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This book is devoted to_;oherent infrared generation by nénlineaf
optical means, particularly tunable infrared generation in the medium and
far infrared range. From the scientific point of ﬁiew, the need of novel
infrared sources 1s quite obvious. Being an important field of science,
infrared speétroscopyhasalways 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 és intense. Tradition—
ally, blackbody radiation has been the only p;actical infraredlsource.

Yet dominated by the Planck distributionm, it hag rather weak ;édiative
power in the medium and far infrared region. A l—cm2 5000°K blackquj
radiates a total power of about 1000W over the 47 solid angle, but its

faf infrared content in the spectral range of 50 + 1 cxn_l is only
3x10-6W/cmZFsterad. Weak source intensity eoupled with low detector
sensitivity has been the major impedance in the devglopment 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 tunability

have left much to be desired. With the help of lasers; however, it has
become.possible‘to generate coherent tunable infrared tadiation over a wide range
via nonlinear processes. These include differenceffreqqeﬁcy mixing, para-
metric oscillafion, stiﬁulated Raman and polariton écattering;‘opticallf
pumped lasér emission, and others. Coherent infrared output'at.an in-
;ensity 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



spectroscopy, namely, transient coherent spectroscopy and nonlinear optical
spectroscopy. One can expect thatvwhen these sources become readily avail-
ablé, the field of infrared sciences will definitely undergp a revolutionary

change.

1.1 Historical Remarks.

Infrared generatidn by nonlinear means is actually not limi§ed to lasers
as the pump sources. For many years, elecgron beam tubes, such as klystron;
magnetron, and cércinotron; have been used as submillimeter and fér—infrared
sources up to 25 ém-l.' Nonlinear frequency multiplication éan 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—intensit? lasers, nonlinear wave mixing can now be easily realized
over a broad spectrum of electromagnetic radiation. In.l961, Franken et al.
[l.l] first reédrted the detection of second-harmonic generation in a quaftz
crystél. Shortly after, Bass et al. [1.2] made the first sum-frequency
mixing expérimeht with two different lasers. Smith and Braslau [1.3] first
observed thevdifference—frequency generation and then Bass et al.[1.L4] de-.
‘monstrated the optical rectification effect. Immediately after the firsf
second-harmonic generation experiﬁent, the importance of phasé (orvmomentum)
- matching for imprdvement of conversion efficiency was recognized by
Giordmaine [1.5] and Maker et al. [1.6]. FOther factors imﬁortant for
efficient nonlinear mixing such as focusing [1.7,8] and double refraction
{1.9] were glso studied. Many other nonlinear opticai éffects were dis—

covered in the early years. Among them, parametric oscillation was first



demonstrated by Giordmaine>and Miller [1.10] and stimulated Raman scattering
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 ;arge number
‘of modes of a Nd:glass laser pulse in a quartz crystal. Later, Zernike
[1.13] also .observed far—infrared:generatiqn b& mixing of two CO2 laser
frequencies in InSb. Subsequently, Yajima and Inoue [1.1L] and Faries
et al. [1.15] used two simultaneously Q-switched ruby ia;ers with different
‘frequencies as the pump sources in optical mixing to generate far-infrared
radiétion. 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 qumber of difference—frequency nixing expgriments in semi-
conductors with CO2 lasers. They studie& various ﬁhase—matching schemes
in far-infrared generations.. Meanwhile, parametric‘oscillators.have been

developed to cover an extended freduency range from the visible to the
near infrared [1.21]. Stimulated electronic Raman scattering in metal vapor
'was observed by Sorokin et al. [1.22] and by Rokni and Yastiv [1.23]. Stimulated

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

Patel and Shaw [l.éh]. Optically pumped-far infrared molecular lasers
.were devéloped by Chang and Bridges [1.25]. Tuﬂable fér inffared 6utput
.fréﬁ stimﬁlated polariton scattering waé genérated-by‘Yarbdrough et al.
[1.26]. Tunable infrared generation by diffefence-ffequency mixing in

3

LiNbO, 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 al.



