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This book is devoted to, coherent infrared generation by nonlinear 

optical means, particularly tunable infrared generation in the medium and 

far infrared range. From the scientific point of view, the need of novel 

infrared sources is quite obvious. Being an important field of science, 

infrared spectroscopy has always been lagging behind optical spectroscopy 

in the visible. The reasons are two fold: a) infrared detectors are 

not as sensitive, and b) . infrared sources are not as intense. Tradition-

ally, blackbody radiation has been the only practical infrared source. 

Yet dominated by the Planck distribution, it has rather weak radiative 

power in the medium and far infrared region. 2 
A l-cm 50000 K blackbody 

radiates a total power of about 1000W over the 4n solid angle, but its 

-1 
far infrared content in the spectral range of 50 ± 1 cm is only 

-6 2 
3xlO W/cm -sterad. Weak source intensity coupled with low detector 

sensitivity has been the major impedance in the development of infrared 

science in general. Recently, infrared lasers became available. Their 

intensities are of course more than sufficient for ordinary spectroscopic 

use, yet their discrete frequencies with essentially zero tun~bility 

have left much to be desired. With the help of lasers, however, it has 

become possible' to generate coherent tunable infrared radiation over a wide range 

via nonlinear processes. These include difference-frequency mixing, para-

metric oscillation, stimulated Raman and polariton scattering, optically 

pumped laser emission, and others. Coherent infrared output at an in-

tensity level far exceeding that of any available blackbody source has 

already been achieved with either CW or pulsed mode of operation. The 

high peak intensity of the pulsed output now opens up new areas of infrared 
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spectroscopy, namely, transient coherent spectroscopy and nonlinear optical 

spectroscopy. One can expect that when these sources become readily avail-

able, the field of infrared sciences will definitely undergo a revolutionary 

change. 

1.1 Historical Remarks. 

Infrared generation by nonlinear means is actually not limited to lasers 

as the pump sources. For many years, electron beam tubes, such as klystron, 

magnetron, and carcinotron, have been used as submillimeter and far-infrared 

-1 sources up to 25 cm . Nonlinear frequency multiplication can then be used 

to obtain even higher frequencies. Unfortunately, the intensities of these 

devices drop off very rapidly with increasing frequency. With the advent 

of high-intensity lasers, nonlinear wave mixing can now be easily realized 

over a broad spectrum of electromagnetic radiation. In 1961, Franken et ale 

[1.1] first reported the detection of second-harmonic generation in a quartz 

crystal. Shortly after, Bass et al. [1.2] made the first sum-frequency 

mixing experiment with two different lasers. Smith and Braslau [1.3] first 

observed the difference-frequency generation and then Bass et ale [1.4] de~ 

monstrated the optical rectification effect. Immediately after the first 

second-harmonic generation experiment, the importance of phase (or momentum) 

matching for improvement of conversion efficiency was recognized by 

Giordmaine [1.5] and Maker et ale [1.6]. Other factors important for 

efficient nonlinear mixing such as focusing [1.7,8] and double refraction 

[1.9] were also studied. Many other nonlinear optical effects were dis-

covered in the early years. Among them, parametric oscillation was first 
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demonstrated by Giordmaine and Miller [1.10] and stimulated Raman scatt~ring 

by Woodbury and Ng [1.11]. 

In nonlinear infrared generation, Zernike and Bermann [1.12] first 

reported detection of far-infrared output from mixing of a large number 

of modes of a Nd:g1ass laser pulse in a quartz crystal. Later, Zernike 

[1.13] also .observed far-infrared generation by mixing of two CO
2 

laser 

frequencies in InSb. Subsequently, Yajima and Inoue [1.14] and Farie,s 

et a1. [1.15] used two simultaneously Q-switched ruby lasers with different 

frequencies as the pump sources in optical mixing to generate far-infrared 

radiation. The Berkeley group [1.15] emphasized the continuous tuning aspect 

and studied the spectral content of the output. The Bell Lab group [1.16-20] 

also reported a number of difference-frequency mixing experiments in semi-

conductors with CO
2 

lasers. They studied various phase-matching schemes 

in far-infrared generations. Meanwhile, parametric oscillators have been 

developed to cover an extended frequency range from the visible to the 

near infrared [1.21]. Stimulated electronic Raman scattering in metal vapor 

was observed by Sorokin et a1. [1.22] and by Rokni and Yastiv [1.23]. Stimulated 

spin-flip Raman lasers tunable in the mid-infrared region were invented by 

Patel and Shaw [1.24]. Optically pumped far infrared molecular lasers 

were developed by Chang and Bridges [1.25]. Tunable far infrared output 

from stimulated polariton scattering was generated by Yarborough et a1. 

[1.26]. Tunable infrared generation by difference-frequency mixing in 

LiNb0
3 

was achieved by Dewey and Hocker using dye lasers [1.27]. 

