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I. INTRODUCTION 

Optical mixing is defined as a process in which two or more optical 

waves interact and generate new frequency components. It is a nonlinear 

process which normally occurs in a medium. The direct interaction of 
. . 1 

waves in free space is too weak to be of any significance. Wave mixing 

at low frequencies has long been a well-known phenomenon. Modulation, 

demodulation, and sum- and difference-frequency generation of radio waves 

and acoustic waves are just a few typical examples. The nonlinear inter-

action of waves at optical frequencies is often much weaker, and is not 

easily observable with ordinary light sources. For this reason, the field 
t-. ; ,-j'"'tf"" .... 

of optical mixing had not received much attention before the invention 

of lasers, although demodulation of light in a photodetector may be consid-

ered as a well-known example of optical mixing. 

By definition, optical mixing includes essentially all the nonlinear 

optical processes such as sUm-frequency generation, parametric process, 

2 
etc. It would be difficult for us to cover all of them in this review 

paper. Therefore, we shall limit ourselves here to the case of far-

infrared generation by optical mixing only. 

The motivation of studying far-infrared generation by optical mixing 

is twofold. First, the far-infrared generation is closely related to 

other nonlinear optical processes such as electro-optical effect, sum-

frequency generation, etc. By studying the various nonlinear optical 

processes, we can have a better understanding of not only the nonlinear 

optical properties of matter, but also optical wave propagation in a 

nonlinear medium. Second, we hope to find a new far-infrared source 

which is superior to those presently available. This second aspect is 
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clearly of practical importance; let us therefore elaborate a little 

more on it. 

The field of far-infrared spectroscopy (particularly in the region 

-1 3 between 3 and 200 em ) began more than 50 years ago. There is certainly 

no lack of optical transitions between energy states in this region, 

e.g., rotational and vibrational levels of molecules, crystal-field-

split levels of magnetic ions, phonons, magnons, plasmons, energy gaps 

in superconductors, etc. Nevertheless, the field has lagged far behind 

spectroscopy in other parts of the spectrum. The reason is simple. The 

progress in the field has always been impeded by the lack of bright 

sources and sensitive detectors. 3 Recently, a great deal of research 

effort has been devoted to the development of sensitive infrared detectors. 

For example, Josephson junctions have been developed into a potential 

far-infrared detector which can be several orders of magnitude more 

4 sensitive than the conventional detectors using the bolometer principle. 

By comparison, only very limited effort has been spent on the development 

of better far-infrared sources. 

The source most commonly used in the infrared is blackbody 

radiation. A perfect blackbody of surface area 1 em2 and temperature 

5000K radiates approximately 1000 W over the 4TI solid angle, but if we 

-1 limit the solid angle to 10 milli-sterad and the spectral content to 1 em 

-1 in the far infrared around 50 em , then the radiated power is only 

-8 1.5 x 10 W. Electron beam devices, such as klystron, magnetron, car-

cinotron, etc. have also been used as submillimeter and far~infrared 
« 

-1 sources up to 25 em ; higher frequencies are achievable with the fre-

quency multiplication scheme. However, the efficiency of such devices 
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falls off very rapidly with increasing frequency. In addition, their 

tunability is often limited to ± 5%. It is therefore interesting to see 

whether we can find a better far-infrared source by some novel means. 

With the advance of quantum electronics, a number of tunable infrared 

sources have been developed. Infrared semiconductor lasers cover a 

-1 spectral range from ~ 300 em to the visible. Spin-flip Raman lasers 
--~-- -- - - - .:1 ______ 3_:_1 _____ - · 

can tune over a range of about 300 em around 10 em with a linewidth 

of 2 x 10-3 cm-1 . Parametric oscillators are useful in the near infrarea. 

In the far infrared, however, the only novel tunable source is obtained by 

optical mixing in a nonlinear medium. At present, it has already been 

6 demonstrated that by using pulsed dye laser beams, one can generate more 

than 100 mW of far-infrared peak power from a nonlinear crystal. 

With pulses co 2 _lasers of 200 kW peak power, several hundred mW of 

7 8 far-infrared peak power can be generated. ' Even at the repetition rate 

of one pulse per second, such a far-infrared source already has an average 

power higher than any conceivable blackbody source. With higher input 

laser power and improved mixing geometry, we can now expect even much 

8 higher far-infrared output from optical mixing. By using the nonlinear 

crystal to construct a dielectric waveguide for the far-infrared wave, 
- ----·-··---·-··-----· . 

a conversion efficiency of 20% ~f -~h~ predicted ~alue has b~en- achi~v~d. 9 

Far-infrared generation by optical mixing in the cw mode has also become 

possible. A cw far-infrared power of 10-7 W has already been obtained with 

two 25 W C02 laser beams mixed in GaAs. 8 This novel far-infrared source is 

•also tunable over a wide range. With co2 lasers as the pump sources, it is 

not continuously tunable, but has a total of about 3200 lines approximately 

equally spaced in the range between 5 and 140 cm-1 • 7 ' 8 With dye lasers 
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as the pmnp sources, it is continuously tunable, in principle, over a 

-1 
range from 0 to - 10,000 em , limited only by the absorption bands of 

the materials. 

Tunable far-infrared generation by optical mixing has been seen in 

a number of very different media. In different cases, the physical 

mechanisms responsible for optical mixing are different. We shall 

discuss in the following sections the various cases separately. We also 

consider the special case of far-infrared generation by optical rectifi-

cation of ultrashort pulses. The general discussion of far-infrared 

generation by optical m~xing can be applied analogously to the generation 

of other excitational waves such as acoustic wave, spin wave, etc. 

In Section II, we give a brief theoretical description of the 

problem and point out the inherent computational diffic'ulties of far-

infrared generation in the long wavelength limit. Section III covers the 

experimental observations of far-infrared generation by optical mixing 

in transparent crystals. Section IV describes how the nonlinear suscepti-

bilities and the far-infrared output vary as the far-infrared frequency 

approaches an absorption or restrahlung band. The corresponding ·experi-

mental verification is given. · Then, in Section V, we review the 

theory of far-infrared generation by stimulated polari~on scatterin~ 

together with the available experimental results. In Section VI, we 

discuss tunable far-infrared generation by optical mixing via a spin 
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flip transition between two magnetic states. The problem is treated 

theoretically as a special case of the description in Sections IV and V. 

We review in Section VII and Section VI1I r~spectively the problems of 

far-infrared generation'by optical mixing in a crystal through optical 

rectification by absorbing i~purities and in metal vapor through 

resonal'ltly enhanced third-order nonlinearity. We discuss in Section IX 

the problem of far-infrared generation by optical rectification of 

picosecond pulses. We then describe briefly in Section X the possibility 

of generating other excitational waves by optical mixing. Finally, in 

Section XI, we give a few examples of how optical mixing can be used 

also as a spectroscopic technique. 

Little effort has been spent on the literature search. The author 

would like to apologize to those whose papers on the subject have been 

left out of the reference list here. 



-6- LBL-3114 

II. THEORETICAL CONSIDERATION 

The basic theory of far-infrared generation by optical mixing is 

. 10 
essentially the same as that of sum- and difference-frequency generation • 

... 
The generation and propagation of the far-infrared field E(w) is governed 

by the wave equation 

2 2-+- 2 2-+-NL 
['i7 x 'i7 -w E(w)/c ]E(w) = (41Tw /c )P (w) (1) 

NL · where P (w) is the nonlinear polarization created by the pump fields. 

For a crystal without inversion symmetry, we have, in the electric

dipole approximation, 2 

-+-NL (2) 
P (w) ~ X (w = 

• 

and for a medium with inversion symmetry; we have 

-+-NL (3) 
P (w) ~ X (w = w +w -w ) 

~ 1 2 3 

(2) 

(3) 

( 2) (3)' where X and X , are second- and third-order nonlinear susceptibility 

tensors and! (wi) are the pump fields at optical frequencies. In this 

paper, we shall always assume negligible depletion of the pump fields 
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. +NL 
so that P (w) is known directly from the given input conditions. 

The physical picture behind Eq. (1) is that through nonlinear 

interaction of light with matter, the pump fields set up in the medium 

an array of oscillating dipoles. These oscillating dipoles are the sources 
I 

for the far-infrared field E(w). The problem is then equivalent to the 

problem of radiation from an antenna array. It is well known that the 

rigorous solution of such a problem with appropriate boundary conditions 

is difficult to obtain. We shall therefore be satisfied with approximate 

solutions here. 