[1.30] succeeded in mixing two dye laser beams in noniinear crystals to
generate tgnable far infrared radiation over a wide range. Sorokin et al.
[1.31 ] showed that tunable infraréd radiation c#n also be generated in

vapor via third-order four-wave mixing. Lax, Aggarwal, and coworkers
[1.32,33] studied extensively far infrared generafion by differencg—frequency

mixing of tﬁo'CO laser beams in semiconductors. They emphasized the -

2
_importaﬁce of discrete but fine.tunability of_the output. They, as well

as Yang et al. [i.30],demonstrated the improved efficiency of far-infrared
generation by éptical mixing with noncollinear phasé matching. Using the
multiple total-reflection scheme [1.34], Aggarwal et al. [1.33] were able

to improve the conversion efficiency even further and obsérve for the first
" time a détectable CW far-infrared output from differenée—frequency mixing.
Reéeﬁtly, Bridge et al. [1.35] also obtained tunable CW far—infrared output
by mixing of a spin-flip Raman laser beam with a 002 laser beam in Te.
Thompson and Coleman [1.36] succeeded in using a GaAs far-infrared wave-
guide as tﬁe nonlinear medium for far-infrared generation. Aside from
gptical mixing, stimulated Raman scattering in atomic vapor [1.37] and in
molecular’gas [1.38] with é tunable dye laser as the pump source,has

‘also been used to gener#te tunable infrared radiation. Optically pumped

" high-pressure molecular gas lasers which could be tuned'over liﬁited fangés
' have been deméﬁsfrated [1.39]. Using a parametric oscillator for optical
mixing, Byér and coworkers [1.40] are présently developing a system whose
 output can bé continuously tuned all the way from near uv to infrared around
ZOum. |

There exist some other schemes of nonlinear infrared generation.



Auston et al. [1.41] studied far infrared generation by optical mixing re-
sulting‘from optical excitation of absbrbing 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.LL4] succeeded in generating tunable
infrared radiation by four-wave Raman mixing process in molecular gases.
Granatstein et al. [1.h5] observed intense tunable submillimeter radiation
from rélativistic 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 paramettic
éscillators (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 Shen [1.48].

1.2 Infrared Generatioh»by Optical Mixing
- Optical mixing is by far the most frequently employedmethod 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

V. [Bw) » B + 41 (w)] = 0

(v x (Vx)-vwzeﬁu)/cz]ﬁ(w) = (Aﬂwzlcz)ﬁNL(w) (1.1)

where € is the linear dielectric constant of the medium and PNL(w) is the

~nonlinear polarization induced by beating of the pump fields. Consider



for example difference-frequency mixing in a crystal. We have in the second-
order electric-dipole approximation

3NL

3 ©(2)

(w) =¥ (w.= W - wz) : E(wl)ﬁ*(wz) ’ 1.2)

(2)

where § is fhe second-order nonlinear susceptibility and E(wl) and E(wé)

are the pump fields. - |
The solution of Eqs. (1.1) and (1.2) in ;he diffractibnless limit is

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

For differenée-frequency geheration of infinite plane waves in a semi-’

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

‘ : 2 . 2
> 2 2n .NL in(Ak&/2).,2
|E(w,z = 2)|° = | Zw P (w) | [§z§é17fé—‘]l (1.3)
c’k :
z v
‘ > > > A ~ o
where Ak ='(kl - k2 - k) * 2 is the phase mismatch in the z direction. It

shows that the efficiency of differencg—freéuency generation'is a maximum
~at Ak = 0. AIn practice, one sh0u1d‘alsq consider the effects of finite
beam cross-sections, focusing,‘absorption, double refraction, etc. These’
will be.diséussed in Chapters 2 and 3 by adopting the fofmalism developed
in theliiterature.forlsum—frequency and second-harmonic generation.
However, if the difference—ffequency is small, then there are actualiy
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 %, the approximate phase matching condition AkL € 1 can be
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satisfied for differencé—frequency wavevectors extending over a broad cone
angle. Third, the refracti&e iﬁdex of a condensed matter at the inffared
is often large (.5), and therefore, the boundary effects on far—infrared
difference—freqﬁency generation can be very important. fhis ié manifested
- by the fact that pért of the generated radiation may suffer.total feflections
in the mediuﬁ and never get out of the medium. Fipélly; the collecﬁion
-angle of the detector may even be smaller than the cone-anglg of the emitted
radiation. These effects are of course more appreciable for smaller
difference fréquencieg,