More recently, Nguyen and Bridges [1.28] demonstrated the possibility 

of using a tunable spin-flip transition to resonantly enhance the far-

infrared output in optical mixing. Matsumoto and Yajima [1.29] and Yang et a1. 
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[1. 30] succeeded in mixing two dye laser beams in nonlinear crystals to 

generate tunable far infrared radiation over a wide range. Sorokin et al. 

[1.31 ] showed that tunable infrared radiation can also be generated in 

vapor via third-order four-wave mixing. Lax, Aggarwal, and coworkers 

[1.32,33] studied extensively far infrared generation by difference-frequency 

mixing of two CO laser beams in semiconductors. They emphasized the· 
2 

importance of discrete but fine tunability of the output. They, as well 

as Yang et al. [1.30],demonstrated the improved efficiency of far-infrared 

generation by optical mixing with noncollinear phase matching. Using the 

multiple total-reflection scheme [1.34], Aggarwal et al. [1.33] were able 

to improve the conversion efficiency even further and observe for the first 

time a detectable CW far-infrared output from difference-frequency mixing. 

Recently, Bridge et al. [1.35] also obtained tunable CW far-infrared output 

by mixing of a spin-flip Raman laser beam with a CO
2 

laser beam in Te. 

Thompson and Coleman [1.36] succeeded in using a GaAs far-infrared wave-

guide as the nonlinear medium for far-infrared generation. Aside from 

optical mixing, stimulated Raman scattering in atomic vapor [1. 37] and in 
" 

molecular gas [1. 38] with a tunable dye laser as the pump source, has 

also been used to generate tunable infrared radiation. Optically pumped 

high-pressure molecular gas lasers which could be tuned over limited ranges 

have been demonstrated [1.39]. Using a parametric oscillator for optical 

mixing, Byer and coworkers [1.40] are presently developing a system whose 

output can be continuously tuned all the way from near uv to infrared around 

2011m. 

There exist some other schemes of nonlinear infrared generation. 



o o u o o 

-5-

Auston et a1. [1. 41] studied far infrared generation by optical mixing re-

suIting from optical excitation of absorbing defects or impurities. Yang 

et al. [1.42] and also Yajima and Takeuchi [1.43] reported the generation 

of far infrared short pulses through optical rectification of picosecond 

optical pulses. Byer and Herbst [1.44] succeeded in generating tunable 

infrared radiation by four-wave Raman mixing process in molecular gases. 

Granatstein et al. [1.45] observed intense tunable submillimeter radiation 

from relativistic electrons moving in a spatially varying magnetic field. 

The field of nonlinear infrared generation is relatively new. While 

there exist numerous review articles on special topics such as parametric 

oscillators (see Chapter 3), stimulated spin-flip Raman lasers [1.46, 

47] and optically pumped gas lasers (see Chapter 6), the only one on far 

infrared generation is by Shep [1.48]. 

1.2 Infrared Generation by Optical Mixing 

Optical mixing is by far the. most frequently employed method for non-

linear infrared generation. The basic theory for optical mixing is well-

known [1. 49 ]. + -
The field E(w) generated by optical mixing is governed by 

2 2+ 22:rNL 
[V x ('1x) - w ff..w) / c ]E(w) = (4'lTW / c)l' (w) (1.1) 

~ . +~ 
where £ is the linear dielectric constant of the medium and P (w) is the 

nonlinear polarization induced by beating of the pump fields. Consider 
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for example difference-frequency mixing in a crystal. We have in the second-

order electric-dipole approximation 

(1.2) 

where x(Z) is the second-order nonlinear susceptibility and E(W
l

) and E(WZ) 

are the pump fields. 

The solution of Eqs. (1.1) and (l.Z) in the diffractionless limit is 

fairly simple and is to be discussed in some detail in Chapters 2 and 3. 

For difference-frequency generation of infinite plane waves in a semi-

infinite medium along z, we find the well-known result 

(1. 3) 

-+ -+ -+ " where ~k = (k
l - kZ -k) • z is the phase mismatch in the z direction. It 

shows that the efficiency of difference-frequency generation is a maximum 

at ~k = O. In practice, one should also consider the effects of finite 

beam cross-sections, focusing, absorption, double refraction, etc. These 

will be discussed in Chapters Z and 3 by adopting the formalism developed 

iri the literature for sum-frequency and second-harmonic generation. 

However, if the difference-frequency is small, then there are actually 

important differences between sum-and difference-frequency generation. 