Let us consider first the simplest case where we assume infinite 

plane waves propagating in a semi-infinite, non-absorbing, isotropic 

( 
medium with a poundary surface at z = 0. With the approximation of a 

2 . 2 
slowly varying amplitude <Ia S.(w)/oz I < lk a&(w)/ozl with the definition 

z 
+ + 2 

E(w) = S.(w) exp(ik ·r·-iwt)), Eq. (1) reduces to 

as.(w) = 
az 

++ 
-ik•r+iwt 

e (4) 

NL NL + + 
If P (w) = P (w) exp(ik •r-iwt), then assuming S.(w) = 0 at z = 0, we 

s 

obtain at z = i 

l&(w) 12 (5) 

where Llk = k -k is known as the phase mismatch. This is the familiar sz z 

result one usually obtains for sum- and difference-frequency generation. 

The output l&(w)l2 is a maximum when Llk = o. It yields the 

2 

maximum energy conversion efficiency as one would expect when both energy 
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and momentum conservations are satisfied in a nonlinear interaction 

process. 

However, for far-infrared generation, in the long~wavelength limit, 

the assumption of infinite plane waves may not be a very good approxima-

tion. Diffraction effect becomes important when the pump-beam diameter is 

comparable with the far-infrared wavelength. We should then look for a 

more general solution of Eq. (1). Let us first assume that a thin slab 

of the nonlinear medium is immersed in a linear medium with a matching 

linear refractive index. The far-field solution of Eq. (1) is then given 

byll 

(6) 

where the integration is over the volume V in which the pump fields 

interact with the nonlinear medium. 
. +NL+ ++ 

With P (r' ,w) given, E(r,w) can 

in principle be calculated. 

Consider, for example, the pump fields being confined to a cylinder 

of radius,a along z such that5, 12 

+NL + 
P (r ,w) = x P~L(w) exp(ik z-iwt) 

s 

= 0 

for 

for 

2 
~a 

2 
> a • 

(7) 

For this case, the integration in Eq. (6) can be performed readily. We 

are often more interested in the total far-infrared radiated power W 

collected by a detector. For a detector with a circular area A sitting 

on the z-axis, we find12 
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4 
w ~ jpNL(w)j2~2(Tia2) 

e . 2 2J (f3) 2 
I m d8 sin8 (sma.) · ( 1 ) 

a. B (8) 
c 0 

where ~ is the thickness of the nonlinear thin slab, e is the angle between 

r and z, e is the maximum collection angle of the detector, 
m 

a.= k~(l+b.k/k-cos8)/2, b.k = k - k and B = ka sin8. The Bessel-function 
s ' 

' 2 
term [2J

1
(B)/B] actually describes the effect of diffraction from a 

circular aperture, and the (sina./a.) 2 term describes the phase~matching 

condition. If ka ;p. 1, then 2J1 (8)/B is only appreciable for e <1/ka. 

For such a small 8, we have a.~ b.k~/2. The integral in Eq. (7) with 

. 2 2 . 2 2 
8 ;p. 1/ka then yields (1/k a ) s~n (b.k~/2)/(b.k~/2) . Equation (8) thus 
m -

reduces to the same form as one would obtain in the plane wave approxima-

· tion (see Eq. (5')). This is expected since in the limit of ka ;p. 1, the 

diffraction effect should be negligible. 

The solution in the form of Eq. (8) is physically transparent, and 

can be used for order-of-magnitude estimate. However, in obtaining it, 

we have made several simplifying assumptions. We can of course use a 

more realistic functional form for PNL(;,w) in Eq. (7), with the result 

of a more complicated integration to be evaluated. The fact that the 

nonlinear material is actually immersed in a linear medium (e.g., air) 

with a very different refractive index is more difficult to cope with 

in the context of Eq. (6) where the near field and the boundary effects 

have been neglected. In addition, a far-infrared detector which 

klm ~ 2 2 
normally has a tapered light pipe in front of it detects I !&(k,w)j d k1 

0 
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instead of JAI&(;,w)l 2d2r, where &(k,w) is the spatial Fourier component 

+ + 
of &(r,w), and k

1 
is perpendicular to the axis of the light pipe. Only 

if all the far-infrared radiation from the nonlinear medium is collected 

by the detector, then by the Parseval's theorem, Jk1 m!&<k,w>l 2d2k1 

JAI&(;,w)j
2

d
2
r. 

·o 

In: order to take into account the boundary effects and to calculate 

+ 
W properly, it would be more appropriate to solve for &(k,w) instead of 

+ 13 
&(r,w). Let us write 

(9) 

We shall assume here that the field is transverse. Extension to the 

more general case is quite straightforward. Then, each spatial Fourier 

component, in the li~it of ja 2&(k)/az2
1 ~ jka&(k)/azl, obeys the equation 

..2.. + k" z 
az [&(k1 ,w,z)e z ] = NL(+k ) illkzZ p 1 ,w, z e (10) 

where L\k = k -k is generally complex; k = k' +ik" and z sz z z z z' 

k" = we:."/2cl£1 is the absorption coefficient. The solution of Eq. (10) z 

at z = R. is 

with 

&(kl,w,R.) = [&o+.1f(R.)]e-k"zR

f (R,) = i2Tiw2 

c
2k' z 

JR. NL(+k ) illkzzd .. p 1 ,w,z e z. 
0 

(11) 
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It is now relatively simple to impose the boundary conditions on 

each spatial Fourier component. Consider a slab of nonlinear medium 

with plane boundaries at z = 0 and z = ~. Because of reflections at the 

boundaries, the difference-frequency generation of each Fourier compon-

ent resolves into four waves 

} for 0 ~ 'z ~ ~ 

for z < 0 

for z > 0 .(12) 

~here k
0 

= w/c, E1 and E4. are forward propagating and E2 and E3 are 

backward propagating. We have assumed that in the crystal, only the E1 

wave can grow steadily with distance as a result of near phase matching 

in the far-infrared generation. From the conditions imposed on E and H 

at the boundary surfaces, we can immediately find &0
, &2 , &

3
, and &

4 
in 

terms off(~). For example, if the field polarization is perpendicular 

to the plane of incidence, we obtain for the transmitted wave 

(13) 

where R is the reflectivity. The term in the square brackets is the 

Fabry-Perot factor for the resonator formed by the slab boundaries. 

We have thus shown that we can find a solution for each spatial 
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' Fourier component of the far-infrared field.generated in the crystal 

with appropriate boundary conditions. 
NL -+ 

The solution depends on p (k1 ,w, z) • 

NL-+ Analytical expression of p (k
1 

,w,z) can be obtained if we assume that 

the pump beams are of single mode (focused or unfocused) with prescribed 

Gaussian profiles. The calculation is similar to the one used by 

13 14 NL -+ 
Bjorkholm and by Kleinman,~ al. in obtaining P (k1 ,w,z) for second 

harmonic generation. It is tedious but straightforward and hence will 

not be reproduced here. The reader is referred to Refs. 12-14 for 

detail. The analytical forms of the solutions are long and complicated. 

Therefore, it is perhaps more valuable to find the solutions·numerically 

and have the results presented graphically. This is being done and 

will be published elsewhere. 15 -+ 
In any case, knowing E(k1 ,w,z), we can 

-+-+ 
find E(r,w) from Eq. (9) and hence everything we want to kno~ about the 

far-infrared output. 

To conclude this section, we summarize the major physical aspects 

in which far-infrared generation by optical mixing differs 

from optical sum-frequency generation. Because of the long wavelength 

of the far-infrared, diffraction may not be negligible in the far-infra-

red generation,using laser beams of finite cross-sections, and the phase-

matching condition can be approximately satisfied over a fairly large 

cone. Then, the usual infinite-plane-wave approximation is no longer 

valid. The refractive index of a condensed matter at the far infrared 

is usually large(~ 5). The boundary effects on the far-infrared genera-

tion can be very important. It may happen that because of total reflection, 

part of the generate:d far infrared can never get out of .the nonlinear 

medium. Finally, we must also consider the fact that the collection 
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angle of the detector may be smaller than the cone of far-infrared 

radiation from the nonlinear medium. These effects of course become 

more pronounced for longer far-infrared wavelength;, 

III. EXPERIMENTS ON FAR-INFRARED GENERATION BY OPTICAL MIXING IN A 

CRYSTAL WITH SECOND-ORDER NONLINEARITY 

A large number of experimental reports exists in the literature on 
in a nonlinear crystal 

difference-frequency generation/by optical mixing of two pump beams. 

Both near- and far-infrared radiation have been generated by this method. 

Here, we shall restrict our discussion to submillimeter and far-infrared 

generation only. A typical experimental setup is shown in Fig. 1. 