We can use a simple model to take into account these 1ong-w§v¢1ength
effects approximatgly. Physically, the‘n;nlinear polariéétiéniﬁNL(wj is
simply a set of'qscillating dipoles in the medium so that Eq. (1.1)
essentially describes radiation from a dipolevantennﬁ array. The géneral
sqlutiop of such a problem with appropriate boundary conditions is diffi-
cuit, but inhspeciél casgs, approximate solutidns'can.ﬁe ébtained. For
exaﬁple, assume there is a thinvélab of-nbnlinear medium and the ;orﬁally»

incident pump beams induce a §NL(w) which can be approximated by

ﬁNL(¥,w) ﬁPNLexp(iksz - iwt) for (x2 + y2) < azv

=0 for (x2 +-y2) > a2

where PNL is independent of r. 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)



E(r,w) = (u)/c) d3r'(l - 22) « PR 1k|r - T /r - 7. .4y

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]

e?( | " 23, (B) |
W= LE 3w)|'PNL((»)I22,2(Waz)ﬁ(sine)sin6<31na)( & ) ' (1.5)
c o '

where QIis the thickngés of the slab, 6 is the angle between T and Z, Om _
is the maximum coliection angle of the detector, a = k(1 - ¢o§6.+ Ak/k)/Z;
Ak = kS - k, aﬁd B = ka sinf. The Bessel functidn term [ZJI(B)/B]2 is a

~ description of aiffraction from a circular aperture, while (sin a/a)zvtékes
iﬁto‘account the effect of phase mismatch. >In the diffraétioﬁlees limit

ka € 1, the term [2Jl(6)/8]2 is:significant 6niy when 6 < 1/ka, and the
.integfal asymptoticaliy reduces to (2/k2a2)s1n2(Ak2/2)/(Akl/2)2. Then,

Eq. (1.5) feduces to the same form as the one 6btained from Eq. (1.3) in the _
‘plane~wave approximation.

We can of course use a more realistlc spatial distribution for
*NL(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 thé above approach is,
howéver, in the boundéry effects. Because of the large refractive indices
at long wavelengths, reflection and refraction of‘fhe difference-frequency

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

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

2
F = T/ll - R312k2|

(1.6)
ts take,into account the boundary effects, where T and R are the average
transmission and reflection coefficients respeqtively. Ths‘poyer cqllected
by the detector then becomes WF. This approximation is good when the
collection angle Gm is sufficiently small. ' The aboye equs;iqns shqsld
provide a good order-of-magnitude estimate of the difference-frequency
outpuﬁ‘power;

More rigorously, to_take focusing, diffrsction, double refractioﬁ;
boundary effécts, etc. all properly into sccpung{ we must use_the_msthod
of Fourier anaiysis [1.50,51]. We first decompose the fields snd the non-
linear polariiation into spatial Fourier components and then solve ths
Qavs‘equation for each Fourier .component of the differeﬁce-frequsncy field
vWith the proper boundary conditions. The formslism is quite similar to
the one used by Bjorkholm [1.7] and Kleinman et al. [1.8] for second-
. hafmonic generation, although it is somewhat more'complicatsdAin the long-
wavelength limit. Preliminary calsulations‘[l{SO] iﬁdi;ate that the results
obﬁained from Eqs. (1.4-6) are in fact a good approximation if the double
- refraction effect can be neglected. The frequeﬁcy spectrum snd the angﬁlar
distribution of the difference-frequency output and the effects of focusing
and double refraction on the output have also been calculated. [l-50]

The experimental status of differense-frequency generation in crystals

is reviewed and summarized in Chapter 2 for output in the far-infrared region
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and in Cﬁapter 3 for output in the mid- and near-infrared region. Roughly
speaking, tunable output in the range between 400 cm“1 and 10,000 cm—1 has
.been obtaingd by ﬁsing'either>a dye 1asef or a parametric oscillaﬁor as ;he
ﬁunable pump source. Tunable output in the range between 1 cm_1 and 200 cm_l.

