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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
waves in free spéce is too-weak to be 6f.any sigﬂificance.l Wave mixing
at low frequencies has long been a well~known phenomenon. Modulation,
demodulation, and sum- and difference-frequenéyrgeneration of radio waves
and acoustic waves are'jﬁst a few typical.examples. The nonlinear inter-
action of waves at oﬁtical frequencies is often much weaker, and is not
eééily observable with ordinary light sources. For this reason, the field
of.optical mixing had not r;éézggaﬂmuch attention before the invention
of lasers, although demodulation of light in a photodetector ﬁay 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 generatidn, parametric process,
etc.2 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
Ais twofold. First, the far-infrared generation is cloself related to .
vother nonlinear oﬁticél processes such-éé electro-optical effect, sum~
'frequency generation, etc. By‘sfudyiﬁg the Qafious nonlinear optical
processes, we can have a better understanding of not only the nonlinear
optical properties of matter, but also optical wave prbpagaﬁion 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
between 3 and 200 cm_l) began more than 50 yearsvago.3 There is certainly
no lack of optical transitions between energy stétes in this region,

e.g., rotational and vibrational levels of molecules, crystal-field-
splitrlevgls 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 detectofs.3 Recently, a great deal of research
effort has been devofed to the development of sensitive iﬁfrared detecfdrs.
For example, Josephson junctions have been developed into é poteﬁtial
far-infrared detector which can be several orders of magnitude more
sensitive than the conventional detectors using the bolémetér principle.4
B& 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 blackbédy
radiation. A perfect blackbody of surface area 1 cm2 and temperature
5600K'radiates approximately 1000 W over the 4m solid angle, but if‘we
limit the solid angle to 10 milli—stefad and the spectral contenf tb 1 cm_l
in-the far infrared around 50 cm_l, thén the radiated power is only
1.5 % 10—8 W. Electron beam devices, suph as klystxon, magnetron,-car—v
cinotron, etc. have also been used as submillimefer and far—infrgred

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

quency multiplication scheme. However, the efficiency of such devices
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feile off very rapidly with increasing frequency. In additionm, their
teﬁebility 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 quentum electronics, a number of tunable infrared
sources have been developed. Infrared semiconductor lasers cover a
spectral range from ~ 300 cm -1 to the visible. Sﬁin—flip Raman lasers

can tune over a range of about 300 cm -1 around 103 cm-l with a linewidth

of 2 x 10_—3 cm—l. Parametric oscillators are useful in the near infrared.

In the far inffared, however, the only novel tunable source is obtained by
optical mixing in a nonlinear‘medium. At present, it has already been

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

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

With pulses COz.lasers.of 200 kW peak power, several.hundred mW of
far-infrared peak power ean be generated.7’8 Even at the repetition rate
of one pulse per secon&, such a far-infrared source already has an average
power higher than any conceivable blackbody soufce. With higher input
laser power aﬁd improved ﬁixing geometry, we can now expect even much
higher far-infrared output from optical mixing.8 By using the nonlinear

crystal to construct a d1electr1c waveguide for the far-infrared wave,

a conversion efflclency of 20/ of the predicted value has been achieved ?

Far—infrared generation by optical mixiﬁg 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 co, laser beams mixed in GaAs.8 This novel far—inffared 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

-1 7,8

' equally spaced in the range between 5 and 140 cm . With dye lasers
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as the pump sources, it is.continuqusly tunable, in principle, over a
range from 0 to.~ 10,000 ém—l, limited only by the absorption bands of
the materials.

‘Tunable far—infrared gene;ation by optical mixing has been seen in -
a number of'Very differént media. In different cases; the physical

‘mechanisms responsible’for optical mixing are different. We shall

-diécuss in ﬁhe following sections the various cases separately. We alsov’
consider the special‘case of far-infrared generation by optical rectifi-
cation of ultrashort pulses. The general'discussion of far—infraréd
. generation by optical mixing can be apblied analogously to the generation
of otﬁer excitational waves such as acoustic wave, spin wave, etc.
In Section II, we give a brief theoretical descriptidn'of the
.problem and point out tﬁe inherent computational difficulties of far-
infrared generation in the long wavelength limit. Section III covers the
experimental observations of far-infrared generﬁtion by optical mixing
in transparent crystals. Section IV describes how the noﬁlinear suscepti-
biiities.and the far-infrared output vary as the far—infrafed frequency
- approaches an absorption or restrahlung band. The corresponding -experi-
menfal verification is given. ' Then, in Section V, we review the
theory of far-infrared generation by stimulated polariton scattering

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 spécial'case of the description in Sections IV.and V.
We review in Section VII and Section VIII rLspectively the problems of
far-infrared gehefationaby optical mixing in a crystal through optical
rectification by absorbing impurities and in metal vapor through
resonantly enhanced third-order nonlinearity. We discuss in Section IX
the problem of'farfinfrared generation by optica1 rectification of
picosecond pulseé. We then describe briefly in Section X the possibility
of generating othér 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 1like to apologize to those whose papers on the subject have been

left out of the reference list here.



»

~where X

—6- | . LBL-3114

II. THEORETICAL CONSIDERATION
The basic theory of far-infrared generation by optical mixing is
essentially the same as that of sum- and diffefence—ffequency generation.1
The generation and propagation of the far-infrared field E(w) is governed

by the wave equation

i

2. 2,2
[V x ¥ e /2B W = (4m’/¢HE " (w) W
where PNL(w) is the nonlinear polarization created by the pump fields.
For a crystal without inversion symmetry, we have, in the electric- |
dipole approximatio_n,2

Bl = xP = w0, : E@IE @), (2)

2

and for a medium with inversion symmetry, we have

w2 xPw=w

~

w0 : BODEWIE () (@)

Hwy—ig

1

(3) e

. are second- and third-order nonlineaf susceptibility

(2) .4 X

tensors and'ﬁ‘(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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so that fNL(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 oscillatimg dipoles. These oscillating dipoles are the sources
for the far-infrared fi;ld E(w). The problem is then equivalent to the
problem of radiation from an antenna array. It is weli known that the
rigorous solution of such a problem with appropriate boﬁndary conditions
is difficult to obtain. We shall fherefore 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 withba boundary sarface at z = 0. With tﬁe approximation of a
slowly varying amplitude (|32&(m)/az2| <V|k288(w)/8z| with the definition

E(w) = &(w) exp(iﬁ -;-iwt)), Eq. (1) reduces to2

2
8&%w)-= i2mw” - PNL(w) o
z 2 :
c kz

> >
~iker+iwt

(4)

If PNL(w) = pNL(w) exp(iﬁs'¥—iwt), then assuming &(w) = 0 at z = 0, we

obtain at z = £

ew|? -Iz“‘*’ <>12[§-§%1;§%‘%’—2)- I ©

where Ak = L —k is known as the phase mismatch. This is the familiar
' result one usually obtains for sum- and difference-frequency generation
The output |8(w)| is a maximum when Ak = 0. It vyields ' thé

maximum energy conversion efficlency as one would expect when both energy



-8- ' LBL~3114

an& momentum conservations are satisfied in a nonlinear interaction
process.

However, for far-infrared generation, in the longéwavelength_limit,
the assumption of infinite plane waves may not be a very good approxima-
tioﬁ. Diffraction effect becomes.important when the pump-beam diameter is
vcomparable 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

by11-

: " ' + ¥, .
_ﬁ(_f,w) = (%)2 Ivd3r' (jl—- ff) . -ﬁNL(;’w)eik[r r |/I;_—;|| . (6)

where the integration is over the volume V in which the pump fields
’ . - NL .+ > >
interact with the nonlinear medium. 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 that* 12

2

PG w) = 2 2w exp(ik_ z-iut) for (x*4y%) < a
e S -
=0 v - for (x2+y2) > az. o

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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= .
Il

[, |EG 0 | Pnc/2n

4 ' ] - o223 (B) 2
98 [P %P’y [ ™ a6 sine G ) - (®)
C (o]

where % is the thickness of the nonlinear thin slab, ] is_the angle between
£ and 2, em’is the maximum collection angle of the deteqtor,

o = k&(1+Ak/k-cosb) /2, Ak = ks -k, and 8 = ka sine. The Bessel-function
\term [2Jl(B)/B]2 actually describes the effect of diffraction from a
circular aperture, and the (sinOL/OL)2 term describes the phase-matching
condition. If ka > 1, then 2Jl(B)/B_is only ap@reciable for 0 <1/ka.