First, when the wavelength becomes comparable to the beam dimensions, 

diffraction is no longer negligible. Second, for a crystal slab of 

thickness t, the approximate phase matching condition ~kt < 1 can be 
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satisfied for difference-frequency wavevectors extending over a broad cone 

angle. Third, the refractive index of a condensed matter at the infrared 

is often large (_5), and therefore, the boundary effects on far-infrared 

difference-frequency generation can be very important. This is manifested 

by the fact that part of the generated radiation may suffer total reflections 

in the medium and never get out of the medium. Finally, the collection 

angle of the detector may even be smaller than the cone angle of the emitted 

radiation. These effects are of course more appreciable for smaller 

difference frequencies. 

We can use a simple model to take into account these long-wavelength 

effects approximately. 
... .. ··'-+NL 

Physically, the nonlinear polarization P (w) is 

simply a set of oscillating dipoles in the medium so that Eq. (1.1) 

essentially describes radiation from a dipole antenna array. The general 

solution of such a problem with appropriate boundary conditions is diffi-

cult, but in special cases, approximate solutions can be obtained. For 

examp+e; assume there is a thin slab of nonlinear medium and the normally 

-+NL 
incident pump beams induce a P (w) which can be approximated by 

-+NL -+ 
P (r,w) = xpNLexp(ik z - iwt) 

s 

where pNL is independent of;. If we neglect the boundary effects of the 

slab, then the usual dipole radiation theory gives us immediately the far-

field solution of Eq. (1.1) 
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2 3 "" -+NL -+ ik r - r' -+ -+ 
[. 1-+ -+ Vi 

(w/c) vd r'(l - rr) • P (r',w)e Ir - ·r'l. (1.4) 

By integrating the intensity over the area of a circular detector sitting 

on the z-axis, we find the difference-frequency power collected by the 

detector to be [1.15] 

(1. 5) 

where t is the thickness of the slab, a is the angle between rand z, a m 

is the maximum collection angle of the detector, a 

6k = k - k, and B = ka sina. The Bessel function s . 

= kt(l ~ cosa + 6k/k)/2, 

2 
term [2J

1
(S)/S] is a 

2 
description of diffraction from a circular aperture, while (sin a/a) takes 

into account the effect of phase mismatch. In the diffraction1ees limit 

ka ~ 1, the term [2J
1 

(S)/S]2 is significant only when a < l/ka, and the 

integral asymptotically reduces to (2/k2a2)sin
2
(6kt/2)/(6kt/2)2. Then, 

Eq. (1.5) reduces to the same form as the one obtained from Eq. (1.3) in the 

plane-wave approximation. 

We can of course use a more realistic spatial distribution for 

-+NL -+ 
p. (r,w), e.g., a Gaussian profile as induced by Gaussian pumped beams 

[1.50]. The integration in Eq. (1.4) may be more complicated, but.can 

always be done numerically. The difficulty of the above approach is, 

however, in the boundary effects. Because of the large refractive indices 

at long wavelengths, reflection and refraction of the difference-frequency 

waves at the boundaries can be very important. As a ctude approximation 

for the thin slab case, we can use an average Fabry-Perot transmission 
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factor 

(1.6) 

to take into account the boundary effects, where T and R are the average 

transmission and reflection coefficients respectively. The power collected 

by the detector then becomes WF. This approximation is good when the 

collection angle e is sufficiently small. The above equations should 
m 

provide a good order-of-magnitude estimate of the difference-frequency 

output power. 

More rigorously, to take focusing, diffraction, double refraction, 

boundary effects, etc. all properly into account, we must use the method 

of Fourier analysis [1.50,51]. We first decompose the fields and the non-

linear polarization into spatial Fourier components an~ then solve the 

wave equation for each Fourier component of the difference-frequency field 

with the proper boundary conditions. The formalism is quite similar to 

the one used by Bjorkholm [1.1] and Kleinman et al. [1.8]' for second-

harmonic generation, although it is somewhat more complicated in the long-

wavelength limit. Preliminary calculations [1.'50] indicate that the results 

obtained from Eqs. (1. 4-6) are in fact a good approximation if the double 

,refraction effect can be neglected. The frequency spectrum and the angular 

distribution of the difference-fr,equency output and the effects of focusing 

and double refraction on the output have also been calculated. [1.50] 

The experimental status of difference-frequency generation in crystals 

is reviewed and summarized in Chapter 2 for output in the far-infrared region 
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and in Chapter 3 for output in the mid- and near-infrared region. Roughly 

-1 -1 speaking, tunable output in the range between 400 cm and 10,000 cm has 

been obtained by using either a dye laser or a parametric oscillator as the 

tunable pump source. -1 -1 
Tunable output in the range between 1 cm and 200 cm 

has been obtained with ruby lasers, dye lasers, CO
2 

lasers, or spin-flip 

Raman lasers (see Chapter 4) as the pump sources. Report' on 

difference-frequency generation between 200 cm-l and 400 cm-l has, however, 

been rare. As shown in Eqs. (1.3) and (1.5), the difference-frequency out

put is proportional to w2 in the diffractionless limit and to w4 in the 

limit where diffraction dominates. Therefore, if the pump beam intensities 

and the nonlinear susceptibility remain unchanged, the efficiency of difference-

frequency generation should drop appreciably as the.output wavelength in-

creases. The result is that for mid- and far-infrared generation, the power 

conversion efficiency is usually much less than 1%. 