has been obtained with ruby lasers, dye lasers, CO, lasers, or spin—flip

2
" Raman 1aseré (see Chapter 4) as the pump sources. Report'omn
difference-frequency generation between 200 cm--1 and.400 cm_1 has, however,
been rare. As shown in Egs. (1.3) and (1.5), the difference—ffequency out-
put is propdrtional to wz in the'diffractionléss limiﬁ and t:o'w4 in the
limit where diffraction dominates. Therefore, if the pump beam intensities
and the nonlinear susceptibility remain unchanged, the efficieﬁcy of difference-
freqdehcy generation should drop appreciably as the output wavelength in- H
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 ﬁedium with inversion symmetry [l.3l,hﬁ]. In this case, three pump
beams beat agaiﬁst one another to produce a third-order nonlinear polari-
zation FNL(Q) at the infrared frequency. The calculation of the output is A
then.exactly the same as the one described earlier. Normally, as a third-
order term, the ﬁonlinear polarization is very small. However, if the |
frequéncies are close to sharp resonances, ?Np(m)-can be greatly enhanced
through resonant enhancement. This happens for-example'in.gas media. Tunable
infréred gengration by four-wave optical mixing in atomic vapor:isvteviewed
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 qﬁickly with decrease‘of output frequency as diffraction be-
cbmes more important. No far-infrared gene;ation in a gas medium has yet
been reported presumably because of the poor conversion efficiency.
1.3 Infrared Parametric Oscillators.

The subject of parametric oscillators’ as cdﬁerent tunable infrared
sources is reviewed in Chapter 3. Physically, parametric amplification
" can be considered as the inverse process of sum-frequency generationv
5 = w3). Energy in the pump~fieid at w3 is'gransferrgd to the .
signal and idler fields at w, and w,. The amplification is maximum or

1 2

_'the.oscillation threshold is minimum when the colinear phase ‘matching -

(ou1 w

condition k1 + k2 = k3 is appro#imatély satisfied. This phase matching
'condition together with the cavity condition of the parametric-oscillator
tﬁen3selécts the particular set of frequen‘vciesvw1 andez‘appearing at the
output. External pe;turbation such as temperature, crystal‘ofientation;
énd'dt elec;ric field can change the wavevectors and'vary.the phase.matching
éohdition; and fherefore can be used as a means to tuﬁe the output fre-
quenciés; The theory of parametric oscillators iS‘giveh in detail in
Chapter 3.

Parametric ampiification was first observed by Wang and Racette
[1.52] in 1965. Subsequently, parametric oscillation waS'obsefved 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 extend 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 um in CdSe [1;53] and from



-12-

i.22um to 8.5um in proustite [1.54]. In most cases, pulsed Nd: YAG lasers
were used to pump parametric oscillators because of.théir good mode quality
and high'peak intensity. The present state of art on parametric oscillators
is more thproughly described in Chapter 3.

If the parametric amplification in a nonlinear crysfal is sufficiently
high, fhen the tunable output resulting from nOisevamplifiCAtion_in one |
travefsai throdgh the crystal can be very stropg. This is known as
pérametric superflourescgnce (see Chapter 3). Clearly, for such a ﬁro-
cess to occur, a pulséd iaser with a very high peak intensity,ié ﬁsually
reﬁuiréd to>bﬁmp 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 1Infrared Generation by Stimulated Raman and Polariton Scattering.
_Spimuiated Raman scattering (SRS) is another method now being used
to construct practical devices that generate coherent tunable infrared
" radiation. Tﬁe effect was discovered acgidentally in 1962 by Woodbury and
Ng.[l;llj; In the subsequént years, it has contribufed a great deal to ‘the
advance of ndnlinear optics (see the review articles by Bloembergen [1.56],
b'y Kaisef and Maier [1.57], and by Shen [1.58]). |
The theory of stimulated Raman process involving a disperéionless
final excitation can be described simply as foliows [(1.56,58]. As shown
in Fig. 1.1, Raman scattering.is a direct two-photon process. We shali-con—
sider here only the Stokes process. Following an intuitive physical.aréu—'

ment, we can express the rate of Stokes amplification as
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dn dw_,- dw 1
2 _ (g1 TUif 2, - |
P —( du, o5 du, of)ezlc a,n, Q1a.7)

where n _and n., are the average .densities of photons in the incoming laser

1 2

and scattered Stokes modes respectively, and pf are the populations in

Py
- the initial and final states respectively, and a2 is the attenuation co-

efficient at mz. The differential transition probability Wfi

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

from |1 > to

Physically, we expect to find W_, = (A/pi)(do/dQ)ﬁl(ﬁ2 + 1) and

£i
Wié = ('A/pi)(dc/dQ)(ﬁlv+'l)ﬁ2 where A 1s a proportional constant and -

(do/dQ) 1is the differential spontaneous Raman cross-section. If 51;52 > 1,

we then have from Eq. (1.7),

(1.8)