Zernike and Bermann16 first reported detection of far-infrared 

-1 radiation around 100 em resulting from mixing of a large number of 

modes of aNd: glass laser pulse in a quartz crystal. The spectral 

distribution of the far-infrared output in this case was unknown. Later, 

Zernike17 also detected far-infrared generation in InSb by mixing of 

two co2 laser lines. The Bell Lab group subsequently reported a number 

of experiments on far-infrared generation by mixing of co
2 

laser lines in 

. . d 18-23 
var~ous sem~con uctors. By tuning the co2 lines, the frequency of 

h f · f d b di 1 d 200 cm-1 t e ar-~n rare output can e screte y tune over ~ Since, 

the co 2 laser lines are sharp, the corresponding far-infrared output 

can have very high spectral purity. 5 The Berkeley group and Yajima and 

co-workers 24 used two simultaneously Q-switched ruby lasers with 

different lasing frequencies as the pump sources for far-infrared 

generation. The formal group emphasized the tunable aspect of the 

problem and showed that the far-infrared output can be continuously 
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-1 tuned from 0 to 50 em by tuning the ruby laser frequencies. 

6 More recently, the Berkeley group has succeeded in mixing two 

pulsed dye-laser beams in nonlinear crystals to generate tunable far-

infrared radiation over a wide spectral range. In principle, the 

-1 
tunability can cover a range from 0 to - 10,000 em , limited only by 

the infrared absorption bands of the nonlinear crystals. Both the 

6 7 8 Berkeley group and the National Magnet Lab group ' have demonstrated 

that far-infrared generation by optical mixing with non-collinear phase 

matching can be efficient. Using the multiple total-reflection scheme 

10 using 
first suggested by Armstrong et al, and/two co

2 
lasers (25 W) as pump 

sources, the National Magnet Lab group has actually been able to generate 

cw far-infrared output of 10-7 W (discretely tunable) from a GaAs 

crystal. 8 With a thin slab of GaAs forming a waveguide for the generated 

. 9 
far infrared, Thompson and Coleman have observed a maximum conversion 

efficiency of 20% of the predicted value. 

Tunable far-infrared radiation can also be generated by stimulated 

1 · · 25 •26 b . fl. R . i 27 db po ar~ton scatter~ng, y sp~n- ~p aman trans~t ons, an y 

third-order wave mixing in gases. 28 These cases will be discussed -.- · 

separately in more detail in later sections. Here, we shall consider only 

far-infrared generation by optical mixing of two pump beams in a more or 

less transparent nonlinear crystal. 

For the second-order nonlinear processes, the nonlinear polariza-

tion is given by Eq. (2). Tll.e corresponding nonlinear susceptibility 

x(Z) has the permutation symmetry2 

(2) 
XQ.mn (wl = = Y(2) (w 

"lnn.Q. 2 
= -w+w ) = Y(2) (w = 

1 "n.Q.m (14) 
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when absorption is negligible. If the electro-optical coefficient 

r£mn = [4TI/£(w1)£(w2)] xi~ (w1 = w2+w)lw+O is known, then we can 

immediately obtain an estimate of x~i~(w = w1-w2) from Eq. (14), although 

the estimated value of x~i~<w·= w1-w2) may be somewhat different from 

the real value because of dispersion and absorption. Knowing 

Y(2)(w 
"n£m 

w
1
-w

2
), we can then have a quick estimate of the far~infrared 

output using, say,-Eq. (8). For example, we find for LiNb03 ,
5

•29 

x( 2)(w = w -w >I = 4.5 x 10-8 esu for w
1 
~ w

2 
at the ruby laser 

·yyy . 1 2 w+O 

frequencies. We then calculate from Eq. (8) that with two ruby laser 

2 
beams of 1 MW each over an area of 0.2 em , a far-infrared power of 

-1 
about 3 mW at 10 em can be generated from a crystal of 0.05 em thick 

under the phase matching condition. Experimentally, 1 mW at 8.1 cm-l 

5 from a 0.047 em LiNb03 cry~tal was detected. The lasers used in the 

experiments did not have simple spatial mode structure. This makes the 

more rigorous theoretical estimate quite difficult. Similar order-of-

magnitude agreement between theory and experiment in the far-infrared 

output has been found in the mixing experiments using co2 lasers. 7•8 •18- 23 

As one would expect, the efficiency of ~ar-infrared generatipn by 

optical mixing depends critically on the phase mismatch. Most of the 

experiments were designed to study the possibility of achieving phase 

matching. In anisotropic crystals, collinear phase matching for both 

forward and backward far-infrared generation can be realized by using 

5 22 the birefringent property of the crystaL ' In cubic crystals, however, 

collinear phase matching can only be achieved with the help of anomalous 

d . . f f . . d. 17 ' 20 h - . 1 ff f LspersLon o re ractLve Ln Lees, or t e magneto~optLca e ect o 

f 
. 19 ree carrLers. It turns out that, because of the small wave vector of 
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forward 
thefar infrared, the/collinear phase mismatch ~k =lk1-k2-kl< k ;s usually 

small even in the non-matched cases. In other words, the coherent length 

-1 
for the far-infrared generation can be fairly large (~ 1 mm at 10 em ) • 

It may be comparable to the effective length of the crystal when there 

is strong far-infrared absorption. In most nonlinear crystals, non-

collinear phase matching can always be achieved over a limited frequency 

range. 

So far, very few experiments have been designed to study the char-

acteristics of the far-infrared output. Thus, the Berkeley group is 

5 the only group who has carefully analyzed the spectrum of the output. 

They have tried to look for the effects of absorption, diffraction, walk~ 

off due to double refraction, etc., by comparing the far-infrared output 

from crystals of different lengths. They have also tried to measure the 

effects of the crystal boundaries ~nd the angular distribution of the 

outgoing far-infrared radiation. 5 ' 12 However, the experiments have~;not 

been ver_y successful because of the inherent difficulties in achieving 

high accuracy in the far-infrared measurements a~d because of the poor 

mode structure of the lasers used in the experi~ents. We believe that 

.in the future, such experiments should be performed with single-mode 

co2 lasers. 

Several research workers have investigated the far-infrared genera-

23 30 tion near a far-infrared resonant absorption lit:te or band. ' While 

the nonlinear susceptibility X (Z) increases because of resonant enhance-

ment, the linear absorption also increases correspondingly. Therefore, 

the increase or decrease of the far-infrared output is the result of 

competition between the resonant behavior of x(2) and of the linear 



-17- LBL-3114 

absorption. This is an interesting problem. We shall therefore have 

a more thorough discussion on it in the following section. 

IV. FAR-INFRARED GENERATION BY OPTICAL MIXING NEAR A 

POLARITON MODE IN A NONLINEAR CRYSTAL 

Near a far-infrared absorption line, the nonlinear susceptibility 

x(
2)(w = w -w) can be decomposed into two parts 

1 2 

where x~2)(w) is the contribution from the material excitation respon

sible for the far-infrared absorption, and ~2) is the non-resonant con

tribution. Physically, x{2)(w) =w
1

-w2) exists because the pump fields 

E(w1) and E(w2) couple nonlinearly with the material excitation while 

the far-infrared field E(w) couples linearly with it. We can derive 

explicitly the .expression of x~2). in terms of the coupling coefficients. 

Let us assume, for example, the material excitation to be an optical 

phonon wave Q(w). The reader should bear in mind that the derivation 

here applies analogously to other material excitations such as magnons, 

plasmons, etc. Generalization to a set of excitational modes is also 

straightforward. The mixing of the two pump fields now generate not 

only E(w) but also Q(w). In addition, E(w) and Q(w) interact linearly. 

Therefore, the wave equations for the four coupled waves are 
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* +f 

+ * + f : E(w1)Q (w)] 
::::::: 

+ 0x,2) 

2 2 . + + (w -w -1wf)Q = A • E(w) + f 
0 ~ ~ 

LBL-3114 

(15a) 

(15b) 

(15c) 

(15d) 

where ~00 (W) is the non-resonant part of the linear dielectric constant 

+ 
and w is the resonant frequency of Q. The linear and nonlinear coupling 

0 

coefficients are A and f,;, ac:/aQ 'respectively, both taken to be real. 

The microscopic expressions ·for Xoo' f and A can easily be derived, as 
:::::::10 Jl ~ (2) 

have been done in the literature. ' Both Xo.; and f will show reso- · 
0 

nant enhancement if w1 or w2 approach an electronic absorption band, 

but has practically no change if the difference frequency w varies around 

w 0 

0 
The coefficient A which is proportional to the matrix element of 

the far-infrared absorption should generally show little or no dispersion. 