Fér such a small 6, we have o = Ak%/z. The integral in Eq. (7).with

6, > L/ka then yields (1/k%a%) sin®(AkL/2)/(AkR/2)%. Equation (8) thus
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 > 1, the

. diffraction effect should be negligible.

The éolution in the férm of Eq. (8) is physically trénsparent, and
can be used for order—of—magnitudé 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 tﬁat the

'nonlinear material ié actually immersed in a linear medium (e.g., air)
with a very different refractive index is more difficult to cope withv
in the coﬁtext of Eq. (6) where the near fiel& and the boundarybeffects
have been neglected. In addition, a far-infrared detector which

| o Mmoo 2 2
normally has a tapered light pipe in front of it detects f l&(k,w)l d kl
: o
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instead of fAlﬁ(;,w)lgdzr, where 8(K,w) is the spatial Fourier component
of 8(;,w), and ﬁi is perpendicularAto the aXis of the light pipe. Only

if all the far—lnfrared radiation from the nonlinear medium is collected

by the detector, then by the Parseval's theorem, f m'&(k w)i
o
fAlg(r,w)' a’r.

In: order to take into account the boundary effects and to calculate
. : N
W properly, it would be more appropriate to solve for &(k,w) instead of
N .
8(r,w).l3 Let us write

> > .
B, = [di 8(k ,0,2et ETF0D)

- i _
pNL (;’w) i d2klp_NLd(>l’w’z)ei(ks-r—wt). (9)

We shall assume here that the fiel& is transverse, Extension to the

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

component, in the limit of |328(k)/3z2! < lkaﬁ(k)/azl, obeys the equation
k'",z 121w iAk,z

3 > <>
32 18k 0,20 2% = 28N Ly e
- ¢k’
Z

(10)

= - { . = 1 : 1,1
where Akz ksz kz is general}y complex; kz 'k z+1k 2’ and
k"z:= we"/Zc/ET is the absorption coefficient. The solution of Eq. (10)
at z = £ is

A1 '
kgl (11)

&(k ,0,2) = [8%f(2) le
2

czk'
z
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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 plaﬁe boundaries at z = 0 and z = 2. Because of reflections at the
boundaries, the difference;frequency generation of each Fourier compon-

ent resolves into four waves

. > >
 E1(§1’w).= [&o + f(z)]elk-r—iwt : -
} for 0& z< 4
. L@k 8y Tiwt '
Ez(kl’w) -8 el( = zz) r-iw
> {(k, ~k__8)r-1 £ <0 -
E. (K ,0) =& el( 4 - Ozz) r-iwt or z
31 3 : . :
> i (K, +k g 52) *F—i
B, (& ) = ¢t (uthoz®) rmiut for z > 0 12)

where ko = w/c, El and E4 are forward propagating and E2 and ES are

backwafd propagating. We have assumed that.in the crygtal, only the El
wave can grow steadily with distance as a result of near phase matching
in the far-infrared generation.. From thé con&itions imposéd on E and H
at the boundary surfaces, we can immediately find 80, 82, &3, and 84 in
terms of f£(&). For example, if the field polarization is‘perpendicular

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

‘ . (ItR)e

& =1 I : 1 (13)
4 l_R2e12kz£ ,

where R 1s the reflectivity. The term in the square brackets 1s 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 6f the far4infrared field’genérated in the crystal
. wifh appropriate.boundary conditions. The solution depends on pNL(ii,w,z).
Analytical expression of pNL(ﬁi,w,Z) can be obtained if we assume that
the pump beams are of single mode (focused or unfocusgd) with prescribed
Gaussian profiles. The calculation is similér to the one used by
Bjorkholm13 and by Kleinman, g;_g;.l4 in obtaining PNL(Ei,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
Aetail. 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 1s being done and
will be published elsewhere.].'5 In any case, knowing E(kl,w,z), we can
find E(;,w) from Eq. (9)Vand hence everything we want to know about the
far—inffafed output. |
To conclude this sectidn, we summarize tﬁe major physical aspecgs

in which - far—infrared'generation by optical mixing- differs
from optical sum-frequency generétion. 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 infinité—plane—Wave approximatiqn is no ionger
‘valid. The refractive index of a condensed matter at the far ipfrared

is usuaily large (~ 5).. The boundéry'effects on the far-infrared genera-
tion can be very imporéant. It may happen that because of total reflection,
part of tﬁe generated 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 detectdr may be smaller than the cone of far-infrared
radiation from the nonlinear medium. These effects of course become

4

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 oniy, A typical experimental setup is shown in Fig. 1.

Zernike and Bermann16 first reported detectionvof far~infrared
radiation around 100 c:m_1 resulting from mixing of a large number of
modes of a Nd: 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 002 laser lines. The Bell Lab group subsequently reported a number
of experiments on far-infrared generation by mixing of CO2 lagser lines in
various semiconductors.18_23 By tuning the CO2 lines, the frequency of
tﬁe far-infrared output can be discretely tuned over.~ 200 cm—¥. Sinée‘
the CO2 laser lines are sharp, the cdrresp§nd1ng faf—infrared output
~can have very high spectral purity. The Berkeley group5 and Yajima and
co—workers24 used two simultaneously Q-switched ruby lasers with
different lasing frequencies as the p;mp 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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tuned from 0 to 50 cm_l by tuning the ruby laser frequencies.

More recently, the Berkeley group6 has sﬁcceeded in mixing two
pulsed dye-laser beams in noﬂlinear crystals to generate tunable far-
infrared radiation over a Qide spectralkrange. -In principle, the
tunability can cover a range from 0 to ~ 10,000 cm—l, limited only by
the infrared absorption bands of the nonlinear crystals. Both the

7, have demonstrated

Berkeley gr§up6 and the National Magnet Lab. group
that far-infrared generation by optical mixing with non-collinear phase
matching can be efficient. Using the multiple total-reflection scheme

: 1 using :

first suggested by Armstrong et al, and/two CO2 lasers (25 W) as pump
sources, the National Magnet Lab group has actually been able to genérate
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
far.infrared, Thompson and Coleman9 have observed a maximum conversion
efficiency of 20% of the predicted value.