" with G ='(Ae?/cpi)(dzo/dwzdﬂ)ﬁl(pi - pf). The solution of Eq. (1.8) is

ﬁz(z) = ﬁz(o) exp [(G - a)z]'assuming constant 1 This shows that .if

. 1
G > o, then the Stokes intensity will grow exponentially until depletion of

El_or saturation sets in. The gain factor G 1is directly proportional to

the spontaneous Raman cross-section and the pump laser intensity.
- One can also obtain the above result from the usual semiclassical

at w, 1is

‘derivation {1.49,59]. The wave equation for the field E, 9

N

2
- 4w
Vx (0xt) -2k, = ‘C“ilgm(“’z) @9

€
(N}
¥

2 727y
c
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3(3)

‘where the third-order nonlinear polarization P is given by
3 & '
()(w)-(xR 5,17 + XV [E, 19,

The solution of Eq. (1.9) is, assuming constant IEll >
12 2 S - -
|E2| (z) = |E2| (o) exp [GR - a)z] v (1.10)

where’GR (4ﬂw /c 2y )(I XR3))|E | From seﬁiélassical.dérivation'fér
a disper51onless excitation, we can show that Imx(3) a« (dZO/dwde)(_pi - pf)/pi’
and a’lso_GR = G,.so that Eq. (1.10) is in fact consistent with the solutioq
of Eq. (1.8). |

More generaliy, however, SRS shouid:be considered és the reSuit of
coupling betﬁeen light and material excitational waves. [1.59,60]:
-The pump field E1 at Wy beats with the Stokes field E2 at w, to excife a

-material excitational wave Y at Wy = W - W3 the latter in turn beats with
”the.pump field to amplify the Stokes field. In general, for an infrared-
active excitation, Y can also interact directly with an vinfrared.fieldE3

ac»mj. Direct cogpling of Y and E3 leads to a new class_qf excitations
known as polaritons [1.61] ——— mixed em and material excitations.
' Typicai polériton dispersion curves‘are'showﬁ in Fig. 1.2. The Raman
process now excites a particular polariton on the dispersion curve as
governed by energy and momentum con;ervation. Stimulated Raman scattering
by polarlton is known as stimulated polariton scattering (SPS). The output

of SPS can be tuned 1f 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].

[V2_+_w§ezlc2]E2 = - (AnglcszNL(wz)
v? + w§€3/c2]E3 - - (4ww§/c2)[PL(w3) + ?NL(wa)] o (1.11)
[BV2 + h(w3 -w + iy = fL(w).+ fNL(w)

where B, wo, and T denote respectively dispersion, resonant frequehcy,

)

' *
and damping of the material excitation, PNL(m —BF/BEZ,

NL

2

' * ' *
Pl(wy) + PN (wy) = - OF/3E,, and £1(w) + £ (w) = - 3F/3[N(p, - PV,
ith T =(NIAED + ME. BV (0. - p.) + x DE.E'E + complex conj.}being th
\ = 3w 1 Zw pi pf X 1E2E3 complex conj.lbeing the
average coupling energy. N is the density of molecules or unit cells,

and A, M, and x(z)

are coupling'constants. For simplicity, we have neglected,
in the polarizétions,terms which are independent of the excitation. We have
also assumed |E1l2 to be a constant and neglected the pumping of population
ffom 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 Y is known as transverse excitation.

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

3
X(z) = 0. Then, if the dispersion of Y is negligible (B = 0), we can

. . ONL _ L3 (2 (3) _ qlwl2 4T
immediately find P (wz) = X2 |El| E, with Xg2 = N|M| (pi pf)/h(w3 W, i
which is exactly the same expression one would find for Raman susceptibiiity

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

Consider next SPS with B = 0. We can eliminate Y in Eq. (1.11) and



-16-

reduce Eq. (1.11) to the form

[v* + (wglcz)(ezséff]Ez T 4"(“’2/°2X:2*E1E3*'
V2 4 (mg/cz)(€3)eff]E3 - - én(wilcz)jxé?fElEz*. | (1.1'2)‘
wﬁerea.
(€)ege = & * ""Xr({g)ll':l'z
(€9) 454 - €y - N|A|2(Di - p)/h(wy - w + ir) - (1'.13_)
X3 = x® - wee, - My - w + D).