+ 
Eliminating Q from Eqs. (15c) and (15d), we find 

2 2 + 
[V'x'Vx - w t:(w)/c ]E(w) (16) 
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where 

(17) 

with x(l)(w) =A 
~L ~ 

2 2 
A/ (w - w -iwr) 
~ 0 

(18) 

with 2 2 f I ( w -w - iwr) • 
~ 0 

1/2 . 
Note that k = (w/c)E (w), plotted in Fig. 2, is the dispersion rela-

tion of the so-called polariton mode, 32 which results from linear couplip.g 

of E(w) and Q(w). We can also find, from Eqs. (15b) and (15d), 

(19) 

where 

31 is known as the Raman susceptibility. We then have the simple rela..:. 

tion33 

(20) 

Note, however, that Eq. (20) is only true when only one mode dominates the 

resonant absorption. 
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In general, we can ded~ce xi1
)(w) and ~3), and hence A an! f, from 

" . ~ 
linear absorption and Raman scattering measurements respectively., We 

. (2) (2) 
can then obtain x1 from Eq • (18). Knowing XL and the electro-optical 

coefficient r!l.mn' we can also find ~2) from the relation 

(21) 

In some cases, ~2) can also be estimated from the results of second-

harmonic generation if the dispersion in "'X..oo( 2) can be neglected. An 
~ 

example of x(
2)(w) vs w is shown in Fig. 3. 

Let us now consider how the resonant enhancement in X(Z)(w) and in 

E(w) affect the far-infrared output as governed by Eq. (16). For this 

purpose, we can use the plane-wave approximation which reduces Eq. (16) 

to the form of Eq. (10). The solution is 

where 
F(!l.) 

t.k = t.k' +ib.k" 
z .z z 

t.k' = k' -k' -k' z lz 2z z 

t.k" 
z = k" +k" -k" lz 2z z' k" 

z 
2 . 2 = w E"/2c k' 

(22) 

'· 
(23) 

z 
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At phase matching 6k 1 = 0, we have 
z 

when either w
1 

or w
2 

or w approaches resonance, both lx(2)1 and 6kz 

(24) 

show a resonant effect. Then, as seen from Eq. (23), it is not~ priori 

clear whether !E(w)! 2 would increase or decrease. 

We shall consider the case where the far-infrared frequency w 

approaches a polariton resonance.mode. De Martini30 has studied the 

problem of far-infrared generation by optical mixing near a polariton 

mode in a cubic crystal in great detail both experimentally and theoreti-

cally. We shall discuss only the qualitative features here. 

Let us discuss the problem of phase matching first. In order to 

achieve phase matching, collinear or noncollinear, we must have 

The equality signs apply for collinear phase matching. In a cubic crystal, 

noncollinear phase matching is always possible as long as the refractive 

indices have the inequality n 1 (w) > n 1 (w1) , ~ 1 (w2) • With w in the vicinity 

of a lattice mode, this is generally true for w < w only. In addition, 
0 

collinear phase matching can be realized in a cubic crystal only with 

the help of anomalous dispersion. 

The same general argument applie~ to noncubic crystals except that 

collinear phase matching can now be achieved with the help of optical 

birefringence. Thus, there is a range of w within which we can obtain collinear 

phase matching for given w and w1 simply by rotating the crystal. 

Assume that we can always satisfy the phase-matching condition or 
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we can have the coherent length 1/j~k I longer than the crystal length 
z 

for w < w . How would the far-infrared output power vary as w 
0 

approaches w ? 
0 

( Ak' -- 0 and Ak"= -k" From Eq. (23) or 24), we have, for u z u z z' 

F(.Q..) (25) 

We therefore expect to find the output jE(w)j 2 to be proportional to 

Increase or decrease of lx(2)(w)j as 

w approaches w depends on whether the two terms of lx(2)(w)j in Eq. 
0 

lx(2) (w) j
2t 2 as long as k" 9.. <,1. 

z 

(18) 

interfere constructively or destructively. We show in Fig. 3 the resonant 

behavior 

34 ample. 

of lx(2)(w)j near the 366 cm-l lattice mode of GaP as an ex

In this case, the two terms of lx(2)(w)j have opposite signs 

for w < w . 
0 

In Fig. 4, for the 248 cm-l lattice mode of LiNb0
3

, 

increases as w approaches w 
0 

because the two terms in lx( 2)(w)j 

lx(2)<w>l 
interfere 

35 constructively for w < w . 
0 

When w gets sufficiently close to w , the 
0 

output jE(w) 1
2 

should drop rapidly according to Eq. (23) as the far-infra-
~-· -------~------·-- -- ----------------

-red absorption increases. (For example, the absorption coefficient of GaP 

for w around w is shown in Fig. 7.) Immediately above w , the far-infrared 
0 . . 0 

output should' be very weak not only because of the strong far-infrared 

absorption but also because of the large phase mismatch • 
. 30 

DeMartini has carried out measurements on the dispersive effect 

of the far-infrared output in GaP. His results are reproduced here in 

Fig. 5. For a better comparison with theory, the measurements should be 

repeated with more data points. 6 
Yang tl al. have studied the disper-

sian of the far-infrared output in LiNbo
3 

with both collinear and 
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noncollinear phase matching. Their experimental results shown in 

Fig. 6 are in fairly good agreement with the theoretical calculation. 

It is possible that in some cases, the infrared oscillator strength 

of the material excitation mode is weak so that the linear propagation 

characteristics of the far-infrared is dominated by £
00

(W) rather than 

by xi1)(w), even when w ~ w0 . Then, as w varies around w0, £
00

(W) essen-

2 
tially remains unchanged, and hence the far-infrared output IE(w)l is 

proportional to lx(2)(w)l 2 • However, in ~2)(w), the resonant behavior 

of xi2) (w) can still dominate over ~2) (w) • .This is true when the mode 

is strongly Raman active. As a result, the far-infrared output can 

appear with a strong resonant enhancement at w ~ w . We shall give in 
0 

Section VI a practical example of such a case. 

V. FAR-INFRARED GENERATION BY STIMULATED POLARITON SCATTERING 

It is also possible to generate tunable far-infrared radiation 

through stimulated Raman scattering by polaritons, i.e., a composite 

mode of infrared and material excitational waves. 32 In that case, 

E(w1) is the only pump field. If it is above a certain threshold, then 

the Stokes field E(w2), the infrared field E(w), and the material 

excitational wave Q(w) can all be generated through amplification of 

noise. As we would expect, the threshold is nearly a minimum when the 

phase-matching condition of this nonlinear process is more or less 

satisfied. Tunability can be achieved by varying the relative propagation 

directions of E(w1) and E(w2) in order to satisfy the phase-matching 

condition for a pre-selected polariton mode on the dispersion curve of 

Fig. 2. 
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The theory of stimulated polariton scattering has been worked out 

36-40 by many authors. It is governed by the same set of equations in 

Eq. (15). Here, we shall concentrate on the problem of far-infrared 

generation. We assume that the pump field E(w1) is not attenuated or 

depleted in the process. Then, by eliminating Q(w) in Eqs. (15b-d), 

we obtain Eqs. (16) and (19) w~ich describe fully the stimulated polari-

ton scattering process. They are now in the same form as the set of 

2 equations describing.parametric amplification or oscillation. There-

fore, the solution is well known. We have 

* * * exp(ib.K._z)] 
-+ -+ 

E (w
2

) = J&+(w2) exp (ib.K. + z) + & - (w2) exp(-ikz•r) 

E(w
3

) [&+ (w3) exp( ib.K. + z) + & - (w3) exp ( ib.K. _ z) l -+ -+ 
= exp(ik'•r+i6k z) 

z 

where 

k' - (w/c) (E') 112 , 

6k = k' - k' - k' z lz 2z z 

k = 
R 

y = -6k -i(k' /k')k" 
z z 

k" = (w/c) (E"/2/£') 

A= (4TI2w2 2w2/c2k2zk~) <x(
2)> 2

1E<w1)1
2 

l&<w3)/&*<w2)f± = (w
2
k2/w/k?

1
'

2
1A

1
/
2

/(6K± +y)•J. 

(26) 

(27) 
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The exponential gain of the fields along z is given by 

(28) 

It is seen that both g and l&/&2 1 depend critically on the relative 

values of y2 , y, and A. Two limits are of interest. 38 First, when 

· I y+y 2 1
2 ~ 4A, we have g+ e:E - Im y2 which is positive if , 

2 . £2 < Im (4rrxRIE1 1 ). The corresponding ratio * l&(w)/& (w2>1 according 

to Eq. (27) is extremely small. This happens when w approaches the 

resonance frequency w of the lattice mode and the coupling between 
0 

E(w) and Q(w) becomes very weak so that the polariton wave is essentially 

all bf phonon character. What we then have is actually the usual stimu-

lated Raman scattering by phonons with the far-infrared wave essentially 

unexcited. Second, when w is sufficiently far away from w so that 
0 

4rrxRIE
1

12 in y2 is negligibly small, the stimulated gain g reduces to 

that of a parametric down-converter. 2 The gain is positive near phase 

. . * matching and is maximum at phase matching. The ratio l&(w)/& (w2)1 is 

large. This happens when the polariton wave is essentially all of 

photon character. In general, away from the two limits, how the gain g 

* and the ratio l&(w)/& (w2>1 vary depends on the variations of £(W), 

XR' and x( 2) with w. 

