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- denotes the state of the radiation field, a+ and a are the photon
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. Slfi INTRODUCTION
It is well known that Raman scattering is a direct‘ﬁwo—phofon process.
Simultaneouslyviﬁfthe'process, one photon at wl(il) is gpsorbed and one
photon at’wz(ﬁz) is emitted’while thevﬁateriél‘makes a trhns;tion_from
the initial state |i> to the final state ]f>>(seé Fig. S.l)fv Engrgy

conservation requires h(wl—wz) to be equal to the energy difference

of the two states E_ - E, = hw__ within the uncertainty limit of the

£ 70 T %y

linewidth. ' " We.can have either W, > w, of ml < W, The former

is known as Stokes scatteiing and the latter antiStokes scattering.

A straightforward secdnd—order_perturbation calculation leads.

" to the following Raman transition probability per unit time per unit

voluﬁe.per unit enérgy interval [S.1]

dw

TEL | g 12 1 e 12 eny
dthw) (81T Nwlw2/61;2)|<f|M|1>| <qf[azaliai>l‘ g (Aw)

e ' k > ik 7
) e2 -1 2 r( .e IS>'<S|(P./e\l)el' 1 r

M= 3 2{ h(w —— -
- m wlwz s 1 “si

| o ke TR
» | (peepe 1’| e 277 () S
- IR | |s><s|™ 2, ; (5-1)

h(wZ-’-wsi) '

Here, N is the density of molecules or unit cells in the medium, € is the

. : > ~ o '
dielectric constant, p is the momentum operator, & denotes the field

¢

polarization, |s> is the intermediate state of the material system, |u>
creation and annihilation operators respectively, and finally

179 fi) is the joint.density of states of the transition.

k If the Raman transition has a Lorentzian lineshape, then g(iw) = F/n[(Aw)2+P2]'
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_where I''is the halfwidth of the line. . '_ -

_The transition probability Wfi in Eq. (S-1) is proportional to
R |<a |a Iu >|2 If the Raman process begins with an initial state

' which contains practically no photon at wz, it is'known:asbspontaneous"

t

Raman emission. Then, W_, is: simply proportional to |<a |a |a >|

fi

Otherwise, it is known as stimulated Raman emission. In the particular

case where the states contain integer numbers of photons at wl and w,

such that |a > Inl,n2> and Ia > = [n -1, n2+1> we have Wfim n (n +l),

2 0 in this case. In

general, the radiation states are more-complex»[S—Z]; and novsuch'simple

spontaneous Raman scattering correSponds ton

relatibn canvbe obtained. However, if the average numbers of photons

g and n2 at wy and w2 are ‘much larger than 1, then ‘the approximation

|<af]a Ia >[2 = nn, is excellent [S.ZJ.

Thus,'we expect that the spontaneous Raman scattering cross-section

should be linearly proportional:to the stimulated.Raman.gain coefficient.
By definition, the differential Raman cross—section.dijd(hwz)dﬂ-is the
probability of'a unitrwolumeiof material'scattering an incident photon

at wy per unit area into a Raman photon of one polarization at w, in a

2

unit solid angle around Q and a unit energy interval around hw2 Since
the density of radiation modes per unit solid angle is gEdw2 k dkz/(Zﬂ)
we have -

'dzci/d(hm' )dR = p_ g [dW, d(ﬁw‘ Wl<a,|ala. |a >|2c

' 27 i®E f{ 2 £17271

- wlwgezl/z ' ‘
N =N c4€ leil g(Aw)pi '- ) ) (S—Z)

1
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where Mfi = (flMli ) and oy is the population of |i>.‘ In the.stimulaﬁéd

Raman:amplification;-thelchange:of the nUmbe}'of Raman photons in one mo@e‘ﬁer

uniit length of propagation is given by [s.3]

 dn. aw,, . ‘dw

2 . Mgy if Je 172 | |
dz (dwz Py ~ )5 /C - n2 o (S-3a)
= (Gg = oyn, if_ n,n, > 10 R (sfab) |

