown in Fig. 2 . 

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

plane-wave approximation: 

(1) 
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where Pi is the power (i = 1,2 for the input beams'and i ... 3 for the 

FIR), k
i 

is the wavevector in the crystal, 'ni is the refractive index, 

-2 r
i 

is the beam radius at e intensity, a
3 

is the FIR absorption co-

efficient (a1 = a 2 ~ 0), Ti is t~e power transmission coeffiCient, 

flk = Ik - k 1 2 k3 1 is the phase mismatch, ~. is the crystal length or 

the effective length in the case of NCPM, and X(2) is the effective 
eff 

nonlinear susceptibility which depends on the crystal orientation. In 

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

h ) (.2) '113,14 
of n3 ,a3 (for tee-ray, T3 , and Xeff .' . For the O-ray, we observed 

the values of a
3 

by fitting the experimental phase matching curves in 

15 the FCPM case. 

The theoretic~l curves as shown in Fig. 2 describe the experimental 

data fairly well. In the FCPM results, 
(2) 

(Xeff = (2) 
X24 sine, where e is 

-+ -1 the angle between k1 and the c-axis) the dip at 65 cm is mainly due 

to the dispersion of a
3 

which has an absorption 
-1 peak around 65 cm 

superimposed on the slope of the strong infrared mode at 152 cm-1 • We 

-1 also observed backward propagating FIR radiation from 20-95 cm generated 

using BCPM. In this case, the FIR was collected from .the~,:laser< side 

of the crystal and a lI8-inch hole was drilled in the collecting light 

pipe to allow the laser light to pass through. Due to the frequency 

dependent FIR 10SB through this hole and 5 cm of air in the collection 

path, these data ~vere difficult to calibrate precisely. The BCPM power 

was estimated to be one to three times the FCPM signal throughout the 

-1 40-95 cm frequency range. in rough agreement with Eq. (1), which 

predicts a factor of about 2. 

In the NCPM case, a 4-mm cube of LiNb0
3 

was used with one corner 

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

(2) (2) 
c~axis andXeff = X3~_' Noncollinear phase-matching of FIR generation 

-1 from 40-160 cm was achieved by varying angles ~ and ¢ from 0.81° to 

Q 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 averaged 

-1 over ~k from 0 to 137 cm , which is appropriate for our 4 mrad beam 

divergence at the crystal. With ~eff = 0.5 mm, it fits the experimental 

data very well •. The steady decrease in the FIR signal with w3 above 

-1 55 cm (where <l3 ~eff ~ 1 and ~eff is not an important paramete~ is due 

14 I 

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

side is due to the laser beam divergence and the W~ radiation efficiency 

factor. 

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

.crystal for operation over ,a wide frequency range but needs two angular 

adjustments to orient the crystal for phase-matching. It generates more 

FIR power (Fig. 2) than the FCPM scheme for two basic reasons. First, 

since xj;) ~ x~~) ,17 X~~~ for FCPM is reduced by a factor of sine, 

which decreases at low frequencies. Second, the FIR e-ray generated with 

NCPM has a lower absorption coefficient than the FIR O-ray generated 

with FCPM. 

We have also verified that the dual-frequency dye laser system, 

shown in Fig. 1, 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, aflashlamp-pumped dye laser system of 100 KW peak power and 
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1 ~s pulsewidth would yield the same FIR signal for each pulse as our 

laser-pumped system with 600 KW peak power and 30 nsec pulsewidth. 

Because a repetition rate greater than 1 pUlse/sec is possible with such 

a dye laser, the dual-frequency single dye cell. scheme described here 

should make a very useful source for FIR spectroscopy. Compared with 

, 2 5-7 
the other FIR generation experiments using 'C02 lasers,' this 

system has the advantages of a large continuously tunable FIR range 

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

Crystals 

LiNb0
3 

* ZnO 

* CdS 

* ZnS 

* CdSe 

Tunable Range 

20 to 127 cm-l (FCPM) 

20 to 95 cm-l (BCPM) 

40 to 160 cm-l (NCPM) 

~ 190 cm-l (FCPM) 

~ 180 cm-l (FCPM) 

~ 91 cm-l (FCPM) 

~ 150 cm-l (FCPM) 

* crystal thickness 1 mm 

t less than the detector noise level 

Power (Frequency Observed) 

See Fig. 2 

~ twice that of FCPM 

See Fig. 2 

14 mW (190 cm-l) 

3 mW (180 cm -1) 

0.74 mW (91 cm-l) 

t -1 
< 0.15 mW (150 cm ) 
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FIGURE CAPTIONS 

Fig. 1. One of the far-infrared generation setups. The wavelength 

of the two beams can be independently varied from 8100 A to 8400 A 

using a single dye cell. 

Fig. 2. Far-infrared power generated vs frequerlcy for tv!O phase-matching 

conditions. The far-infrared power is normalized by a sum frequency 

power. The solid curves are the theoretical calculations based on data 

of the far-infrared absorption and the Raman cross-section in LiNb0
3

. 

The insert shows the experimental geometry for non-collinear phase

matching which was achieved by a coupled translation and rotation of 

the prism. 

.. 
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