39 Henry and Garrett have calculated g and the corresponding · max 

I * 12 &(w)/& (w2) as a function of w for GaP around the 366 cm-l lattice 

mode. (Phase matching cannot be achieved for the upper branCh of the 

polariton dispersion curve in this case.) Their results are shown. in 

Fig. 7. Here, the terms. of X ( 2) in Eq. ( 18) have opposite signs for 
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35 ' 1 
Sussman . has made similar calculation for the 248 em- mode 

of LiNb0
3

• His results are shQwn in Fig. 8. The two terms of X(Z) 

now have constructive interference for w < w0 ~ Consequently, the 

curves in Fig. 8 are quite different from those in Fig. 7. 

Experimentally, stimulated polariton scattering has been observed 

by several research groups. 25 , 26 ~ 41 By adjusting the relative angle 

-r -r 
between k

1 
and k2 to achieve phase matching for a given set of frequencies 

w, w1, and w2, tunable far-infrared radiation can be generated. Using 

a 1-MW Q-switched ruby laser beam of about 2-mm in diameter and a 50-cm 

focal-length lensto focus the beam into a 3.3 em a-axis LiNb03 crystal, 

25 ,Yarborough et al. have detected a far-infrared output wi~h a peak power 

-1 -1 of 5 W, tunable from 50 em to 200 em Unfortunately, the threshold 

for stimulated polariton scattering is quite close to the damage threshold 

in LiNb03 . A good single-mode laser must be used as the pump source in 

order to avoid increase of damage probability by inhomogeneity in the beam. 

VI. FAR-INFRARED GENERATION BY OPTICAL MIXING 

VIA A SPIN-FLIP TRANSITION 

We have mentioned that in general a polariton is· defined as a com-

• 
posite mode of infrared and material excitational waves. Thus, for ex-

ample, the material excitation can also be an electronic excitation. In 

particular, it can be a spin-flip excitation between two Zeeman-split 

magnetic levels. We therefore expect that far-infrared radiation can 

be generated at frequencies in the vicinity of the spin-flip transi-

tion frequency and, tunability can be achieved by varying the Zeeman 

splitting. 
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What we need is a dynamic equation of motion for the electronic 

excitational wave to replace the phonon wave equation in the earlier 

discussion. This turns out to be the Schrodinger's wave equation for 

the perturbed excited state~ 42 We can take ~(w) =<fig> as the exci
o 

tational wave where <fl is the perturbed excited state and <g I is the 
0 

unperturbed ground state. The corresponding wave equation is42 

where S(l) and s(
2), obtained from first- and second-order perturbations 

respectively, are related to the linear and Raman susceptibilities. (For 

simplicity, we consider S(l) and s( 2) as scalars.) 

(3) 
XR = I (2) 12 - S /h (w-w .. -H) 

0 
(30) 

which can be measured experimentally. 

Equation (29) now replaces Eq. (15c) in the set of coupled equations 

1/2 • 1/2 (1) . 
with Q replaced by (h/2w) ~' A by -(2W/h) S , and f by 

-(2w/h)
1

/
2 

s(
2
). Then, by eliminating ~ in the set of coupled equations, 

we again find Eqs. (16) and (19) with 
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E(w) = E + 4TIX (l) (w) 
00 L 

x< 2>(w) = ~2)(w) + x~2)(w) 

x< 2>(w) = - 's (l) s (2) I (w-w +if) = <x<2>x (3)*>1/2 
L 0 R 

(31) 

(More rigorously, we have to take into account the thermal populations in 

both states at finite temperatures. This can be done by simply incorpor-

ating the population difference (pg-pf) as a multiplication factor in the 

(1) (2) (3) 
· expressions of XL , XL , and XR • ) The solution is again in the form 

of Eq. (2) for far-infrared generation by optical mixing and in the form 

of Eqs. (26-28) ·for far-infrared generation by stimulated polariton 

scattering. The general discussion in the previous sections also applies 

here. 

We now consider a more special case where the electronic excitation 

is forbidden by electric-dipole transitions, but allowed by magnetic-

dipole transitions as in the case of spin-flip transitions. Then, the 

coupling coefficient S(l) is very small, and consequently, the polariton 

dispersion curve in Fig. 2 has a very small gap. However, the coefficient 

S(Z) can still be large if the Raman cross•section for this excitation is 

large. This is the case for the spin~flip transitions between Landau 

levels in InSb. Both the infrared absorption and the Raman cross-section 

for such a transition in InSb have been measured. In addition, E
00 

and ~2) 

are known. Hence, the functions E(w), X( 2)(w), and xi3)(w) can all be 

calculated. 27 , 43 

Consider first far-infrared generation by optical mixing near the. 

27 spin-flip transition in InSb, as has been observed by Nguyen and Bridges. 

In this case, since the magnetic-dipole oscillator strength is weak, the 
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phase mismatch tlk' and the attenuation constants k11 in Eq. (23) do 
z z 

not vary appreciably as w sweeps across the spin resonance line. The 

far-infrared output is therefore proportional to lx(
2
)(w)l

2 
which shows 

a sharp resonant enhancement according to Eq. (31). This was actually 

27 demonstrated experimentally by Nguyen and Bridges. Their results are in 

very good agreement with theoretical calculation as shown in Fig. 9. In 

their experiment, two collinear co2 laser beams were used. The estimated 

far-infrared output intensity from a 0.4 em crystal is 1.6 x l0-14 W/cm2 

with the pump intensities at 1 W/cm2 • This output intensity should 

increase if the phase mismatch tlk' is reduced. The far-infrared fre-. z 

quency can be tuned over a wide range by varying the relative frequencies 

of the pump beams in steps with the Zeeman splitting controlled by an 

external magnetic field. 27 

Consider next far-infrared generation by stimulated polariton or 

spin-flip Raman scattering in InSb. The solution given by Eqs. (26-28) 

is plotted in Fig. 10. Since the coupling between the infrared wave and 

the magnetic excitation is weak, the stimulated gain is essentially just 

the stimulated Raman gain g = - Imxi3). In the collinear case, ~he 

phase mismatch is large and hence, excitation of the infrared wave is 

* weak, or the ratio I E(w) /E(w2) I is small. This ratio can become appreci-

ably larger if we allow the beams to be non~ollinear in order to achieve 

phase matching, as shown in Fig. 10. Although stimulated spin-flip 

Raman scattering has been observed and well studied as a potential 

44 
tunable source, no far-infrared radiation has yet been detected in the 

process. However, so far, only the collinear phase-nonmatching case has 

been tried. 27 
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Again, we should emphasize that the above discussion applies 

generally to any electronic excitation, such as magnons, and impurity 

levels in solids, electronic levels in gases, etc. All these cases have 

not yet been explored. 

VII. FAR-INFRARED GENERATION BY OPTICAL MIXING THROUGH OPTICAL 

EXCITATION OF ABSORBING DEFECTS OR IMPURITIES 

We recall that in the optical mixing pro~ess, the nonlinear 

polarization PNL(w) is the source of the far-infrared field (see Eq. (1)). 

For a crystal without inversion symmetry, we have 

In the usual studies of far-infrared generation by optical mixing, we 

deal with crystals which are transparent to the pump fields. The non

linear suspectibility x(
2)(w) is an intrinsic property of the pure 

crystal. It comes from both pure electronic contribution and contribu~ 

tion from coupling of em fields to the infrared-active material excita-

tions. However, a large nonlinear polarization can also be created by 

optical mixing in an acentric polar crystal through defect or impurity 

. 45-48 absorpt1.on. 

Two physical mechanisms· are responsible for the nonlinear polari
. 45 

zation created by impurity (or defect) absorption. First, an impurity 

polarized in the acentric polar host lattice may have a different dipole 

moment in the excited state than in the ground state. This may lead to 

a net polarization'when the impurities are excited by the pump field. 



-31- LBL-3114 

Second, nonradiative relaxation of the excited impurities increases the 

temperature of the host lattice, and a net polarization is then induced 

via the pyroelectric effect. For the linear absorption, the approximate 

equation which governs the time variation of the nonlinear polarization 

induced by these two effects is45 

I(t)dt] (32) 

where T is the nonradiative relaxation time of the excited state of the 

impurities, a is the absorption coefficient, ~~ is the average dipole 

moment induced per impurity when the impurities are excited to the 

excited state, p is the pyroelectric coefficient, CV is the specific heat, 
. 2 

and I(t). = ciE(t)·J· /2rr is the incident light intensity., Note that, in 

the presence of two monochromatic pump fields, we have E(t) = E(w1) + E(w2). 