Nonlinear infrared generation can also be achieved with four-wave mixing 

in a medium with inversion symmetry [1.31,44]. In this case, three pump 

beams beat against one another to produce a third-order nonlinear polari

-+NL 
zation P (w) at the infrared frequency. The calculation of the output is 

then exactly the same as the one described earlier. Normally, as a third-

order term, the nonlinear polarization is very small. However, if the 

-+NL 
frequencies are close to sharp resonances, P . (w)can be greatly enhanced 

through resonant enhancement. This happens for example in gas media. Tunable 

infrared generation by four-wave optical mixing in atomic vapor is reviewed 

in Chapter 5 and the same process in hydrogen gas is discussed in Chapter 3. 

In experiments, long gas cells are often used to increase the interaction 
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length and hence improve the conversion efficiency. However, the improve-

ment drops off quickly with decrease of output frequency as diffraction be-

comes more important. No far-infrared generation in a gas medium has yet 

been reported presumably because of the poor conversion efficiency. 

1. 3 Infrared Parametric Oscillators. 

The subject of parametric osciliators a~ coherent tunable infrared 

sources is reviewed in Chapter 3. Physically,parametric amplification 

can be considered as the inverse process of sum-frequency generation 

(WI + w2 = W
3
)· Energy in the pump field at w3 is transferred to the 

sigrial and idler fields at WI and w2. The amplification is maximum or 

the oscillation threshold is minimum when the colinear phase 'matching· 

condition kl + k2 = k3 is approximately satisfied. This phase matching 

condition together with the cavity condition of the parametric-oscillator 

then ~~lec~s the partic~lar set of frequencies wI andw
2 

appearing at the 

output. External perturbation such as temperature, crystal 'orientation, 

and· de electric field ¢an change the wavevectors and vary the phase matching 

condition', and t'herefore can be used as a means to tune the output fre-

quencies. The theory of parametric oscillators is given in detail in 

Chapter 3. 

Parametric amplification was first observed by Wang and Racette 

[1. 52] in 1965. Subsequently, . parametric oscillation was observed by 

Giordmaine and Miller [1.10]. 'While work in the early days was mainly 

in constructing a coherent tunable source in the visible and near-infrared, 

the more recent activity in the field is to ext,end the operating range of 

parametric oscillators farther into the infrared. At present, with a 

pulsed Nd: YAG laser as the pump source, parametric oscillation has 

been observed down to 10.4 ~min edSe [1.53] and from 
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1.22~m to 8.5~min proustite [1.54]. In most cases, pulsed Nd: YAG lasers 

were used to pump parametric oscillators because of their good mode quality 

and high peak intensity. The present state of art on parametric oscillators 

is more thoroughly described in Chapter 3. 

If the parametric amplification in a nonlinear crystal is sufficiently 

high, then the tunable output resulting from noise amplification in one 

traversal through the crystal can be very strong. This is known as 

parametric superflourescence (see Chapter 3). Clearly, for such a pro

cess to occur, a pulsed laser with a very high peak intensity is usually 

required to pump the nonlinear crystal. Recently, with a Nd: glass mode

locked laser as the pump source, parametric superfluorescence has been.used 

to generate intense tunable picosecond pulses in the infrared [1.55]. 

1.4 Infrared Generation by Stimulated Raman and Polariton Scattering. 

Stimulated Raman scattering (SRS) is another method now being used 

to construct practical devices that generate coherent tunable infrared 

radiation. The effect was discovered accidentally in 1962 by.Woodbury and 

Ng [1.11]. In the subsequent years, it has contributed a great deal to the 

advance of nonlinear optics (see the review articles by Bloembergen [1.56], 

by Kaiser and Maier [1.57], and by Shen [1.58]). 

The theory of stimulated Raman process involving a dispersionless 

final excitation can be described simply as follows [1.56,58]. As shown 

in Fig. 1.1, Raman scattering is a direct two-photon process. We shall con

sider here only the Stokes process. Following an intuitive physical argu

ment, we can express the rate of Stokes amplification as 
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1 
dWif )"2 - -- 0 e: /c 

dW
2 

f 2 
(1. 7) 

where n
l 

and n
2 

are the average densities of photons in the incoming laser 

and scattered Stokes modes respectively" Pi and P f are the populations in 

the initial and final states respectively, and a
2 

is the attenuation co

efficient at w
2

. The differential transition probability Wfi from Ii> to 

If> can be easily derived from the second-order perturbation calculation. 