'Tunable far-infrared radiation can also be generatéd by stimulated
polaritoﬁ scattering,25’26 by spin-flip Raman'transitions,27 and by'
third-order wave mixing in gases.28 fhese cases will be discusséd S
separately in more detail in later sections. Here, we shall consider only
far-infrared generationvby‘optical mixing of two pump beams in a more or
lesé transparenf noﬁlinear crystal.

qu the sécond—érder nonlinear‘prOCessés; the nonlinear'polariza_
tion is given by Eq. (2). The corresponding nonlinear susceptibility

x(z)'has the permutation symmetry2

Xéir)l () = wytw) = x 0 (‘*’2_ = -whw,) = X:(lix)n (= wy-w)) (14)
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when absorption is negligible. If the electro-optical coefficient

r, = [4r/e()ew,)] xéz) (w, = wyto)| o is known, then ve can
immediately obtain an estimate of X(l)(w = W ) from Eq. (14), although
the estimated value of X(z)(w l 2) may be somewhat different from
the real value because of dispersion and absorption. Knowing

xéé)(w = w wz), we can then have a quick estimate_of the far-infrared

output using, say, Eq. (8). For example, we find for LiNbO3,5’29

(2)

ny l—wz)l = 4.5 X 10_8 esu for w dt the ruby laser

1- %2
frequencies. We then calculate from Eq. (8) that with two ruby laser

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

about 3 mW at 10 c:m_‘-1 can be geherated from a crystal of 0.05 cm thick

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

from a 0.047 cm LiNbO3 crystal was detected.5 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’l.8..23
As one would expect, the efficiency of far-infrared generatipn by
optical mixing depends critically on the phase mismatch. Most of the
_expériments were designed to study the possibility of achieving phése
matching. In anisotropicvcrYStals, collinear phase matching for both

i

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

the birefringent property of the crystalgs’22 In cubic crystals, however,

collinear phase matching can only be achieved with the help of anomalous
| 17,20

dispersion of refractive indices, or the magneto-optical effect of

. 19
free carriers. It turns out that, because of the small wave vector of
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forward ‘ _
the far infrared, the/collinear phase mismatch Ak =|k1—k2—k|< k 1is usually

small even in the non-matched cases. In other words, the coﬁérenf length
for the far—infraréd genefation éan be fairly larée (2'1;mm at 10 cm—l).
It may be comparable'to the effective length of the crystal when there
is strong far—infrared absorption. Ih.most nonlineaf 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 oﬁtput. Thus, the Berkeley group is
‘the only group who has carefully analyzed the spectrum of the output.5
They have tried to look for the effects of absorptionm, diffractioﬁ, walk-
off due to double refraqtion, étc., by comparing the far-infrared output
from crystals of different lengths. They have also tried to measure the
effects of the cry;tal.boundéries and the angular distribution of the

5,12

outgoing far-infrared radiation. However, the ekperiments have:not

been'vegy successful because of the inherent difficuities in achieving
high accuracy in the far-infrared measurements and because of the poor
mode structure of the lasers used in the experiments. We believe that
in the future, such experiments should be performed with single—modé»

CO2 lasers.

Several research yorkers have investigated the far-infrared genera-

tion near a far—infrared resonant absorption 1iqe or band.23’30 While

(2)

the nonlinear susceptibility ¥ 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

(2)

competition between the resonant behavior cf X and of the linear
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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(z)(w = wlfwz) can be decomposed into two parts

xP @ = 3P w + P w

(

where XLZ?(w)’is the contribution from the material excitation'respon—

(2)

sible for the far-infrared absorption, and X, ° is the non-resonant con-

(2)

tribution.. Physically, XL

(w) =w1—w2) exists because the pump fields
E(wl) and E(wz) couple nonlinearly with the material excitation while

the far-infrared field E(w) couples linearly with it. We can derive
explicitly the‘expression oflxéz)'in terms of the coupling coefficients.

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

phonon wgvé Q(w). The reader should bear in mind that the derivation
here applies analogously to oﬁher material excitgtions such as magnons,
plasmons, etc. Generalization to a set of excitational modes is also

: straightférward; The mixing of the two pump fieldé now geherate 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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[VxVx -_wlzi(wl)/cz] E(w) = (4m12/_c2),[zx£2)’€(m2)ﬁ(w)

+£% )] (152)

-

[VxVx - wzzi(wz)/czl‘f(w2)=(4ﬂw2%/¢ﬁéi2): -Eb(h)l)‘-ﬁ*(w)

+1 E(wl)d*(w)] | - as
- [VxVx - wzi,,;(w)/czlﬁ(w) = (4Trw2/c2)[i-6 ‘ | .

+ 53) : B)E (w)] (15¢)
(w *w?-iun)§ = A - Ew) + :’E(Ql)'ﬁ*(wz) R | o (154)

where gm(w)_is the non-resonant part of the linear dielectric constant

~

and wo‘is the resonant frequency of 6.. The linear and nonlinear coupling

coefficients are A and f= leaa'respectively,’bdth taken to be real.

A =~ ~

The microscopic expressions for Xo? f and A can easily be derived, as

10,31 Both xiz) and f will show reso-— .

have been done in the literature.

X

nant enhancement if w, or wz.approach an electronic absorption band,

but has practically no ¢hange if the difference frequency w varies around

wo.' The coefficient A which is proportionai to the matrix element of

~

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

Eliminating 6 from Eqs. (15c) and (15d), we find

[Va7x - we) /1R = (um?/ehy ¥ (= w-w) EWIE () (16)



-19- LBL-3114

where
e = e (w) + 4P (w) an
~ 2 Ve
with XD () = A+ A/ 2 wP-tal)
5(2) (w wl—wz) = xo(oz) + Z(I(,Z) (w) (18)
with ' ﬁéZ)(w) = i :zil(wdz—wz—iwr).

Note that k = (w/c)sllz(w), plotted in Fig. 2, is the dispersion rela-
tion of the so-called polariton mode,32 which results from linear coupling

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

(VxVx -(wz/c)z[é(wz) + 4T £§3) : E(wl)ﬁ*(wl)]} + Elwy)

= @, 27X P @ EwpEiey 9
where v : |
x = s e 1/ P

~

is kﬁown as the Raman suscéptibility.31

tion33

We then have the simple rela-

2) _ 1) [(3)*

X o= It oXg llllg-

(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 deduce XIE )(w) and XéB) , and hence A and f, from
linear absorption and Raman scatterlng measurements respectlvely We
can then obtain X( ) from Eq. (18). Knowing Xé ) and the electro-optical

coefficient r , we can also find XiZ) from the relation

2mn

an (=, - “2)w+o = Eg (L) ey (W) Ty /4T
= [y(® (2)
In some cases, xiz) can also be estimated from the results of second-

)

(2)

harmonic generation if the dispersion in x°° can be neglected. An

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

Let us now consider how the resonant enhancement in x(z)(w) and in

~

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

~

purﬁose, we can use the plane-wave épproximation which reduces Eq. (16)

: to_the form of Eq. (10). The solution is

2 o
IE(w,Z)] = (Zgw ﬁE(w )] |E(w )I F(R) (22)
 where (2),2 . Al ' "
Py = —X - il - Qg y 220 23)
(Ak'z) +(Ak"z) '
Ak = Ak' +iAK"
z z z
Ak' = kY -k! -k'

z lz 2z Tz~

"oggn g n_zn'zl |
klz+kZz k 2 -k L S WE /2¢k z

-

Ak."
z
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At phase matching Ak'z = 0, we have

~AK" -2k" £ | (24)

ro) = 0 12w )2 le -1) 2

when either w, or wz or w approachesbreSonance,.both IX(Z)I and.Akz.
show a resonant effect. Then, as seen from Eq. (23),.it is not & priori
clear whether lE(w)l2 would inéreaée or decrease.

We shall consider the case where the far-infrared frequency
approaches a polariton resonance.modef‘ De Martini3o has Studiedvthe
' pfobiem of far—infrared generation by opticai mixing near a polafiton
mode in a:cubic crystai in great detail both experimentally and theoreti-
célly. We shall discuss only the qualitative features here.

Let us discussvthe problem of phase matching first. ‘In order tov
achieve phaée matching, collinear or noncollinear, we must haye

k' ) -k, (w,)] < [k' (@] < J&!'y @) + k' (w)].