We can solve Eq. (32) for a particular Fourier component 

R * P (w=w1-w2) induced by I(w) = cE(w1)E (w2)/2rr. We find 

(2) 
X(w) = 

ca(~V)T + icpa 
2nhw1(1-iwT) 2rrCVw(l-iwT) (33) 

where the first term is due to the induced dipolar effect, and the second 

term is due to the pyroelectric effect. It is seen that x( 2)(w) is pro-

portional to a, and hence the far-infrared generation by these effects 

should be stronger for stronger impurity absorption. As seen from 

Eq. (33), X(Z)(w) has a cutoff frequency at WT - 1. The relaxation 

time T depends on both the impurities and the host lattice. For example, 

2 * * the r 2 state of Cu in LiTa03 has T = 30 psec and the state of Cr in· 
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LiTaOj has T =2iisec at 300K. 

Auston et a1. 45 first suggested such a mechanism for far-infrared 

generation by optical mixing. They have also performed detailed experi~ 

mental study on the process in a number of different crystals, and shown 

-1 
that the efficiency of far-infrared generation at low frequency (1- 30 em ) 

is quite high. For example, a reduced black LiNb03 with an absorption 

-1 coefficient of 200 em at the pump frequency can generate 4 times more 

far-infrared power at 10 cm-l than a 0.9 mm unreduced LiNb0
3

•
48 

Far-infrared generation by impurity absorption has the advantage 

that it eliminates the need of phase matching since we can increase 

x(
2)(w) by increasing impurity absorption and accordingly reduce the 

effective crystal length to less than the coherent length. However, this 

is also the disadvantage sine~ then the maximum far-infrared output is 

limited by the effective crystal length. The nonlinear polarization P(t) 

can also be detected as a current pulse in the crystal with the proper 

electric circuit. 46 This can be used to construct fast pyroelectric 

detectors if the crystals have short enough T. 

VIII. FAR-INFRARED GENERATION BY OPTICAL MIXING IN VAPOR 

In a medium with inversion symmetry,, the second-order nonlinear 

(2) 
susceptibility X is zero in the electric-dipole approximation. The 

third-order nonlinear susceptibility x(3) is usually also small. However, 

(3) 49 50 X can become very large through resonant enhancement. ' When .this 

happens, the third-order nonlinear optical processes become easily 

detectable, even in low-pressure gases. 
51 52 Observations of both ultraviolet ' 

and infrared generation50 by third-order optical mixing have been reported. 
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Here, we shall consider far-infrared generation in alkali vapor only. 

In Fig. 11, we show the energy level diagram of potassium. We 

expect the creation of a nonlinear polarization ~' 

NL. (3) * * P (w) = X (w=w
1

-w
2

-w
3

)E(w1)E (w2)E (w3) at the infrared frequency w 

by the three pump fields E(w1), E(w2), and E(w3). Let w1 and w2 be close 

to the resonant frequencies of 4s + 5p and 5s + 5p respectively. Then, 

(3) . . 
X should experience a strong resonant enhancement. From the third-

order perturbation calculation, we f~nd 

where A N is the 

density of K atoms, 1.1 is the dipole moment operator, and r is the damping 

constant for a 'transition. The resonant frequencies and the matrix ele-

ments for the various transitions in potassium can be found in published 

tables. 49 
If we take N = 1017 I cm3, w5p-4s -w1 = 50 em -l, we obtain from 

Eq. (34), x(3) (w) = 6 x 10-lO esu. For each pump field at 100 esu 

(2.5 MW/cm2), the corresponding nonlinear polarization is 6 x 10-4 esu, 

as compared, for example, with the second-order nonlinear polarization 

of - 10-2 esu in LiNb03• The value of / 3) (w) does not vary appreciably 

with the infrared frequency w. In principle, we can increase x(
2) further 

by increasing Nor decreasing (w
5

p_48-w1). There are clear advantages 

in using gas media for optical mixing:·· the)th,reshold of optical breakdown 

is high, the length of the medium can be long, and the c9st is less. 

Knowing x(
3), we can then calculate the infrared output using the 

results in Section II. In order to generate infrared radiation efficiently 
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in the optical mixing process, we must also have the phase matching 

condition satisfied. In this case, we would like to have collinear 

phase matching so that the coherent length is long and comparable to the 

length of the gas medium. The collinear phase matching condition can be 

written as50 

(35) 

where n is the refractive index. Equation (35) can be satisfied over 

a certain frequency range with the help of anomalous dispersion. As seen 

from Fig. 11, w2 and w are both far less than the frequency of any transi

tion from the ground state to an excited state, and hence, n(w2)-1 and 

n(w)-1 do not vary appreciably with w2 and w. On the other hand, 

n(w3)-1 with w5p-4s > w3 >w4p-4s is negative and may slowly vary with w3• 

Then, for fixed w3, we can vary w
1 

around the 4~+5p resonance and use 

the anomalous dispersion of n(w1) to satisfy the phase matching condition 

in Eq. (35). However, when w becomes smaller and smaller, (resonant 

enhancement of X(J) requires w+w
3 
~ w

5
s-4s), Eq. (35) is only satisfied 

·with w1 farther away from the 4s+5p resonance, and x( 3) decreases accord

ingly. This difficulty can be avoided by mixing Na as buffer gas into K 

vapor. Since w3 is close to the sodium D lines, the sodium-vapor gives 

an appreciable contribution to n(w3). ·We can then have w1 - w5p-4s fixed 

and vary the sodium concentration to achieve phase matching at a given w3 • 

The above scheme for generating tunable infrared radiation has been 

used by Sorokin et a1. 50 They used a 100 kW N2 laser to produce two 

collinear dye laser beams at w1 and w
3 

(1 kW at w1 and 10 kW at w3). 
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The two beams were focused into a heat pipe containing K vapor or a 

mixture of K and Na vapor. The w1 beam close to the 4s-5p resonance was 

intense enough to be able to generate an w2 = w1-w5s-4s beam via s timula

ted Raman transitions 4s+5s in the vapor. By varying w
3 

and by varying 

w
1 

or the Na concentration to achieve collinear phase matching, they 

were able to detect infrared output tunable from 2 to 25 ~m. The output 

power ranged from 100 mW at 2 ~m to 0.1 mW at 25 ~m. A tuning range 

extended to 100 ~ and beyond is possible and a much higher output power 

50 is expected with stronger pump fields. 

An alternative method to generate tunable far-infrared radiation in 

metal vapor is to let w1 close to w4p-4s and w1+w2 = wSs-4s. The third 

pump beam has a frequency w
3 

= w
1
+w2+w. Then, the corresponding third·

order nonlinear susceptibility is 

x(3)(w=- w -w +w) ~ Jt ~ ~ ~ ~ A' 
1 2 3 - h3 4s-4p 4p-5s Ss-Sp 5p-4s 

Again, x(
3)(w) has strong resonant enhancement. The energy differences 

between levels in potassium are not ideal for the available dye lasers. 

Other metal vapors such as Sr, Mg, Cd, Zn, etc. are perhaps more appropri

ate f.or this scheme. 53 Experiments using this scheme have not yet 

(3) 
been carried out, although the inverse process with X (w3=w1+w2+w) has 

alrearly been reported. 53 

As a concluding remark, we should mention that there is possible 

difficulty in obtaining efficient far-infrared generation at long wave-

lengths in vapor. When the far-infrared wavelength becomes comparable 

with the beam diameter, diffraction loss over the long active length is 
I . 
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very strong. The efficiency should then appear to be greatly reduced 

from that calculated with simple plane wave approximation. 

IX. FAR-INFRARED GENERATION BY PICOSECOND PULSES 

We have so far assumed that the pump fields are monochromatic 

and that monochromatic far-infrared radiation is generated by optical 

mixing. With pulsed lasers as the pump sources, this is a good approxi-

mation as long as the pulse is long. The laser spectral width, limited 

by the pulsewidth, determines the spectral purity of the far-infrared 

output. If, however, the laser pulsewidth is as short as 1 psec, the 

corresponding laser spectral width should be at least 15 cm-l Then, 

even when there is only one such short pulse propagating in a nonlinear 

crystal, optical mixing of the various Fourier components of the pulse 

54 55 can generate far-infrared in the crystal. ' This process can be 

considered as an optical rectification process, but here we are dealing 

only with the propagating" component of the generated field and the 

far-infrared output is subject to influences of phase matching, diffrac

tion, boundary reflections, radiation efficiency, etc. 54 

Far-infrared generation by short optical pulses is again governed 

by the wave ~quation 

(37) 

where E is the far-infrared field. The nonlinear polarization pNL(;,t) 

-+ 
is related to the~pulsed laser field E.R.(r,t) by 
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(38) 

if we neglect the dispersion of X(Z). With dispersion, the expression 

of PNL and hence the solution of Eq. (37) become more complicated. Any-

(2) + + . 
way, given x. and E.Q,(r~t)~ we can in principle solve Eq. (37) with 

R:: . 

appropriate boundary conditions. We can then calculate· the far-infrared 

output and its power spectrum. In practice, it is often easier to 

++ +NL+ 
solve Eq. (37) through Fourier transform of E(r,t) and P (r,t). This has 

54 been done for far-infrared generation in a thin slab of nonlinear crystal. 