3 is the dispersion

= (w3/c)(€3)eff governing the dispersion of E3

-vrelation fof polaritons. Equation (1.12) is now in the form identical to

Note that k

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

solution is ﬁellrknown and can be written as -
* * * o > > i
EZ = [82+ exp (iAK+z) + 82_ exp (iAK_z)] éxp ( --1k27r) |
> > ‘
= [& i & iAK . _
Ey [_3+ exp (1AK+z).+ 5_ €XP (i0K_2)] exp (ik3 r+ iAkz). (1.14)

where



K = ket
1z 22z 3z ? z Zs

>
=~
I
P
!
"
1
P

1 1 | 2
L= 20, - vy = 20, +v? - eh]*

=g
~
|

<
N
]

(k2/2k2-z)(ia2 + 2kR)

2, 2, (3. 2
(w,/2k, e )amxps |E, |

o

Yy = Bk - 1(k,/2k, da,
222, 2 (2)\2(. 12
A= (4mwyws/e Ky ks,) Oerg) |E |
o 11 o |
2 2 2,2 |
8378, 1, = 3k, /wyks )77 (K, + v, ]. o (1.15).

Either AK+ or_AK_ has a negative imaginary part,indicating an expénential
gain for E2 and E3. The gain is maximum at AK = 0 if the w, resonance is .
sufficiently narrow.

From.what we have discussed, we realize that the output of SRS‘and
SPS can be tuned by 1) using a tunable puﬁpllaser; 2) varying the excitation
bfrequency wo with,an external perturbation, or 3) in the case of SPS,
varying the excited polariton frequency by adjuéting the relative directions
of’beam prépagation. All these»methods have been used with success to
generate tunable infrared radiation. Thus, SRS in vapor with a tunable
bulsed‘dye laser as the pump. source can prodqce tunable output from the
viéible down to ~670 cm_l[l.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 magnetié excitation, wo can be easily adjusted by an external

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

’wé = ZguBB,'with UB 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 1f B is varled from 0 to 100 KG, w can be tuned from
0 to 250 cm 1. It happens that the sp1n—f11p Raman cross-section do/dQ in

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

2 _ 42,2

do/dn = (e?g/2m) (/) [E o, /(B 3 2 (1.16)

where m is the electron mass and Eg is the gap energy. For InSb,

Eé = 1900 cm-l,‘and thenat w, ~ 1000 Cm-l,'we_find da/dQ = 10723 cmZ/sterad.

1
In addition to the large do/d, spin-flip Raman scattering in InSb also has

a very marrow linewidth at low temperatures (~ 0.3 cm-1 in an n-type InSb

with n = 1016cm—3). Consequently, InSb has the largest known Raman gain

for all_matetials. with w, = 940 cm * (10.6 um), Patel and Shaw [1.64]
found a Raman gain of G = 1.7x10—51 cm-l.in an n-type InSb with n = 3x10;6cm
where I is:the laser inteﬁSityvin W/cmz. One fherefore expects that spin-
flip SRS in InSb is readily observable. Tunable output from 10.9 to 13;0 ﬂm
was first detected by Patel and Sﬂaw [1.24] using a Q-switched 002 laser

at 10.6 uym. - Witﬁ an input power of 1 KW focused into an area of 10-3cm2

in a 5 - mm long InSb crystal (n = 1016c‘m“3 at 18°K), they obtained a Stokés
Qutput of 10W. The output linewidth was less than 0.03 cm-l. Equation (1.16)
.Shqwé théﬁ if hml approaches Eg’ the Raman cross—séction can be resonaptly_
enhanced by sévéral orders of magnitude. Then, the spin-flip SRS can even

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

Mooradian [1.65] with a CO laser at 5.3 ym. They found a pump threshold of

-3
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less than 50 ﬁw,'a power conversion efficiency of larger than 50%, and an

output'power'in excess of 1W. The output linewidth could be less than’
3
at 12.8 pym, Patel et al. [1.67] has obtained a tuning range of SRS in InSb

1 KHz. [1.66] More recently, using an optically pumped NH_ laser operating
from-13.9vto 16.8 ym. Spin-flip SRS has also been observed in InAs with an
HF laser pump [1.68] and in Hgo.77cdo.23Te with a CO, TEA laser [1'_.69'].

The formervhas a threshold power of 15W and a conVeréion efficiency: of 207,
"and méy become an important tunable source in the 3 - 5 um 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 [l;h6]Aand by Colles and Pidgeon [1.47].

Strictly speaking; spin-flip SRS should be.freated as a SPSfprocess.