The equality signs apply for collinear phase matching. In.a cubic crystal,
noncollinear phase matching is always possible'as lbng as the refractive.
indices hgve the inequality n'(w) >'n'(wl), g’(wz). With w in the vicinity
of alattice ﬁode, this is geﬁerally true for w < w, 6nly. In additiom, ’
é&llinear phase matching can be realized in a cubic crystal only with
the help of anomalous dispersion. |

The same general argument applies to noncubic crystals except_that
co}linear phase matching can now be achieved with ;he hélp of opticai
birefringence. Thus, there is a range of w within which we can obtaiﬁ Coilinear

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

Assume that we can always satisfy the phase-matching condition or
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we can heve the coherent iength l/IAkzl longer than the crystal length
.for w < wo; How would the far-infrared output powet vary as W

approaches wo? From Eq. (23) or (24), we have, fot Ak'z = (0 and Ak;= —k:,

rw) = (1xP %/ K", 21| 1-e7X"2*| 2, | (25)

We therefore expect to find the output |E(w)|2 to be proportiunal to

I (2)(w)| 2 as long as k" 2 <.1. Increase or decrease of Ix(z)(w)l as
‘w approaches W, depends on whether the two terms of Ix(z)(w)l in Eq. (18)
interfere constructively or destructively. We show iu Fig. 3 the resonant
behavigr of Ix(z)(w)l near the 366 en”t lattice mode of GaP as.an.ex-
am.ple.34 In this case, the_tuo terms_of‘lx(z)(w)| have opposite signs

for w < W, . In Fig. 4, for the 248 cm—l lattice mode of L1Nb0 ]x(z)(w)l
increases ae w approaches wo because the two terms in IX( )(w)l interfere

constructively for w < wo.35 When w'gets sufficiently close to W s the

output |E(w)|2 should drop rapidly according to Eq. (23) as the far—infra—

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

for around w is shown in Fig. 7.) Immediately above ® the far-infrared
output Should'be very weak not only because of the strong far-infrared
absorption but also because of the large phase mismatch |

DeMartini30 has carried out measurements on the d1spersive 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. Yang gg_gi.6 have studied_the disper-

"sion of the far-infrared output in LiNbO3 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, thé infrared oscillator strength
of the ﬁaterial excitation mode is weak so that the linear propagation
charéétéristics'of thg far-infrared is dominatéd by €_(w) rather than_

(

by XLl)(w), even when w ~ w, . Then, as w varies around wo,_em(w) essen-

tially remains unchanged, and hence the far-infrared output IE((;u.)'l.2 is

proportiohal to IX(Z)(w)IZ. However, in xiZ)(w)’ the resonant behavior
of xéz)(w) can still dominate over Xiz)(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

Section VI a practical éxample‘of such a case.

V. FAR-INFRARED GENERATION BY STIMULATED POLARITON SCATTERING
It is also pbssible fo geﬁeréte tunable far-infrared fadiatibﬁ

through'stimhlated Raman séattering by polaritons, i.e., a composite
mode of infrared and material excitational waves.32 In that éase,
E(wl) is the only pump‘field. If it is above a certain threshold, then
the Stokes field E(wz), the infrargd field E(w), and the material
i ‘excitational wave Q(w).caﬁ.all be generated through amplification of _
noise. As we would e#pect, thé threshoidAis nearly ‘a minimum when the
phase-matching condition of this nonlinear process is more or lgss
satisfied. -Tunability'can be achieved by varying the relative propagatioﬁ
directions of E(wi} and-E(wz) in order to satisfy the phase—matchihgb
condition for a pre-selectéd polariton mode on the dispersion curvé of .

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

by many aﬁthors.36—40

It is governed by the same set of equations in
Eq. (15). Here, we shall coﬁcentrate oﬁ the problem of féf—infrared
generation. We assume that the pump field E(wl) is not attenuated or
depleted in the process.. Then, by eliminating Q(w) in Egs. (15b-4d),

~ we obtain Eqs. (16) and (19) which describe fully the stimulated pdlari—
ton scattering process. ‘They are now in. the séme form as the set of

eqqations_déscribing,parametric amplification or oscillation.2 . There-

fore, the solution is well known. We have

E'(0) = [8,(,) exp(iAK z) + & (w,) exp(iAK_2)] exp(-1k}T)

E(w3) = [8+(w3) exp(iAK+z) + 8_(w3) exp(iAK_z)],exp(i§'°¥+iAkzz)
(26)
where
k=& + k" |
1.1 ' 1/2 "o 1"
k F_(w/c) (e %, ‘ k" = (w/c) (e /2/e")
e g,k

V4 B
K, = 1200y = Lypn? - a2 )
Yo = (kylky ) (iky + kp)
. 2,0, 2 ' 2
kR = (m2 /Zkzzc ) AanIE(wl)|
Y = -l G /RDE

2 22,2 (2))2

' 2
A= (4w, "W ey k1) (X |E(w1)|

|80y /8" )], = Wiy 10 YN 2 ek, 4. @D
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The exponential gain of the fields along 2 is given by

g, = - Im(4K,). - (28)

It is seen that both g and |8/82| depend critically on the relative
" values of Yos Ys and A. Two limits are of interest.38 First, when
l2

. !Y+Y2 > 4, we have - = ~ Im Y2 which is positive if .

83 < Im (4WXRIE1’2)' The corresponding ratio I&(w)/&*(wz)f according
to Eq. (27) is extremely small., This happens when w approaches the
' resonance frequency W, of the lattice mode and the coupling between

E(w) and Q(w) becomes very weak so that the polariton wave is essentially
all of phonon character. What we then have is actually the usual stimu-
1a£ed Raman scattering by phonons with the far-infrared wave essentially
unexcited. Second, when w is sufficiently far aﬁay from w, so that
4HXR|E1|2 in Yoy is negligibly small, the stimulated gain g reduces to
that of 'a parametric down—conver-ter.2 The gain is positive near phase
matching and is maximum at phase matching. The'rétio Iﬁ(w)/ﬁ*(wz)l is
large. This happens when the polariton wave is essentially all of
photon character. In general, away from the two limits, how the géih g
and the ratio Iﬁ(w)/ak(wz)l vary depénds on the vériations of e(w),

(2)

Xg> and ¥ with w.

Henfy and Garrett39 have calculated_gmax and the corresponding
I&(w)/ﬁ*(wz)lz as a function of w for GaP around the 366.ém_1 lattice
mode. .(Phase matching cannot Bé achieved for the uppér branéh bf the
polariton diséersion curve in this case.) Their_results are shown in

e (2)

Fig. 7. Here, the terms of X in Eq. (18) have opposite signs for
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w < wo. Sussman?5 has made similar calculation for the 248 cm--1 mode

.of LiNbOB.A His results are shown in Fig. 8. The two terms of'x(z)

now have constructive interference for w < wo,- Consequently, the

curves in Fig. 8 are quite different from those in Fig. 7. |
Exﬁerimentally; stimulated polariton séattering has been observed

by several research groups.25’26.’-41

By adjusting the relative angle
betweenl—lz1 and ﬁz to achie&e phase matching for a given set of frequencies
ws g5 and wz,_tunable far-infrared fadiatibn can be generated. Using

a l—Mﬁ Q—switchedvfuby laser beam of about 2-mm in diameter and a 50-cm
focal-length lens-to focus the beam into a 3.3 cm a-axis LiNbO3 crystal,
Yarborough gg.gl.zs have detected a far-infrared output with a peak powér
of 5 W, tunable f;om 50 cm—l to 200 cm_l. Unfértﬁnately, the threshold
for ;fimulated polariton scattering is quite close to the damage threshold

in LiNbO3. 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 materiél excitational waves. Thus, for ex~
ampié, the material excitafion can aléo be an electronic excitatién. in
particular, it canbbe 5 spin-flip excitation between two Zeeman-split
magnetic levels. We thefefore expect that far—infrared radiation can
be generated at frequencies iﬁ the vicinity of the spin-flip transi--
tion frequeﬁcy‘and,tunability can'Be achieved by varying the Zeemag

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 SchrBdinger's wave equation for

_the perturbed excited state;42 We can take Y(w) ={f|go> as the exci-
tational wave where <f| is the perturbed excited state and <go| is the

unﬁerturbed ground state. The corresponding wave equation 1342

S . (D) (2) *
h(i 5t~ Y + i Y(w) — S E(w3) + S E(wl)E (u)z) 5 (29)
where S(l) and 5(2), obtained from first- and second-order perturbations

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

€V) (2)

simplicity, we consider S and S as scalars.)

| D = - s 2 /n (e +T)

X = - 151 2/h (s -11) Qo)

which can be measured experimentally.