The solution is too complex to be reproduced here. We shall give only 

a physical description of the solution in,the following. 

In Fig. i2A, we show a calculated power spectrum of far-infrared 

radiation generated by a 2-psec Nd laser pulse from a 1 mm LiNb03 slab 
perpendicular 

with the c~axis I to the normal. The interference pattern under 

the dotted curve is due to the Fabry-Perot boundary condition of the slab. 

The dotted envelope curve has contributions mainly from three physical 

sources. They are plotted qualitatively in Fig. 12B. Curve a gives the 

power spectrum of the rectified input pulse. Curve b gives the variation 

of the dipole radiation efficiency with the far~infrared frequency w; it 
. 2 

has approximately an w dependence with a sharp cutoff as w+O due to 

diffraction. Curve c is the phase-matching curve corresponding to phase 

matching at w = 0. It is essentially the pro~uct of these three curves 

which yields the dotted envelope of the powet spectrum in Fig. 12A. 

The theoretical; ca~culations actually_ give a very good description 

. 56 57 56 of the exper1mental results. ' Yang et al. used mode-locked pulses 

from a Nd: glass laser to generate far-infrared radiation from a 
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perpendicular 
0. 775 nun LiNb03 crystal with the c-axis I to the normal. The 

laser pulsewidth obtained by two-photon fluorescence measurement was 

about 5 psec. As shown in Fig. 13a, the observed far-infrared power 

spectrum is in good agreement with the theoretical one calculated by 

assuming a 1.8 psec pulsewidth. The Fabry-Perot pattern is absent here 

because the actual spectrum has been averaged over the instrumental 

resolution. The discrepancy in the pulsewidths is presumably due to the 

different nature of far-infrared generation and two-photon fluorescence 

measurements. If the laser pulse has some rapidly varying ripples on 

it, the two-photon fluorescence method would not see the ripples, but 

the far-infrared gener;;~.tion which measures the actual spectral content 

of the pulse would. see an apparently shorter pulse •. 

We can orient the crystal to achieve phase matching at finite w • 
• 

We should then expect to find a peak in the output spectrum at the phase-

56 matched frequency. An example is shown in Fig. 13b. Again, the experi-

mental results agree well ~ith theory. The two peaks in the theoretical 

curve corresponds to phase matching with the far infrared propagating 

backward and forward respectively. Figure 13b suggests that we can have 

tunable far-infrared output by simply rotating the nonlinear crystal. 

With a laser peak power of 1 GW, the observed far-infrared output had 

a peak power of 250 W from a 1.5 mm LiNb03 crystal. 

Since the generated far-infrared power spectrum is not the same as 

the power spectrum of the rectified laser pulse, the far-infrared pulse 

should have a different pulse shape than the laser pulse and is always 

longer. However, it is still in the picosecond range and can perhaps be 

used to investigate fast transient phenomena in the far-infrared region. 
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48 Auston et al. have also been able to.observe far infrared genera-

'tic;m by optical rectification of picosecond pulses via impurity absorption 

in' an acentric polar crystal. In their case, phase matching is not 

important because of the small active length limited by the strong absorp

tion. 
NL -+ 

The short pulse of the nonlinear polarization P (r-, t) generated 

in the crystal can also be monitored in the form of a short electrical 

46 current pulse. . Electrical pulses as short as 10 psec have been observed. 

X. GENERATION OF OTHER EXCITATIONAL WAVES BY OPTICAL MIXING 

Aside from far-infrared radiation, other e:x:citational waves can also 

be generated by optical mixing. Generation of acoustic waves by optical 

mixing, for example, is well knowti. With high-power laser beams as 

pump sources, acoustic waves generated by stimulated Brillouin scatter

ing can readily be observed. 58 It is possible that one can construct a 

high-intensity tunable acoustic. source by means of optical mixing. This 

is particularly interesting for the case of hypersonic waves at very high 

frequencies. Using a superlattice structure as the medium, we may be 

able to generate coherent hypersonic waves with frequencies much higher 

than 50 GHz. 59 The experimental feasibility of such a scheme has not yet 

been explored. 

We can also use optical mixing to generate high-intensity spin waves, 

plasma waves, etc. The linear properties of these excitational waves 

are often fairly well understood, but their nonlinear propertie~,- which 

are interesting in their own right, have never been studied extensively. 

The reason is that the intensities of these waves excited by the usual 

means are often not very high. It is therefore possible th~t generation 

of high-intensity excitational waves by optical mixing can lead to some 
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very interesting nonlinear problems. High excitations of plasma 

waves as a means to heat up a plasma for controlled fusion has recently 

60 been proposed. 

XI. OPTICAL MIXING AS A SPECTROSCOPIC TECHNIQUE 

As we mentioned in the INTRODUCTION, one purpose of studying far-

infrared generation by optical mixing is to find a better far-infrared 

source for far-infrared spectroscopy work. The far-infrared source is 

often used to excite and probe the low-frequency excitation in a medium. 

In many cases, however, we can use optical mixing directly as a spectra-

scopic technique ·to study the excitations in a medium. 

Consider a slab of thickness ~ in which the material excitation ~ 

* with a resonant frequency w
0 

is driven by E(w1)E (w2). 

a 
h(i ~- w +if)~(w) 

at 0 
(39) 

For simplicity, we assume a medium with inversion symmetry. A third 

field E(w3) is then used to interact with ~ and generate a new field 

E(w4) at w4 = w3+w = w3+w1-w2• The wave equation for E(w4) is then given 

approximately by 

(2)* . + -s (p g-P f)E(w3)~(w)] 

2 2 (3) 
= (4rrw4/c )X E(w3)E(w1)E(w2) (40) 
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= x!3) - Is (2) 12 (pi;:-pf· ) /h (w-w +it) 
g 0 

where p and p are the populations in <gj and <fl respectively. With 
g f 

the approximation of slowly varying amplitude, the solution of Eq. (40) 

+ + + + 
at phase mat'ching k

4 
= k3+k1-k2 yields 

Thus the signal jE(w4)j 2 as a function of w = w1-w2 from this optical 

mixing process gives direct information about .the dispersion of x< 3>(w4), 

especially the resonant structure of x(3) (w
4
). · If the dispersion of 

~3) around w- w
0 

is negligible, the maximum and minimum of lx(3)1 occur 

at w± = (w1-w2)± respectively with 

. (42) 

. I <3> . . 12 An example of X (w4) vs w around w
0 

is 

sho~ in Fig. 14, From the measured values of w±, ~;~, and ~i~, we 

can in principle obtain values for w
0

, r, a, and ~3). There~ore, such 

a nonlinear spectroscopic technique is clearly useful to probe not only 

the linear characteristics of the resonant excitation in the medium, but 

also the nonresonant nonlinear optical prop'erties (described by ~3)) of 

the medium. 

61 62 63 . . 
Wynne and Bloembergen and coworkers ' have demonstrated experi-

mentally the potential ~f this spectroscopic technique. Using two 

N2-.laser-pumped dye lasers as the turtable sources (w
1 

= w
3 

=F w
2
), 
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63 Levenson and Bloembergen have probed the resonant structure around 

the Raman-active modes and measured ~3) in a number of liquids and 

solids. The same technique cah of course be used to probe the resonant 

structure around other types of elementary excitations in a medium. 64 

We can also use optical mixing to study the dynamic properties of 

. * a material excitation. Suppose the driving force E(~1)E (w
2

) for ~(w) 

in Eq. (39) is in the form of a short pulse, shorter ~han or comparable 

with 1/f. Then, the time-dependent solution of Eq.· (39) describes the 

transient res:ponse of ljJ(w) to the driving pulse. If we wait long enough 

after the driving pulse is over, 1jJ will eventually decay exponentially as 

e:xp (.;..t/t
2
). Here, T2 = 1/f is a characteristic relaxation time of ·the 

coherent excitational wave ljJ(w), and is often known as the transverse 

relaxation time. We can probe the time variation of ljJ(w) by using a 

third beam E(w3) to beat coherently with 1jJ and generate a signal E(w
4

) 

at w4 = w+w
3

• From the time dependence of IE(w
4

)1 2 , we can then measure 

T2 directly. ·It is also possible . if the pulsed fields E(w
1

) and 

E(w2) are sufficiently intense, ·)·.to induce through two-photon 

transitions an appreciable change in the population difference (Prg-P:f). 