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

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

flip excitation is coupled directly with the infrared wave. The coupling
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1

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
gase,:the polariton is a highly mixed em and material excitational wave-only

around the knee of the dispersion curve. If the spin-flip SRSvoperates with
>
ky 51y

pect to find output radiation at both w

- KZ) around the knee, then by the theory of SPS, we should ex-

and-w3(~wo). Using a CO, TEA laser,

2

"Shaw [1.71] has recently observed simultaneous output at w

2

~ W from spin-
3 o . p

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

inffaredjradiation at w, ~ w, by pumping the crystal with ihput beams ét

3

both wl and w, . This has been'done by Nguyen and Bridges [1.28] and is

reviewed in Chapter 4.

In many polar crystals, the infrared pﬁdnon modes are strongly coupled
fo'the infrared rédiation. They form polaritons with dispersion curveé
that.rééemble curve (b) in Fig. 1.2. With a fixed pump laser frequency
wl, the output of SPS at m and w, can now be tuned by adjusting the re-

2 3

lative angle between il and ﬁz SO as to move w3

. curve to satisfy  the phase matching condition il =%k, +k,. The

along the polariton disperSion,'

2 3

tuning range depends on the shape of the polariton’curve.' SPS was first
observed by Kurtz and Giordmaine [1.72] and by Gelbwachs et al. [1.73] in =

LiNbO.3 on the 248 cm'—1 mode. In a resonator, 70% of the laser power can

_ be converted into Stokes at w,. Tunable far-infrared output.at w

9 on the

3

~ same polariton mode in LiNbO_ was later observed by Pantell and coworkers

3
[1.26,74]. 1t was tuned from 50 um to 700 ym. 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 outpﬁt 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 Infrgred Generation..

.Among other methods of nonlinear infrared géneratibn, 6§tically
pumped étimulated emission (OPSE) is mcét at;ractive;‘erSE cén be éon—
sidered as a special case of SRS. Wé mentionéd eariier in Sec.41.4 that
the stimulated Raman gain increases sharply as the pump laser freduency
approathes réesonance. The resonant enhancement‘is of course much moré
significant with narrow but strong resonances. This ﬁappens in the case
of gas media.  In metal vapor, for example, résdnaﬁt SRS leads to strong
tunable‘ihgrared outﬁut (see Chapter 5). As the ﬁump frequency geté éven
closer to tﬁe resonant liné, however, direct_absorptibﬁ of the pump field
‘becomes important and induces a net poﬁulation chénge-from the ground state.
<g.| to'the‘resonant intermediaﬁe state <n/| (see Fig. 1.1). This is
known as optical puﬁping. Following optical pumping, an inverted éopulation
‘can be established betwéen the intermediate stape <h| and the finaijstate
<f| so that laser emission may occur, Acfually,]in this case of é three-
“level system, both laser emission and SRS»operate simulténeous1y [1.75].

The above piéture describes an optically pumped'three;level laser
system. Such a scheme has béen used in atomic aﬁd molecﬁlar gases fo
generate a large number of discrete infrared'iines.‘ More geﬁerally,

optical pumping in a multi-level system with subsequent radiative and non- -
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radiative transfer.of population between different levels can eétablish
invertéd popﬁlation'for many pairs.of states. It can then 1ead.to many
more 1éser lines than the.three—leVel scheme.  Thus, for example, in fhé
far-infrared'range,'seVeral hundreds of'OPSE laser lines ﬁave alrea&y been
discovered. Continuoﬁs tuning of the laser ffeduency may become possible
with OPSE in high presssure gas systems where the rofational fine Structufe
is ‘smeared out by pressure broadening [1.39]. While OPSE normally generates
dnly discrete infrared laser frequencies, it has the advantagés of being
_highly efficient and operable in a cw mode at the mW level or in a puléed
mode with peak: power at the MW level. Infrared generétion by OPSE in gases
is discussed in great detéil in Chapter 6.

| 3 far—infféred radiation of very long wavelength can also be geﬁefated
by picosecond laser pulses in a crystal [1.76]. This is becuase a 1 - psec
..pulse‘has a spectral béndwidth of about 15'cm“1 and mixing of the various
spectral components of the pulse in the crystal generates.far—infrared
fadiation.' 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 caée, the far-infrared output is tunable
and can havezalineﬁidth ofv~_1.cm_l as detefmined by'tﬁe phase-matching con-
‘ditién. In tbe latter casé, picosecond.excitaﬁiop of iﬁﬁurities in an
acentric bolar lattice induces a rapidly.varying nonlinear polarization

via the pyroelectric effect or/and a change of dipole»momeﬁtvon the im-
'purities.  In both cases, witﬁ picosecond input pulses, the far-infrared
' outﬁut is often 1imited>to the range between I and 30 cm;l. Iﬁ is_howéve;