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

with Q replaced by (/20)™% 4, & by -2um)*? s ana £ by

—(2w/h)l/2 S(z). Then, by eliminating ¥ in the set of coupled equations,

we again.find Eqs. (16) and (19) with
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e(w) =g + lmx’IEl) (w)
xP @ = xP @ + xXP w
(D @y = = sW5D (i) = (D OHZ (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)
N

’éxéressions of Xp Ts XL s and X 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 stimﬁlated polaritoﬁ
scattering. The general discussion in the previous sections also applies.
here.

We now consider a more special case where the elettronic excitation
-is forbidden by electric-dipole transitions, but allowed by magnetic-
dipole transitions as in the case of spin-flip transitions. Then,_the

(1

coupling coefficient S is very small, and consequently, the polariton

dispersion curve in Fig. 2 has a very small gap. However, the coefficient
5(2) 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 héve been measured. In addition, €_ and xiz)
are known. Hence, the functions E(Q); x(z)(m), and x§3)(w) can all be
calcﬁlated.27’43‘
Cqﬁsider first far-infrared generation by optical mixing neéf the
27

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

In this éase, Since.the magnetic~dipole oscillator strength is weak, the
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phase mismatch Ak'z and the attenuationVCOnstants k"z in Eq. (23) do

not vary appreciably as w sweeps'acrqss the spin resonance line. The
far-infrared output is thereforé proportional fo ]x(z)(w)lz which shows

a sharp resonant enhancement according to Eq. (31). This was actually
demonstrated experimentally by Nguyen and Bridges.27 Their results are in
very good agreement with theoretical calculation as shown in Fig. 9. 1In

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

2
far-infrared output intensity from a 0.4 cﬁ crystal is 1.6 X% lQ_l4 W/cm2
- with the pump intensities at 1 W/cmz. This output intensity should
increase if the phase mismatch Ak'z is reduced. ‘The far-infrared fre-
. quency can be tuned over a widelrange 59 varying thg relative frequencieé
of the pump beams in steps with the Zeehan splitt;ng controlled by an
external magnetic field.27 ‘

Consider next far-infrared generation by stimulated polariton or
spin-flip Raman scattering in InSb. The solution‘giveh by Egqs. (26-28)
is plotted in Fig.‘lO. Since the coupling between the infrared wave and
the magnetic excitation is Weak, the stimulated gain is essentially just
the stimulated Raman gain g = - ImXé3). In the collinear case, the
‘phase mismatch is large and hence,.excitation of the infrared wave is
weak, or the ratio IE(w)/E(wz)*I is small. fhis.ratio can become appreci-
ably largér if we allow the beams to be nonéollineér iﬁ order to achieve.
phase matching, as shown in Fig. 10. Although stimulated spin-flip
Raman scattefing has been observed and well sfudied as a potent;al
tunable source,44 no far-infrared radiéﬁion has yét been detecﬁed in the
process.v However, so far, only the cbllinear phase—ﬁonmatching 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-qases 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 process, the nonlinear
polarizatioﬁ ENL(w) is the source of the far—infrafed field (see Eq. (1)).
For a crystal without inyersion symmétry, we have

)
ﬁNL(w) = x(z?(w=wl—w2)E(wl)E*(w2).-

In the usual studies of far-infrared generation by optical mixing, we
dealvwith crystals which are transpérént to.the pump fields.. The non-
linear suspecﬁibility X(z)(w) is an.intrinsic property of the pure
crystal. It comes from both pure electronic contribution and contribu-
tion from coupliné 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 ﬁolaf crystal through defect or impurity
ab:sorpti'on.l*s_48

Two physical mechanisms are resﬁonsiblevfor the nonlinear polari-
zatién created by impurity (or defect) absérptioﬁ.45 First, an impurity
polarized in the acentric polar host lattice may have a different dipole
moment in the excited state tﬁan in the grouﬁa state. This may lead to

*

a net polarization when the impurities are excited by the pump field.
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Second, nonradiative relaxation of thé excited impurities increases the
temperature of the host lattice, and a net polgrizaﬁion'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 1545

D . L NL | a(AWI(E) . 1 .p . |
G+t D o ho, T [Cv a f_mI(.t)dt] (32)

where T is the nonfadiative relaxation time of the excited state of the
_impurities, o is fhe absorption coefficient, Au is the average.dipole
moment induced per impurity when thé impurities are excited to the

excited state, ; is the pyroelectric coefficient, CV is the sfecific heat,
and I(t) = cJE(t)+2/2ﬂ is the incident light intensity.. Note that, in

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

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

*
PNL(@=wl—w2) induced by I(w) = cE(wl)E (wz)/Zﬂ. We find

(2) _ _co(A)T icpo ‘
_X(w) - 2ﬂhwl(l—iw1) + 2ﬂCVw(l-in) (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(z)(w) is pro-
portional to d, and hence the far-infrared generation by these effects

should be stronger for stronger impurity absorption. "As seen from

(2)

Eq. (33), X 7' (w) has a cutoff frequency gt WT ~ 1. The relaxation

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

the 2T2 state of Cu++ in LiTaO3 has. T = 30 psec and the state of Cr3+ in-
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LiTa0, has T =2lisec at 300K.

Auston gg_gl.as 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 differeﬁt crystals, and shown
that the efficiency of far-infrared generation at low frequency (1- 30 cm—l)

is quite high. For example, a reduced black LiNbO3 with an_&bSorption

coefficient of 200 cm_l'at the pump frequency can generate 4 times more

48
3"

Far-infrared generation by impurity absorption has the advantage

far-infrared power at 10 cm_1 than a 0.9 mm unreduced LiNbO

that it eliminates the need of phase matching since we can increase
x(z)(w) by increasing impurity absorption and accordingly reduce the
effectivé crystal length to less than the coherent length. However, this
is also the disadvantage since then the maximum far-infrared output is
1imiteé by the effective crystal length. The nonlinear polarization P(t)
can also be detected as a current pulse in the crystal witﬂ the proper
_electric circuit.46 This caﬁ be used to constrﬁct 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 is zero in the electric—dipoié appfoximation. The

3

susceptibility X

third-order nonlinear susceptibility X
(3 '

X can become'very large through resonant enhancement.

is usually also small. However,

49550 When this

happens, the third-order nonlinear optical processes become easily
| 51,52
detectable, even in low-pressure gases. Observations of both ultraviolet >3

and infrared generation50 by third-order optical mixing have been reportgd.
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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) =YX (w=w l-wz—w3)E(w1)E (wz)E (w3) at the infrared frequency w
by the three pump f1elds E(w ), E(w ), and E(w3) Let Wy and W, be close
" to the resonant frequencies of 4s -+ 5p and 5s + 5p respectively. Then,
'X(B) should experience a strong resonant enhancement; From the third-
order perturbation calculation, we find
€) '

X (w=0 WymWy™ 3) u43—513 u5p—5s Mg =4p Ll4p—4s (34)

. _ 1
where A = [(w 5p —4s~ %1 -il )(wss Pt +iF )(w4p_48—w3)] N is the

density_of K atoms, U is the dipole moment operator, and T is the damping
conscant for a traneicion. The resonant frequencies and the matrin‘ele—
ments for the various transitions in potassium can be found in published
tables.49 If we take N = 1017/cm3, wSp—4s_wl = 50 cm_l, we obtain from
.Eq._(34), X(B)(w) =6 X lO—lO esu. For each pump field at 100 esu