G = 8n3Nh(wlwz/éleglmfiFg(Awi(pi - pfj;l(gzllzlc)

R
3 !
&ir c3el 2 :
- (o3 09 <m IEI
2%2P1
where aE is- the absorptlon coefficient at wz, and
IE Iznl /2w = 1hw : is the field energy per uqit volume. Equation(S-3)
. shows ‘ ,. that-Gk is the ‘Raman gain .-~ and is proportioﬁal to:

dzd/d(ﬁwz)dﬂ.- In the next section, we shall show that we can obtain

- the same expression for GR from a third-order nonlinear optic§l suscepti-

bility, known as the Raman susceptibility.

" In Table I, we list a number of Raman lines for sbmg of the materials

-in which both spontaneous and stimulated Raman scattering have been

measured. - Note that the material which has the strongest Raman gain

is InSb. From Eq. (5-3), we have n2(2) = n2(0) exp [(GRfaz)l}.' Then, even in

InSb, in order to génerate e30 Raman photons from one noise photon in -
a 1l -cm crystal, we need an incident CO2 laseér intensity of 2 MW/cmz. For
- i H

this reason, stimulated Raman scattering was only observed after the

high-power laser was invented.

~
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Stimulated Raman scattering was acc1dentally discovered by Woodburg

and Ng in 1962 [S 4]. In studying Q—switching of a ruby laser by a nitro-

3

benzene Kerr cell they detected intense infrared radiation emltted from ' : -

the Kerr‘cell'. Hellwarth [S 3] soon correctly pointed out that the infrared

radiation came from stimulated Raman emission. \Subsequently, similar effect

was observed in many other liquids by Eckhardt et al. [S.5], Geller et al.

[S.6], and Stoicheff [S 7}, in several solids by Eckhardt et al. [SrS];'and

in hydrogen gas by'Minck et al. [S.9].

As seen from Table I, one would need a laser ‘beam of 1 GW/cm2

propagatlng over a 15-cm nitrobenzene cell in order to generate e30

Raman photons from a noise photon - These numbers are roughly the same

- for many other liquids from which stimulated Raman emission has been

vobserved. However, in the earlier experiments on stimulated Raman
scattering; laser beams of less than 100 MW/cm2 were used, yet more than

e 0 Raman photons per sec were recorded. This anomaly; together with

a number of other observed anomalies [S.7] such-as the extremely sharp stimu-

lated Raman' threshold, the asymmetry of forward-backnard Raman' intensity,

the appreciable spectral broadening of the Raman radiation, etc., has

- baffled research workers in the field for quite a few years. ‘As we shall

see in a later section, these anomalies are now understood as due to sy
self=focusing of'the incident laser beam in the medium.. .
- Both Stokes and antiStokes radiation are normally ohserved iny .
stimulated Raman scattering. The observation of stimulated antiStokes

scattering [S.10] was quite surprising.since from .the simple'theory of two-photon

transitions as described’ by Eq. (5-3), the- antiStokes Raman’ gain is nega-

,/

tive with wl wz wfi < O‘and ' pi <~pf at thermal equilibrium.

AN
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' We shall see later that'the'antiStokes~fadiati0n is actually generated

through parametric coupling with the laser and Stokes radiation. This
also explains why the antiStokes generated in liquids and solids always
has intense conponents radiated in the off-axis directions.

Higher-order Stokes and antiStokes radiation are also frequently observed

[S;lO—lZ]. They are presumably generated By stepwiSe processes. Because

of high laser intensity in the medium (usually in local region through

[

either external focusing or self-focusing), ‘intense first-order Stokes

" and antiStokes radiation are first generated. They are then intense enough

to generate second-order Raman'radiation which in turn may become intense
enough_to generate higheréorder Raman radiation. 'lhe theoretioal
description of this stepwise Raman production is however very difficult,.
as we shall see.