Physically, we expect to find Wfi = (A/Pi) (da/dn)n
l

(n2 + 1) and 

Wif = (A/Pi) (da/dn) (iiI + 1)ii2 where A ,is a proportional constant and 

(da/dn) is the differential spontaneous Raman cross-section. If n
l

,n
2 

:J;> 1, 

we then have from Eq. (1.7), 

dn2 
- =(G 
dz 

: - '-:1 .. 

(1.8) 

with G = (Ae:~/cPi)(d2a/dW2dn)nl(Pi ~ Pf ). The solution of Eq. (1.8) is 

nZ(z) = n2(o) exp [(G - a)z] assuming constant nl • This shows that ,if 

G> a, then the Stokes intensity will grow exponentially until depletion of 

n
l 

or saturation sets in. The gain factor G is directly proportional to 

the spontaneous Raman cross-section and the pump laser intensity. 

One can also obtain the above result from the usual semiclassical 

derivation [1.49,59]. The wave equation for the field E2 at w
2 

is 

(1. 9) 

.; 

.' 
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where the third-order nonlinear polarization p(3) is given by 

p(3)(W2) = (X~;)IElI2 + x~3)IE212)E2· 

The solution of Eq. (1.9) is, assuming constant 1El\2, 

(1.10) 

From semiclassical derivation for 

(3) 2 
a dispersionless excitation, we can show that ImXR2 ex: (d O/dW2cill) (Pi - Pf)/Pi , 

and also G
R 

= G, so that Eq. (1.10) is in fact consistent with the solution 

of Eq. (1. 8) . 

More generally, however, SRS should be considered as the result of 

coupling between light and material excitationa! waves. [1. 59 ,60]: 

The pump field El at WI beats with the Stokes field E2 at Wz to excite a 

material excitational wave IjJ at w3 = WI - w
2

; the latter in turn beats with 

the pump field to amplify the Stokes field. In general, for an infrared-

active excitation, IjJ can also interact directly with an infrared.field E3 

at W
3

• Direct coupling of IjJ and E3 leads to a new class of excitations 

known as polaritons [1.61] ------- mixed em and material excitations. 

Typical polariton dispersion curves are shown in Fig. 1.2. The Raman 

process now excites a particular polariton on the dispersion curve as 

governed by energy and momentum conservation. Stimulated Raman scattering 

by polariton is known as stimulated polariton scattering (SPS). The output 

of SPS can be tuned if the excitation is varied along the polariton dis-

persion curve. 
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The wave equations for the coupled waves can be written as [1. 58,62]. 

= -

222 
[~ + w3E3/ c ]E3 = -

2 2 NL 
(4rrwz'c)P (w2) 

2 2 L (4rrw/ c ) [p (W
3

) 

[B~2 + h(w
3 

- Wo + if)]~ = fL(w) + fNL(w) 

(1.11) 

where B, w , and f denote 
o 

respectively dispersion, resonant frequency, 

and damping of the material excitation, p
NL (W

2
) 

L NL * L 'NL P (w
3

) + P (w
3

) = - aF/aE
3

, and f (w) + f (w) 

* = -aF/aE2, 

= -,aF/a[N(p
i 

* * * (2) * * } with F={N[AE3~ + MEIE2~ ](pi - Pf ) + X ElE2E3 + complex conj. being the 

average coupling energy. N is the density of molecules or unit cells, 

and A, M, and X(2) are coupling constants. For simplicity, we have neglected, 

in the polarizations,terms which are independent of the excitation. We have 

2 
also assumed IEll to be a constant and neglected the pumping of population 

from the initial to the final state by SRS. In the language of magnetic 

resonance, pumping of population is known as longitudinal excitation, while 

excitation of ~ is known as transverse excitation. 

Consider first the special case where E3 vanishes because A = 0 and 

X(2) = O. Then, if the dispersion of ~ is negligible (B = 0), we can 

NL (3) I 12 (3), I '12 immediately find P (w2) = XR2 El E2 with XR2 = N M (Pi - Pf )/h(w3 - Wo - if) 

which is exactly the same expression one would find for Raman susceptibility 

from a semiclassical derivation. Therefore,this is clearly the case of 

ordinary SRS. 

Consider next SPS with B = O. We can eliminate ~ in Eq. (1.11) and 
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reduce Eq. (1.11) to the form 

(1.12) 

where 

.. 2 
(£3)eff = £3 - NIAI (Pi - Pf )/h(W3 - Wo + ir) (1.13) 

(2) (2) _ NA*M(P. - P
f

)/h(W
3 

- w + if). 
Xeff = X . 1 0 

.Notethat k3 = (w3/c) (£3)eff governing the dispersion of E3 is the dispersion 

relation for po1aritons. Equation (1.12) is now in the form identical to 

those describing parametric amplification. (see Chapter 3) [1.49]. The 

solution is well-known and can be written as 

(1.14) 

where 
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-+- " k = k-z, 
z 

(1.15) 

Either ~K+ or ~K_ has a negative imaginary part indicating an exponential 

gain for E2 and E3• 

sufficiently narrow. 