(2.5 MW/cmZ), the corresponding nonlineaf polarization is 6 X 10_4 esu,
as compared, for example, with the second-order nonlinear polarization

of ~ 10f2'esu in'LiNb03. The velue of X(S)(w) does not vary appreciably

(2)

with the infrared frequency w. 1In prlnciple, we can increase X further

by increasing N or decreasing (wsp_4s-wl). There are clear advantages
in using gas media for optical mixing:" the>threshold of optical breakdown

is high, the'length of the medium can be long, and the cost is less.
(3) |

Knowing ¥ , 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 mafching S0 that'the coﬁerent length is long and comparable to the
length of the gaé medium. The collinear phase matching condition can be

writﬁen aéso
wl[n(wl)—l] = wz[n(wz)-l] +vw3[n(w3)—l] + wtn(w)fl] (35)

where n is the refractive index. Equation (35) can be satisfied over
a certain frequency range with thé help of anomalous disperéion. As seen

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

2

tion from the ground state to an excited state, and hence, n(mz)—l and

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

2

n(w3)—1 with w w is negative and may slowly vary with

3 >w4p-4s

Then, for fixed Wy, We can vary

Sp-bs 3°

1

the anomalous dispersion of n(wl) to satisfy the phase matching éohdition

“around the 4s*5p resonance and use

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

(3) Eq. (35) is only satisfied

(3

enhancement of ¥ requires whw

3 ™ Wse_4g??

-with Wy farther away from the 4s+5p resonance, and ¥ decreases accord-

ingly. This difficulty can be avoided by mixing Na as buffer gas into K
vapor. Since Wy is close to the sodium D lines, the sodium-vapor gives

an appreciable'coﬁtribution to n(w3). "We can then have»wl ~ wSp—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 g;_g;.so 'They used a 100 kW N2 laser to produce two

éollineér-dye laser beams at w, and Wy (1 kW at w, and 10 kW at w3).

1 1

4
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The two beams were focused into a heat pipe containiﬁg K wvapor or a

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

intense enough to be able to generate an W beam via stimula-

2 T WU _4s

ted Raman transitions 4s*5s in the vapor. By vafying w, and by varying

3
wy or .the Na concentration to achieve collinear phase matching; they
were able to detect infrared output tunable from 2 to 25 um., The output’
power ranged from 100 mW at 2 ﬂm to 0.1 oW at 25 ym. A tuning range
éxtended to 100 u and beyond is possible énd a much higher output bower
is expected with stronger pump fields.so
An alternative method to generate tunabie far-infrared radiation in
#-As and wl+w2 = W g The third
pump beam'has a frequency Wy = wl+w2+w Theh, the corresponding third-

metal vapor is to let Wy close to w,,

order nonlinear susceptibility is
3
X( )(w—

t

- W +w )

N
17 3 u4s—4p u4p—53 uSS-Sp u5p—és A

A' = [(w 4p4 0, 1I‘)(w584 -y =AT) 3)]‘1_. (36)

Again, x(3)(w)l has strong resonant enhancement. The energy differences
between levels in potassium are not ideal for the available dye lasers.
»Other metal vapors such as Sf, Mg, Cd, Zn, etc. are perhaps more appropri-
ate" for this scheme.53 Experiments using this scheme have not ye£ |

P -

been carried out, although the inverse process with Y.

53

+m +w) has

already been reported.

As a concluding remark, we shouid mention thét there is péssible‘
difficulty in obtaining efficient far-infrared generation at long wave-
lengths in vapor. When the far-infrared wavelength becomes comparablg

with the beam diameter, diffraction loss over the logg active length is
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very strong. The efficiency should then appear to be greatly reduced
from that calculated with simﬁle 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-
matidn as long as the pulse is long. The laser spectrai width, limited
by the pulsewidth, determines the spectral purity of the far-infrared
sutput. 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 theré is only.one such short pulse propagating in a nonlinear
crystal, optical mixing of the various Fourier components of the pulse

24,35 This process can be

can generate far-infrared in the crystal.
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-
tidn, boundafyAreflections, radiation‘efficiéncy, étc.54 | |

Far—inf;ared generation by short optical pulses is again governed 

by the wave equation

2 2 |

N |

[Vx (VxE) +-—1§i§e-E] = - “—g—%?(‘i 0 (37)
O} e ¢ 9ttt

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

“is related to the;pulsed laser field Ez(z,t) by
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® !
e = P, 8,0 (38)

@

if we neglect the dispersion of ¥ With dispersion, the expression

- of §NL and hence the solution of Eq. (37) become more complicated. Any-
(2) > > .

way, given x.”’ and Ez(r,t), we can in principle solve Eq. (37) with
appropriate boundary conditions. We can then calculate  the far-infrared
output and its power spectrum. In practice, it is often easier to

' : > > : NI, >
solve Eq. (37) through Fourier transform of E(r,t) and P (r,t). This has
been done for far-infrared generation in a thin slab of nonlinear crystal.54
The solution is too complex to be reproduced here. We shall give only
a physical description of the solution in the following.

In Fig. j2A, we show a calculated power spectrum of far-infrared
radiation generated by a 2-psec Nd laser pulse from a 1 mm LiNbO3 slab

n perpendicular

with the c-axls = [/ 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 glves 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
has approximately an wz dependence with a sharp cutoff as w*0 due to
diffraction. Curve ¢ is the phase—matching curve corresponding to phase
matching at w = 0. It is essentially the product of these three curves
~which yields the dotted envelope of the powe%'spectrum in Fig. 12A.

: i : '
The theoretical'cafculations actually give a very good description

56,57

of the experimental results. Yang EE.EL.S6 used mode-locked pulses

from a Nd: glass laser to generate far-infrared radiation from a .
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perpendicular

0.775 mm LiNbO 'crystal with the é-axis / . to the normal. The

3
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 geﬁeration and two-photon fluorescence
measurements. If the laser pulse has some rapidly varying ripples on
it, the two-photon fluorescenée method would not see the ripples, but
the.far—infrared generation which measures the actual spectral.contént
‘_of the pulse would. see -an aﬁparently 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 th; phase-
matched frequency.56 An example is shown in Fig. 13b. Again, the e#peri-
mental results agree well with theory. The two peaké 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'nonlipear crystal.,
Wifh a laser peak power of 1 GW, the observed far-infrared output had
a peak power of 250 W from a 1.5 mm'LiNbd3 cryst;i. |

Since the generated far—inffared power spectrum is not the same as
‘the power spectrum of the rectified laser pulse, the far-infrared pulse
should have a differept pulse shape than the laser'pﬁlse and is always

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

“used to investigate fast transient phenomena in the far-infrared region.
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Auston_g£.§;.48 have also been able to. observe far infrared genera-
‘tion by pptical.reétification of picosecond pulses via impurity absorption
inQAn acenfric polar crystal. In their case, phase matching is not
important because of the small active length limited by the strong absérp—
tion.  The short pulse of the nonlinear polarization-PNL(;,t) generated
inlthe crystal can also be monitored in the form of a>short eleétrical

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

X. GENERATION OF OTHER EXCITATIONAL WAVES BY OPTICAL MIXING

Aéide from far-infrared radiation, other excitational waves can also
be generated by optical mixing. Generation of acoustic waves by optical
mixing, for éxample, is well kndwﬁ. With high—power laser beams as
~ pump sources, acoustic wavés generated by sfimulated Brillouin scatter-
ing can readily be obsefved;58 It is possible ;hat one can construct a
high-intensity tunéble acoustic source by means of dpticgl mixing. This
vis particuiarly 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 highe;
;han 50 GHz.59 The experimental feasibility of such a scheme has not yet
begn explored.