Again, after the driving pulse is over, (p -pf. ) will finally decay exg . 

ponentially. In.this case, however, the characteristic relaxation time 

is T1 , often known as the longitudinal relaxation time. We can again· 

use a ti:\;~rd beam E(w
3

) to probe the time variation of (pg-P f) by simply 

monitoring the spontaneous anti-Stokes Raman scattering signal at 

w4 = w3+w as a function of time. 

DeMartini and Ducuing65 first used the method to m~asure T1 of the 

vibration excitation of gaseous H2 • In liquids and solids, T1 and T
2
. 
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of vibrational excitations are usually in the picosecond range. Using 

66 
picosecond mode-locked pulses, Alfano and Shapiro and Kaiser and his 

67 coworkers have recently been able to measure T1 and T2 for vibrational 

excitations in a number of liquids and solids. In their cases, E(w2) 

is automatically generated by the pump pulse E(w1) in the medium via 

stimulated Raman scattering. The analysis is somewhat more complicated 

but the physics involved is the same. They have a~so been able to 

use the technique to find the decay routes of a vibrational excitation.
68 

Extension of the method to other types of excitations is clearly possible. 

In fact, this has so far been the only method one can use to measure 

directly relaxation times of excitations in the picosecond range. 

XII. CONCLUSION 

We have described in the previous sections the many different ways 

of generating far-infrared radiation by optical mixing. We now summarize 

in Table I the present experimental status of the various potentially 

hopeful methods. The values quoted in the Table are w:hat have been reported 

so far. In many cases, they can easily be improved by using higher input 

laser powers. 

A glance at the Table shows that compared with blackbody source, the 

far-infrared radiation generated by optical mixing has not only a much 

higher peak power, but also a larger average power. Besides, its spectral 

purity is only limited by the input laser linewidths. Experiments ·' · 

on . far-infrared generation are still in the beginning stage. 

More sophisticated schemes are yet to be tried out. In the near future, 

we can anticipate that optical mixing will yield far-infrared radiation 

with even much higher power, better spectral purity, and wider tunability. 
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Then, the field of far-infrared spectroscopy will certainly be quite 

different from what it is now. 
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FIGURE CAPTIONS . 

Fig. 1. Schematic of a typical experimental arrangement for measurements 

of far-infrared generation. Sl and S2 are infrared spectrometers 

and PD1 and PD2 are infrared detectors. 

Fig. 2. Dispers~on of the polariton modes (heavy lines) as a result of 

co4pling between electromagnetic waves) and the material excitational 

waves. In the absence of coupling, the polariton modes reduce to 

pure em ~odes (fine line labeled by w = cK/1£(00)) and the pure materi

al excitations (fine horizontal line at Ul.r)~ (after C. Kittel, 

. Introduction to Solid State Physics, 4th Ed/ J. Wiley, 1971) p. 186. · 

Fig. 3. Magnitude of the nonlinear susceptibility x(2)(w = w1-w2) versus 

w around the 366 cm-l lattice mode of GaP. lx( 2)(w)l is normalized 

to L for large w. The frequency w1 corresponds to 6328 A of a He,-Ne 

laser (after W. Faust and C. H. Henry, Phys. Rev. Letters 1l, 1263 

(1966), Fig. 2). 

Fig. 4. Magnitude of x(
2)(w = w

1
-w

2
) versus w around the 248 cm-l lattice 

zzz 

mode of LiNb03 • The frequency w1 corresponds to.6943 A of a ruby laser. 

Fig. 5. Theoretical curves and experimental data points of the relative 

IR output arising from phase-matched processes and the corresponding 

nonlinear susceptibility ldl<~lx( 2)1) as functions ~f the infrared 

wavelength (after F. DeMartini, Phys. Rev. B4, 4556 (1971), Fig. 9). 

Fig. 6. Far-infrared power generated versus frequency for two phase-

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

frequency power. The solid curves are the theorettcal calculations 

based on data of the far-infrared absorption and the Raman cross 

section in LiNb03 .. The inset shows the experimental geometry for 

noncollinear phase matching (after Ref. 6, Fig. 2). 
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Fig. 7. Fig. 7 (a) Relative parametric gain G versus the IR frequency max 

w for GaP 'around the 366 cm-l lattice mode. The solid portion of the 

curve indicates the frequency range over which phase matching is 

possible. (b) Infrared absorption coefficient for GaP. (c) Ratio 

of the infrared intensity s1(w) to the Stokes intensity s2(w2) 

<l&(w)/&(w2)1 2> (after C. H.- Henry and C. G. B. Garrett, Phys. Rev. 

171, 1058 (1968), Fig. 2). 

Fig. 8. Parametric gain G and ratio of the infrared intensity to the max 

Stokes intensity P(w)/P2(w2) as functions of the infrared frequency 

- -1 around the 248 ·em lattice mode of LiNb03 (after Ref. 35, Fig. 4.5 

and Fig. 4.6). 

Fig. 9. Theoretical results (crosses) of normalized far-infrared power 

output in optical mixing as a functionof (w- w )/f in comparison 
0 

with the experimental results of V. T. Nguyen and T. J. Bridges, 

Phys. Rev. Letters 29, 359 (1972) (after Ref. 42, Fig. 1). 

Fig. 10. Theoretical curves of the Raman gain g, and the ratios of the 

far-infrared output P(w) to the Raman output P(w2) for the collinear 

phase-mismatched case and for the noncollinear phase-matched case. 

The parameters used in the calculati'ons are given in the text (after 

Ref. 42, Fig. 2). 

Fig. 11. Energy level. diagram of potassium and the infrared generation 

process. 

Fig. 12 (A) The calculated far-infrared output spectrum for a 2 psec. Nd 

laser pulse normally incident on a 1 mm LiNb03 slab. The crystal is 
. 

oriented with the c-axis parallel to the plane surfaces of the slab, 

and the laser pulse is polarized along the· c-axis (after Ref. 54, Fig. 1). 
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(B) Curves showing the three major contributions to the far-infrared 

output spectrum in Fig. 12(A). Curve (a) gives the power spectrum 

of the rectified input pulse. Curve (b) gives the dipole radiation 

efficiency. Curve (c) gives the phase-matching effect for phase 

matching at w = 0. 

Fig. 13 (a) .Far-infrared spectrum generated by mode-locked pulses in 

LiNb03 phase matched at zero frequency. The experimental points . 
were obtained from the Michelson interferogram and the solid curve 

from a theoretical calculation assuming Gaussian laser pulses with a 

1.8-psec pulsewidth. (b) Far-infrared spectrum generated by mode-

locked pulses in LiNb03 oriented to have forward and backward phase 

. -1 
matching at 13.5 and 6.7 em , respectively. The experimental points 

were obtained from the Michelson interferogram. The solid and dashed 

curves were calculated by assuming Gaussian laser pulses with a pulse-

width of 2. 3 and 1. 8 psec, respectively (after Ref. 56, Fig. 1). 

Fig. 14. Typical results for the antiStokes intensity at w
4 

in calcite 

using the wave-mixing nonlinear spectroscopic technique. The 

polarizations were perpendicular to the optical axis of calcite 

(after M~ D. Levenson; IEEE J. Quantum Electronics, to be published). 
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TABLE CAPTION 

Table I. Present status of far-infrared generation by optical mixing in 

various cases. The output of a blackbody radiation source is also 

shown for comparison. 



Technique 
Mode of 
Operation 

~ 

Input Laser Power 
Peak IR 
Output 

Average 
IR Output 

Possible Tuning 
Range 

Mixing of Visible Laser Pulsed 300 kW - 200 mW -l 6Xl0-S w_
1 

1 - 10,000 cm-l 
Beams in Solids at 50 em at 50 em 

-7 -1 Mixing of co2 Laser . Pulsed (2pps) 200 kW 200 mW _
1 

10 W at 5 - 140 em in 
Beams in Sol~ds at 100 em 100 cm-1 3200 steps 

cw 25 W lQ-7 W at 
100 cm-1 

Mixing via Spin-Flip Pulsed 2 kW at w 
Transitions 1 -11 -1 

,(120 pps) 10 W at w2 2 lJW at 5Xl0 w_
1 

10 - 300 em 
100 cm-1 at 100 em 

Mixing in Metal Vapor Pulsed 1 kW at w
1 

100 mW 
-8 -1 (lD-100 pps) 10 kW at w2 at 2 11m 5Xl0 · ~ at 100 - 5000 em 

at 2.1Jm 

-7 -1 Stimulated Polariton Pulsed 1 MW 5 W at 1. 5Xl0 W at 40 - 200 em 
Scattering 50 cm-1 50 cm-1 

-8 Blackbody Source cw 1.5x10 W at 
at 5000°K with 10 50 cm-1 
milli-sterad. Solid Angle 
and 1 cm-1 Spectral Content 

Table I 

jli. 
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