The gain is maximum at ~K = 0 if the w resonance is 
o 

From what we have discussed, we realize that the output of SRS and 

SPS can be tuned by 1) using a tunable pump laser, 2) varying the excitation 

frequency w with an external perturbation, or 3) in the case of SPS, 
o . 

varying the excited polariton frequency by adjusting the relative directions 

of beam propagation. All these methods have been used with success to 

generate tunable infrared radiation. Thus, SRS in vapor with a tunable 

pulsed dye laser as the pump source can produce tunable output from the 

-1 
visible down to _670 cm [1.37]. The peak output power can be as high as 

60 MW [1.38]. The process is strongly enhanced when the pump laser fre-

quency approaches a resonance. The experimental status of SRS in vapor is 
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briefly reviewed in Chapters 3 and 5. 

For a magnetic excitation, W can be easily adjusted by an external 
o 

magnetic field. This is the case of spin-flip transitions in solids where 

Wo = 2g~BB, with ~B being the magneton and B is the applied magnetic field. 

While the spin g factors for most solids are small, the one for InSb is as 

large as 50 so that if B is varied from 0 to 100 KG, w can be tuned from 
o 

o to 250 cm-l It happens that the spin-flip Raman cross-section do/dQ in 

InSb is also unusually large. Yafet [1.63] has shown that 

(1.16) 

where m is the electron mass and E is the gap energy. For lnSb, 
g 

-1 -1 -23 2 Eg = 1900 cm ,and then at wI - 1000 cm ,we find dq/dQ :::! 10 em Isterad. 

In addition to the large da/dQ, spin-flip Raman scattering in lnSb also has 

-1 a very narrow linewidth at low temperatures (- 0.3 cm in an n-type lnSb 

for all materials. 

Consequently, InSb has the largest known Raman gain 

-1 Wi th wI = 940 cm (10.6 llm), Patel and Shaw [1. 64] 

found a Raman gain . -5 -1 16 -3 of G = 1.7xlO I cm in an n-type InSb with n = 3xlO cm , 

where I is the laser intensity in W/cm2• One therefore expects that spin-

flip SRS in InSb is readily observable. Tunable output from 10.9 to 13.0 ~m 

was first detected by Patel and Shaw [1.24] using a Q-switched CO2 laser 

at 10.6 ~m. -3 2 With an input power of 1 KW focused into an area of 10 cm 

in a 5 - mm long lriSb crystal (n ~ 1016c~-3 at l8°K), they obtained a Stokes 

output of lOW. -1 The output linewidth was less than 0.03 cm • Equation (1.16) 

shows that if hW
l 

approaches E , the Raman cross-section can be resonantly . g 

enhanced by several orders of magnitude. Then, the spin-flip SRS can even 

be operated on a CW basis, as has actually been demonstrated by Brueck and 

Mooradian [1.65] with a CO laser at 5. 3 ~m. They found a pump threshold of 
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less than 50 mW, a power conversion efficiency of larger than 50%, and an 

output power in excess of lW. The output linewidth could be less than 

1 KHz. [1.66] More recently, using an optically pumped NH3 laser operating 

at 12.8 llm, Patel et a1. [1.67] has obtained a tuning range of SRS in InSb 

from 13.9 to 16.8 llm. Spin-flip SRS has also been observed in InAs with an 

HF laser pump [1.68] and in HgO. nCdO.2JTe with a CO2 TEA laser [1.69]. 

The former has a threshold power of 15W and a conversion efficiency of 20%, 

and may become an important tunable source in the 3 - 5 llm range •. Anti-

Stokes radiation and Stokes radiation up to the 4th order have also been 

observed in spin-flip SRS [1.65,66,70]. They can. be used to extend the 

spectral range of the output. Spin-flip SRS as a tunable infrared source 

has recently been reviewed by Patel [1.46] and by Colles and Pidgeon [1.47]. 

Strictly speaking, spin-flip SRS should be treated as a SPS.process 

[1.62] since the spin-flip excitation can also be excited directly by an 

infrared wave via magnetic-dipole transition, or in other words, the spin-

flip excitation is c04P1ed directly with the infrared wave. The coupling 

.. 
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is weak and therefore the corresponding dispersion curve shows very little 

splitting at the intersection as shown by curve (a) of Fig. 1. 2. For this 

case, the polariton is a highly mixed em and material excitational wave only 

around the knee of the dispersion curve. If the spin-flip SRS operates with 

-+ -+ -+ 
k3 (= kl - k2) around the knee, then by the theory of SPS, we should ex-

pect to find output radiation at both w
2 

and w
3

(·w
o
). Using a CO2 TEA Jaser, 

. Shaw [1. 71] has recently observed simultaneous output at w
3

- Wo from spin

flip SRS in InSb. It is of course more efficient to generate the far-, 

infrared radiation at w3 - Wo by pumping the crystal with input beams at 

both wI and w
2

• This has been done by Nguyen and Bridges [1.28] and is 

reviewed in Chapter 4. 