We can also use optical mixing to generate high-intensity spin ﬁaves,
plasmé waves, etc. The linear properties of these excitational waves.
‘are often fairly Qeli understood, but their nonlinear propérties;'which
are interesting in their owﬁ right, have‘never been studied extensively.
The reason is that the intensities of these waves excited by the usual

means are often hot_very high. It is therefore possible that 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

been proposed.60

XTI dPTICAL MIXING AS A SPECTR@SCOPIC TECHﬁIQUE
As we mentioned in the INTRObUCTION, one purpose of studying farf
infrared géneration 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 iﬁ a medium.
In ﬁany cééés, however, we can use optical mixing direétly as a spectro-
scopic techniqﬁe’to study the excitatibns in a medium.
.> Consider a.slab of thickness £ in which the maferial excitation w

. *
with a resonant frequency W, is driven by E(wl)E (wz).
2, @y '
h(i v wo+iF)w(@) =S E(wl)E (wz). (39)

For simplicity, we assume a medium with inversion symmetry. A third
field E(w3) is then used to interact with w'and.generate a new field

E(w4) at w, = w

4 3 3712
approximately by

+0 = w +w,-w,. The wave equation for E(w4) is then given
[Vx(T0) = wpeCw)/l T, = /D X P EwEwPE" )

_c(2)* _';_*

5 (pg pf)E(w3.)lp(w)]

- = U/ A DEwIRWYEW)  40)
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(3)

| ' 2)2
WytHe =) = e - 5]

(3) 01 ) MR (et +41
X (w,= - (pé. i) /h (v w +il)
where p- and pf are the populétions in <g| and <fl respectively. With
g , ,
the approximation of slewly varying amplitude, the solution of Eq. (40)

at phase matthing §4 k3+k1-k2 yields

[t(w4)[2 = (Zﬁmﬁz/czkAZ)zlx(3)IZRZIE(Qi)|?|E(w2)|2|E(w3)|2. (41)

Thus the signal IE(w4)|2 as a function of W ='wl-w2 from this optical

mixing process gives direct information about .the dispersion of X(B)(w4),

A ¢,

especially the resonant structure of X _4).: 1f the dispersion of

(3)

Xo ~ around W ~ wo is negligible, the maximum and minimum of lx(3)| occur

at w, = (w. —wz) respectively with
a . 2,1/2 :
w, = w + ©) t [( (3)) + 7] (42)
X 2Xen

where a = ls(z)lz(pg—pf)/h An example of |x(3)(w4)| Vs W around w is-

(3) .
shewn in Fig. 14, From the measured values of W, » Xmax’ and Xmin’ we .

can in principle obtain values for w , [, a, and x£3). Therefore, such
a nonlinear spectroscopic technique is clearly useful to probe not only
the 11near characteristics of the resonant excitation in the medium, but

also the nonresonant nonllnear optical propérties (described by xiS)) of

the medium.

62,63

1 . ‘ ' o
Wynne6 and Bloembergen and coworkers have demonstrated experi-

mentally the potential of this spectroscopic technique. Using two

$‘ wz) H

Nz—laéer—pumped dye lasers as the tunab_le-sources'(wl = W,
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Levenson and Bloembergeq63 have pfobed the resoﬁant stfucgure around
the Raman-active modes_and measured xis)’in a number of liquids and
solids. The same technique can of course be used to proBe the resonant
structure around other types éf elementary excitations in a medium.64

We caﬁ also use optical mixing to study.the dynamic properties of
a material excitation. Suppose the'driving force E(&l)E*(wz) for Y(w)
in Eq. (39) is in the form of a short pulse, shorter than or comparable
with 1/T. Then, the fime—dependent solution of Eq. (39) describes the
" transient response of Y(w) to the driving pulse. If we wait long enough
- after the driving pulsé is over, Y will eventually deéay exponentially as
exp”(épsz), Here, T2 E_l/F is a characteristiéirelaxation time of ‘the
cohereht exéitational wave‘w(Q), and is often known as the traﬁsversé

relaxation time. We can probe the time variation of YP(w) by using av

third beam E(w3) to beat coherently with ¥ and generate a signal E(w4)

at w; = w+w3.' From the time dependence of IE(NA)lz, we can then measure
T2 directly. "It is also possible . .if - the pulsed fields E(wl) and
E(wz).are sufficiently intense, - .to - induce through two-photon

transitions an appreciable change in the population difference (pg—p%).
Again, after the driving pulse is‘o§er, (pg—pf) will finally decay ex-~
_ponentially. In this case, howgver,.the characteristic ;elaxation time
is Tl; dffen known as the longitudinal relaxation time. We can again

use a't@ird beam E(w3) to probe the time variation of (pg—pf) by simply -
‘monitoring the spontaneous anti-Stokes Raman scattefing signal at

w, = m3+w as a function of time.

DeMartini and Ducuing65 first used the method to measure Tl of the

In liquids and solids,\Tl and T,

vibration excitation of gaseous HZ'
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of vibrational excitations are usually in the picosecond range. Using
picosecond mode-locked pulses, Alfano and Shapiro66 and Kaiser and his
coworkers67 have recently been able to measure Tl and T2 for vibrational

ekcitetions in a number of liquids and solids. In their cases, E(wz)

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

‘stimulated Raman scattering. The analysis is somewhat more complicated

but the physics involved is the same. They have also 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 differeht ways

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

in Table I the present experlmental status of the various potentially

hopeful methods. The values quoted in the Table are what have been reported

so far. In many cases, they can easily be improved by using higher 1nput

A glance at the Table shows that compared with biackbody source, the
far-infrared tadiation generated by optical mixing has not only a much
higher peak power, but also a larger average power. Besides, its spectral
phrity is ohly iimited by the input lasetvlinewidths. Exoeriments o
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 anticioate that-opticel mixing will yield far-infrared rediation

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

'different:from what it is now.
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FIGURE CAPTIONS.

1. .Schematic of a typical experimental arrangement for measurements

of far-infrared generation. S1 and S2 are infrared spectrometers

Fig.

Fig.

Fig.

Fig.

. 4, Magnitude of xiil(w =W

and PD1 and PD2 are infrared detectors.

2. Dispersion of the polariton modes (heavy lines) as a result of
coupling between electromagnetic waves) and the material excitational
waves. In the absence of coupling, the polariton modes reduce to

pure em modes (fine line labeled by w = cK/Je(w)) and the pure materi-

.al excitations (fine horizontal line at mfhﬁafter C. Kittel,

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

3. Magnitude of the nonlinear susceptibility'x(z)(w_= w —wz) versus

1
w around the 366 cm-l’lattice mode of GaP. |x(2)(w)l is normalized

to 1 for large w. The_frequehcy w, corresponds to 6328 A of a He-Ne
laser (after W. Féust and C. H. Henry, Phys. Rev. Letters 17, 1263
(1966), Fig. 2). |

-wz) versus w around the 2487qm_l lattice

1

mode of LiNb03. The frequency 0wy

5. Theoretical curves and experimental data points of the relative

corresponds to 6943 A of a ruby laser.

IR output arising from phase-matched processes and the corresponding

‘nonlinear susceptibility ldl(i}x(2)|) as functions of the infrared

~wavelength (after F. DeMartini, Phys. Rev. B4, 4556‘(1971),>Fig;-9).‘

6. Far-infrared power generated,versﬁs frequency for two phase-

'matching conditions. The farQinfraredbpower 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 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 Gm;x versus the Ik frequency

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

"Curvé indicates'the frequency range over which phase matching is

' pqssible.' (b)‘iﬁfraféd'absorption coefficient for GaP. (c) Ratio

. of the infraréd intensity Sl(w) to the Stokes inténsity Sz(wz)v
(|8(w)/8(w2)[2) (after C. H. Henry and C. G. Bl’Garrett, Phys. Rev.
171, 1058 (1968), Fig. 2). |

Fig. 8. Parametric gain Gmax and ratio of the infrared intensity to the
Stokes intensity P(w)/Pz(wz) as functions of the iﬁfrared frequency
around the 248 cm T lattiéé mode of LiNbO, (aftef Ref. 35, Fig. 4.5
and Fig. 4.6). | ‘ |

Fig. 9. Theoretical results (crosses)-bf normélizedVEaf;infrared power
output in optical ﬁiXing as a function of (w- Qo)/F in comparison
with the experimental results of V. T. Nguyen énd T. J. Bridges,
Phys. Rev. Letters 29, 359 (1972) (after Ref. 42, Fig. 1).