Early interest in stimulated Raman scattering arQSé because it

_lcan provide intense coherent radiation at new frequencies and because it

is a possible loss mechanism in transmitting high-power laser beams

, v \
through a medium, for example, the atmosphere. Later, it was demonstrated

that stimulated Raman scattering via phonons which are both Raman and
infrared active can have its Raman frequency tuned continuously over a

S , { .
certain range by varying the directions of the beam propagation in a

Acrystal [S.13]. This is known. as stimulated polariton scattering. Tunable

far—infrared'radiation,at (@ ) is generated simultaneously with the

Raman radiation in stimulated polariton scattering [S.14], Then, it was

' diseovered that stimulated Raman scattering can also occur via two-photon

spin-flip transitions in semiconductors (observed in\InSb)[S 15]. The Raman

frequency is again continuously tunable by adjusting the Zeeman splitting
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with an.applied magneticﬂfield. Since the spin-flip transitions can
also be induced direc:ly by far-infrared rAdiation,'the problem is
rather similar to the problem'of_stimulatedvpoiariton scattering. We
can in:fsct use the theory of stimulated polaritbn scattering to‘correctly./
‘describe both stimuiated Raman emission andvfarfinfrared generation via
-spin-flip transitions in InSb [S 16].

‘The relaxation times of the Raman effect in liquids and solids are
usually very short in the picosecond range. Therefore, with nanosecond
. incident laser pulses, the Raman generation (in the absence of self focusing)
can certainly be-regarded as quasi—steady—state. But when picosecond
‘laser pulses are used, the transient effect in the Raman generation may v
become important [3117]:“@The§§hggry of transient stimulated~Raman scattering.
is now well understood tShlSj, Experimentallyyrthe»trans1ent Raman'effect has
been used to excite coherent molecular or phonon vibration in a medium
By monitoring the decay of such a forced vibration, onevcan then measure
the corresponding vibrational relaxation times [3?19,203- So far, this has been
the oniyAexisting method for measuring vibrational relaxation tim%s of»

1iquids and solids directly.

bl
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In Section II, we shall diécuss the classical theory of stimulated

Raman scattering. We shall use the coupled wave abproach [§.21]) to -

describe the generationvof first- and higher—order Stokes‘andVAptiStokés

radiation [8.22]1 In Section III, we shall review thévgxperimental

results on stimulatéd Raman effect and show how we can explain the

-various anomalous effects observed in stimulated Raman scattering. In

Sections IV and V, we.shail discuss twb special céses of stimulated‘
Raman scattering,'namely, stimulat;d polari;on scattering énd stimu;
lated spih-flip Raman’émission; Iﬁ Sectién VI, we shall conéider the
transiént beﬁavior of stimulated Raman emissién wﬁén tﬂe ﬁulsewidth

of the pump field is either narrower than, or comparéblé with the relaxa-

tion times of the Raman excitation. In Section VII, we shall discuss

a number of possible applications of stimulated Raman scattérﬁng. These

include measurements of phonon or vibrational relaxation times,

_ﬁeasurementS'of third-order nonlinear refractive indices, detection of

gubStances of low concentration,'spectroscopic studies of low-energy
exciﬁatioﬁs, heating df plasmas, énd fransﬁission of higﬁ—poﬁer laser
beams in a mediuﬁ] Finally, in Section VIII, we shall give brief concluding
reﬁarks on thé anticipated future prdgrésé ip this field. v

There already ekist~1n thevliﬁergture several review afticles‘oﬁ
ﬁhe stimulated Ramaﬁ effect [S.23;24]. " 1In thié péper, Qe shall put more
empﬁasis on the basic.underétanding of the effect and on ghe more recent
progress in the field. The feferences quoted heré are admittedly far

from complete. TFor a more complete reference list, the readers should

consult Refs. [S.23-24].
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‘Sl.2' THEORY OF STlMULATED RAMAN SCATTERING
. we shall use only semiclassical désctiptions in the following
theoretical treatment of stimulated Raman‘scstteting‘(SRS), i,e.,.we shall’
‘awoid quantization of>e1ectrOmagnetic fields. : lhis is of course not

valid when the number of phonons in the Raman mode is small, for example,

' when SRS is first initiated by the spontaneously scattered photons.