In many polar crystals, the infrared phonon modes are strongly coupled 

to the infrared radiation. They form polaritons with dispersion curves 

that resemble curve (b) in Fig. 1.2. With a fixed pump laser frequency 

WI' the output of SPS at w2 and w3 can now be. tuned by adjusting the re-

-+ -+ 
lative angle between kl and k2 so as to move w3 along the polariton dispersion 

-+ -+ -+ 
curve to satisfy the phase matching condition kl = k2 + k)" The 

tuning range depends on the shape of the polariton curve. SPS was first 

observed by Kurtz and Giordmaine [1. 72 J and by Gelbwachs et a1. . [1. 73] in 

-1 
LiNb03 on the 248 cm mode. In a resonator, 70% of the laser power c~n 

be converted into Stokes at w
2

• Tunable far~infrared output at W3 on the 

same polariton mode in LiNb0
3 

was later observed by Pantell and coworkers 

[1.26,74]. It was tuned from SO ~m to 700 ~m. The peak power could be 

as high as 100 W. 
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Intense anti-Stokes and higher-order Raman radiation can also be 

generated in SRS. They can be used to extend the output tuning range. 

We will not discuss the higher-order Raman processes here, but simply 

refer the readers to the literature (see references in [1. 58]). 

1.5 Other Methods of Nonlinear Infrared Generation. 

Among other methods of nonlinear infrared generation, optically 

pumped stimulated emission (aPSE) is most attractive. aPSE can be con-

sidered as a special case of SRS. We mentioned earlier in Sec. 1.4 that 

the stimulated Raman gain increases sharply as the pump laser frequency 

approaches resonance. The resonant enhancement is of course much more 

significant with narrow but strong resonances. This happens in the case 

of gas media. In metal vapor, for example, resonant SRS leads to strong 

tunable infrared output (see Chapter 5). As the pump frequency gets even 

closer to the resonant line, however, direct absorption of the pump field 

becomes important and induces a net population change from the ground state 

<g,1 to the resonant intermediate state <n,1 (see Fig. 1.1). This is 

known as optical pumping. Following optical pumping, an inverted population 

can be established between the intermediate state <nl and the final state 

<£1 so that laser emission may occur~ Actually, in this case of a three-

. - level system, both laser emission and SRS operate simultaneously [1.75] . 

The above picture describes an optically pumped three-level laser 

system. Such a scheme has been used in atomic and molecular gases to 

generate a large number of discrete infrared lines. More generally, 

optical pumping in a multi-level system with subsequent radiative and non-
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radiative transfer of population between different levels can establish 

inverted population for many pairs of states. It can then lead to many 

more laser lines than the three-level scheme. Thus, for example, in the 

far-infrared range, several hundreds of OPSE laser lines have already been 

discovered. Continuous tuning of the laser frequency may become possible 

with OPSE in high presssure gas systems where the rotational fine structure 

is $meared out by pressure broadening [1.39]. While OPSE normally generates 

only discrete infrared laser frequencies, it has the advantages of being 

highly efficient and operable in a cw mode at the mW level or in a pulsed 

mode with peak power at the MW level. Infrared generation by OPSE in gases 

is discussed in great detail in Chapter 6. 

Far-infrared radiation of very long wavelength can also be generated 

by picosecond laser pulses in a crystal [1.76]. This is becuase a 1 - psec 

-1 pulse has a spectral bandwidth of about 15 cm and mixing of the various 

spectral components of the pulse in the crystal generates far-infrared 

radiation. Mixing can be achieved either through the second-order non-

linearity in the crystal [1.42,43] or through impurity (or defect) ab-

sorption [1.41]. In the former case, the far-infrared output is tunable 

-1 
and can have a 1inewidth of ..,1 cm as determined by the phase-matching con-

dition. In the latter case, picosecond excitation of impurities in an 

acentric polar lattice induces a rapidly varying nonlinear polarization 

via the pyroelectric effect or/and a change of dipole moment on the im-

purities. In both cases, with picosecond input pulses, the far-infrared 

output is often limited to the range between I and 30 cm-
l 

It is however 

in the form of a short pulse with a pulsewidth in the picosecond range. 