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



Another novel method of generating coherent tunable inffared radiation
is by letting relativistic electrons undergo cyclotron motion in a magﬁetic
field. Granastein et al. [1.45] observed a ﬁarrow-band'radiation with its
peak at the relativistic ¢yclotron rgsonanqe'frequency. The peak power was
over 1 MW at 7.8 GHz and was greatly enhanced by periodic’pertﬁrbacion of
the magnetic field along the field axis. RelétiVistic elgctronS'in a
spatially periodic transverse magnetic field both emits and absqrbs radiation
- via bremsstrahlung and inverse bremsstrahlung_respectively.4 The wavelength
for emission is however slightly lohger than the waﬁeléngth for absorption.
This then makes stimulated emission of bremsstrahlung possible [1.77].

Using the relativistic electrons from the superconducting linear acceierator '
at Stanford, Elias et al. [1.78] recently reported the observation of a
stimulated emission gain of 7% per pass at 10.6 um. The physiés of stimu-
lated emiésion of bremsstrahlung is quite similar to that of stimulated
Compton scattering proposed earlier by Pantell et al. [1.T9]. Ho&ever, no
experiment on stimulated Compton scattéring has yet beeﬁ'reportéd. Intense
microwave.emission has also Been observed in coherent Cherenkov radiation

- from a:relétivistic electron beam interacting Qith'a siow-wave structure
[1.80]. The peak power was as high as 500 .MW with a 17% conversion

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

much shorter wavelengths.

1.6 Summary
IWe 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°K is also listed as a comparison. We note that even
at this early stage of development,.nonlinear infrared generatiod‘has
already. led to tunable infrared sources with both higher peak power -

andvhighgr average power than the blackbody radiation.
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.FIGURE CAPTIONS

Fig. 1.1. Schematic.drawing‘showing‘the'Stokes (wl.> w2) and anti-Stokes
(ml < wz) Raman trénsition between tﬁe gréund state |g> and the
excited state |f2. | |

Fig. 1.2. Polariton dispersion curves. (a) Weak coupiing 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 biackbody radiation is shown

for comparison.



TABLE 1
Technique Mode of Tuning Range Average or Peak Spectra11Width Pumped Lasers
Operation (em™1) Power Obtained (em™ )
Diffeténce?frequenéy Pulsed 1 - 200 : 0.1 w < 0.1 , Ruby/Dye
mixing in crystals . or
Pulsed 600 - 10,000 300 W : < 0.1 2 Dye lasers
Pulsed - 420 - 6,000 10w, < 0.1 2 Parametric Oscillatofs
Pulsed 5 = 140 . 10 W < 0.1 2 002 lasers
: in 3200 steps
CcwW 5 - 140 ’ -3 '
in 3200 steps 0.1 W < 3x10 2 CO2 lasers
CW 2,380 - 4,550 1w 5x10™% Ar' /pye
Mixing via spin- ‘ _
flip transition Pulsed possibly 2 uw < 0.1 C0_/Spin-Flip
2
10 - 300
Mixing in metal :
vapor Pulsed 400 - 5,000 0.1 w ' < 0.1 . .2 Dye lasers
Parametric Oscillator Pulsed 900 = > 10,000 1 MW 0.03 h Nd: YAG
Stimulated Raman S .
scattering in vapor Pulsed - 670 - 10,000 60 MW 0.2 . Dye
Stimulated spin- '
flip Raman scattering "Pulsed 590 -1100 ' 200 W - 0.03 CO2 or,NH3
1540 - 2000 -6
Ccw 1540 - 2000 _ 1w 3x10 . co
Stimulated polariton ‘ :
scattering Pulsed 14 ~ 200 : 100 W <1 _ Ruby
1-'-cm2 Blackbody Radiation ' 0.06 uW/cm-l at 1000 cmul
-at 1000°K cw ' ' 1.2x10“3 uwlcm—1 at 100 cm_l
. . ' -5 - ‘
WItgp?e;g mrad. angular 1.3x107pw/cm-1 at 10 em-l
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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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