'Fig. 10. Theoretical curves of the Raman gain g, and thé'ratios of the
far-infrared outﬁut P(w) to the.Raman output P(wz) for the col}ineaf
phase-mismatched case and for the ndncollihear phase~-matched case.
The parameters used in the calculations are given in the text (after
Ref. 42, Fig. 2).

Fig.‘ll. Ehergy,lével’diagrém of potassium aﬁd the infrared generatidn
process. | | |

Fig. 12 (A) The calculated far—infrafedvoutput Spectruﬁ for a 2 psec. Nd
lager pulse normally incident on a llmm LiN'pO3 slab. The crystal is
oriented with the c-axis péraliel to the ﬁiane §urfaces‘of the slab,

and the laser pulse is pblarized aiong the c-axis (after Ref. 54, Fig. 1).

N
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(8) 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 pulgse. Curve (b) gives the dipole radiation

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

matching at w = 0.

13 (a)lFar—infréred spectrum generate& by mode-locked pulses in

LiNbO3 pﬁase matched at zero frequency. The experimental points

were obtained from the Michelson interferogram and the solid,curée'
from a theoretical calculation assuming Gaussian laser pulses with a
l.S—ﬁsec pulsewidth. (b) Par-infrared spectrum generated by mode-
lockéd pulses in LiNbO3 oriented to have forward and backward phase
matching at 13.5 and 6.7 cm—l, respectively.v The experimental points
Qere obtained from the Michelson inteffefogram. Thé solid and dashed'
éurves were calculated by assuming Gaussian laser pulses with a pulse-
width of 2.3 and 1.8 psec, respectively (after Ref. 56, Fig. 1).

14. Typical results for the antiStokes intensity-at w, in calcite

4

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 bé published).



=4

LBL-3114 o

8989-8H. 18X
0}sh4
. , ,v Sm_lm, IDIS Zm em
3d0osOo|19s) -— |- 2S 7 :
) : 1 .
2ad i ®
3joid zj4ond
IS
-~ 3d0250[|195 0 ==
= | | 1ad



w, in 10 rad s-!

.'.m; 31

LT LBL-3114

= Real k

==== Magnitude of k
when K is pure
imaginary

| | 1

0.5 ~ 1.0 1.5
kin10*cm™*
' XBL748-6874



i56- LBL-3114

100p T | — |I. | |
: - ) . :
- .
S T
L -
- E .
8 F 1
= I -
° L -
@ . )
N B
s T -
3 .
Nl -
_ ]
’- L
- Wy Wy
X HE W | | xl | :
< 200 300 400 - 500
Infrared Frequency W (gm',')
XBL 748-6872



v 4 ‘

j
-
3

= o s
1000 ' T I T | ~
- i
" A
| -
L (B A
3 -
100~ -3
N ]
| (0) o =]
- ]
| L L | (. 1
0 100 200 300 400 500
| Infrored Frequency w (cm™)

XBL748-6873



© LBL-3114

~-58-

. (syun Eugw | P] ALINB1L43DSNS ¢<wz_._20.z‘

N

-

T

B

{

3 34

32

30 A

-

ALISNIINI 4 3ALVIIY

35 38

29

WAVELENGTH N\ (1)

XBL 748-6953

Flg.



Power (wotts) |

-59~- ‘ LBL-3114

Non-collinear

Phase - matched
A

|

Forward collinear
Phase- matched

L1l

i

AN

B R | | I
0 50 100 150 200
Frequency (cm™)
XBL 738-1787

Fig., 6



-60~

(,w3)*D LN312144300 NOILJYOSEY

(LBL-3114

320

hwlem-1)

X0W.

- y3aal
o2 o o - © . Q :
. X < "o N - O
1 1 8 . 1 ¥ \
: \
\
-, \
= ) 3
) ~
..lb\.
"," — x [
. - Te——lE 2 L
’, ~
4
L )
[+ ]
=
Lo
-
.\\\\
-
\\‘\\
ol \\\
-
\\\\\
-
-
‘\.\ v ““\\
, i -— 1
Q O . Q
< 2] o

(®s/'s) o1 €, W) "T(%6) NIVO OIMLINVNVY IAILYIIY

240

400

480

XBL 743-5799

___{ig.



-61- : LBL-3114

20}

"~ Omax (cm")

(P/P,) x10%

0.5

ol | 1 | 0
0 50 100 150 200
Infrared Frequency w (cm™)

XBL 748 -6870



Normalized Fd‘r#l’nfrare’d Output at w;

°

[}
[3,}

- -62-

X

LBL-3114

Experiment

Theory

Fig. 9.

XBL 748-6952



-63-

LBL-3114

O X [(Pm)d /(™) d]

[ [~ -
) ~ e
L] ¥ |

( Paydje - 3seyd ‘Jeaul}jod uoN)

40

. v\. v mF
wio ) uleg uewey —, )
A - V . o ) . m //

v

( Paydjey - aseyq —UoON ‘4esuijjo) )

-

(wﬁ—wo)/r'

L
u . (-] wn

O [(P)d /(F)d]

XBL 743-5795

Fig. 10



=64~ __LBL-3114 ,

5s (21027 cmY)

w
- -X
| | wy
_—
(13023 cm™Y) -
w3

- —__;.______;_;__J_
4s : - g
XBL 748-6871

 Fg. 11



-65-

LBL-3114"

o Cw—— —
—— S—

N |
(syiun A104j1qID) UOIINGIIYSIP |DAORd S

6.

{cm-1)

- Frequency

XBL709-3793

Fig.. 12(a) -



| LBL-3114

-66—..,74 -

6989- 8. 18X o
(,-wd) m Aouanbai4 paisoajul

T 0l | S

T




ot T

B

LBL-3114

-67-

0

ALISNILNI

14 16

12

8
c

6

2 14

10

m

XBL 716-6820

] Fig. 13 =



10

NORMALIZED INTENSITY —

3,

102

1072

.. =68

__LRL-3114

25 MM CALCITE

{ | | | | ! |
-10 0 10 20 30 40 50
| (W, -Ww,)- Wg (CM")— | o
2nC ' '
XBL 743-5809
-_.A_E}g_t__',].-.‘,’;___;f



. LBL-3114

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.
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‘ _ Mode of Peak IR Average Possible Tuning
-Technique Operation Input Laser Power Qutput IR OQutput Range
o | ‘ -8 -1
Mixing of Visible Laser . Pulsed 300 kW 200 W . | 6%10 8 W_y 1 - 10,000 cm
-Beams in Solids at 50 cm at 50 cm
. . ' - ’ _l .b
Mixing of CO2 Laser Pulsed (2pps) | 200 kW 200 mWw 110 / W at 5-140 cm © in
Beams in Solfds . at 100 cm 100 cm-l 3200 steps
= 25 W 107 W at o
100 em”l
Mixing via Spin-Flip Pulsed 2 kW -at W, _
 Tramsitions | (120 pps) 10 W at w, 2 UV at 5x10” 11 W, 10 - 300 cm '
’ 100 cm~1 at 100 cm ‘
Mixing in Metal Vapor Pulsed 1 kW at wy 100 mW
| (10-100 pps) |10 kW at w, at 2 m  |5x1078 wat | 100 - 5000 cm”!
’ at 2. um_
" Stimulated Polariton Pulsed 1 MW 5 W at ‘ l.5><10_7 Wat | 40 - 200—cm-l
Scattering ' 50 cm~l 50 cm-l
Blackbody Source - C oW 1.5><10_8 W at
at 5000°K with 10 ' 50 cm-1
milli-sterad. Solid Angle
and 1 cml Spectral Content ﬂ

Table I
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