-. 
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Another novel method of generating coherent tunable infrared radiation 

is by letting relativistic electrons undergo cyclotron motion in a magnetic 

field. Granastein et al. [1.45] observed a narrow-band radiation with its 

peak at the relativistic cyclotron resonance frequency. The peak power was 

over 1 MW' at 7.8 GHz and was greatly enhanced by periodic perturbation of 

the magnetic field along the field axis. Relativistic electrons in a 

spatially periodic transverse magnetic field both emits and absorbs radiation 

via bremsstrahlung and inverse bremsstrahlung respectively. The wavelength 

for emission is however slightly longer than the wavelength for absorption. 

This then makes stimulated emission of bremsstrahlung possible [1.77]. 

Using the'relativistic electrons from the superconducting linear accelerator 

at Stanford, Elias et al. [1. 78] recently reported the observation of a 

stimulated emission gain of 7% per pass at 10.6 ~m. The physics of stimu-

lated emission of bremsstrahlung is quite similar to that of stimulated 

Compton scattering proposed earlier by Pantell et al. [1.79]. However, no 

experiment on stimulated Compton scattering has yet been reported. Intense 

microwave emission has also been observed in coherent Cherenkov radiation 

" 
from a relativistic electron beam interacting with a slow-wave structure 

[1.80]. The peak power was as high as SOOMW with a 17% conversion 

efficiency. In principle, the scheme can also be extended to radiation at 

much shorter wavelengths. 

1.6 Summary 

We summarize in Table 1.1 the experimental state of art of the various 

different methods of nonlinear infrared generation. Radiation from a 
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blackbody at 1000 0 K is also listed as a comparison. We note that even 

at this early stage of development, nonlinear infrared generation has 

already led to tunable infrared sources with both higher peak power 

and higher average power than the blackbody radiation. 
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FIGURE CAPTIONS 

Fig. 1.1. 

Fig. 1.2 • 

Schematic drawing showing the Stokes (WI> W
2

) and anti-Stokes 

(WI < W2) Raman transition between the ground state Ig> arid the 

excited state If>. 

Polariton dispersion curves. (a) Weak coupling and (b) strong 

. coupling between electromagnetic and material excitational 

waves •. 

TABLE CAPTION 

Table 1.1. Present status of various methods of nonlinear infrared 

generation. The output of a blackbody radiation is shown 

for comparison. 



Technique 

Differente-frequency 
mixing in crystals' 

Mixing via spin
flip transition 

Mixing in metal 
vapor 

Parametric Oscillator 

Stimulated Raman 

f" .' 

Mode of 
Operation 

Pulsed 

Pulsed 

Pulsed 

Pulsed 

cw 

cw 

Pulsed 

Pulsed 

Pulsed 

scattering in vapor Pulsed 

Stimulated spin- \ ' 
flip Raman scatteringpu::ed 

Stimulated polariton 
scattering Pulsed 

l-cm2 Blackbody Radiation 

at 10000K 

with a 10 mrad. angular 
spread 

cw 

Tuning Range 
(cm-1) 

1 - 200 

600 - 10,000 

420 - 6,000 

5 - 140 
in 3200 steps 

5 - 140 
in 3200 steps 

2,380 - 4,550 

possibly 
10 - 300 

400 - 5,000 

900 -- > 10,000 

670 - 10,000 

590 -1100 
1540 - 2000 
1540 - 2000 

14 - 200 

TABLE I 

Average or Peak 
Power Obtained 

0.1 W 

300 W 

10 W 

10 W 

0.1 llW 

1 llW 

2 llW 

0.1 W 

_1 MW 

60 MW 

200 W 

1 W 

100 W 

-1 0.06 llW/cm at 

Spectral Width 
(cm- l ) 

< 0.1 

< 0.1 

< 0.1 

< 0.1 

< 3x10-3 

5xlO-4 

< 0.1 

< 0.1 

0.03 

0.2 

0.03 

-6 3x10, 

< 1 

1000 -1 em 

-3 -1 -1 1.2xlO llW/cm at 100 em 

1.3x10-5llW/cm-1 at 10 ~m-l 

r 

Pumped Lasers 

Ruby/Dye 
or 

2 Dye lasers 

2 Parametric Oscillators 

2 CO
2 

lasers 

2 CO
2 

lasers 

+ Ar /Dye 

CO
2
/Spin-Flip 

2 Dye lasers 

Nd: YAG 

Dye 

CO
2 

or,NH
3 

CO 

Ruby 
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.-----____ LEGAL NOTICE----_____ ...... 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Energy Research and Development Administration, nor any of 
their employees, nor any of their contractors, subcontractors, or 
their employees, makes any warranty, express or implied, or assumes 
any legal liability or responsibility for the accuracy, completeness 
or usefulness of any information, apparatus, product or process 
disclosed, or represents that its use would not infringe privately 
owned rights. 
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