Therefore, the descriptions are yalid. only for stimulated Raman amplifi—
' J

cation where the input Raman radiation is suffic1ently 1ntense. For Raman

oscillation which builds up from spontaneous scattering, we must use the-
full quantum description, for example Eq (S -3a) with W ¥ n, (n +l)

and Wop « (n +1)n Sparks [S 25] has recently found a solution for
stimulated Raman osc1llation. There are numerous papers in the 1iterature
_on the theory of SRS, See, for example,.Refs. [S,3; S.26—30]. In this
,section, welshall discuss only the coupled;wave approach’for stimulated
Raman amplification [S.2l,22]. |

) B . : ) ’ /

$2.1 COUPLING OF PUMP AND STOKES WAVES

Consider the problem of SRS in a medium with energy levels shown

. A
in Fig. s.1. Let us first assume that only two frequency components,

1 2 1

Stokes scattering.) In the semiclassical description, these two com-

w and w, with w, > w2, are present (i.e., we consider only first—order

~

ponents of,the fields are represented by the waves
E1

'—>‘+"'
= gl exp (ik1 *r - iwlt)

> > -+
E2 = &2 exp (ik2 cr- iwzt): ‘7 » (8—4)
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In the steady-state case, they obey the wave equations

o 2 2

w 4w
4 Vx (WxE) -—4¢ «F =—L 33,
) Yooz 1Tt T2 1
2 2 !
w X w : 4w, " . ,
V x (V x Ez) - —2—-22 . EZ = ——Eg—1§(3)(w2) (8-5)

c c

where the nonlinear polarizations ﬁNL in a medium with inversion symmetry

’

are given by [S.31]

\ ' .,§(3)(w1) (X13)|E | (3)|E I )E

§(3)(w2)~ (XR3)|E |2 + x23)|E | )E (S-6)

(3

where ¥ are third-order nonlinear susceptibilities,

We then see clearly that the ‘two wave equations'in Eq. (S-5) are

(3 (3‘

actually coupled with each other through the x terms in P . This

coupling between E and E2 ‘causes effective energy tranSfér between the

1
(3)

two_waves. In this respect XR are known as Raman susceptibilities

(3) (3) 3(3 )

The x and x terms in P sinply modify the“dielectric constants

E(wl) and e(wz) in Eg.'(SJS). They are responsible for self-focusing

of high-intensity beams with finite.cross-sections. In thehfollowing,'

W '~ we shall, however, assume infinite/plane wave propagation in the medium
.and hence we shall neglect x{;) and x(3).

’ . N N
Consider the waves propagating along Z. For cubic or isotropic

media, V x (V xE) = - BZE/BZZ} If the energy transfer between‘ﬁi and EZ

and 8é>can be considered as siowly varying functions
: , _ , _

o~

' is not so rapid that ﬁl
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(Iézﬁ/ézzl <»k|3ﬁ/32|),'then Eq. (S-5) reduces to

1(21Tw /e )X(B)IE | &

8&1/32

38,/0z i(an /c k )x(3)|E | &, S (8T

where k = wéllz/c. FromrEq.'(S—7), we obtain -

- - m /et (@ x(3))I8 )8,

a|&1|2/§z

218,12 /02 = -tumi/tep amxg Py (g P8, 1% s-8)

We can now compare the second equation in Eq. (S-8) directly with Eq. (S-3),

knowing |&2|28(m1)/2n = nhw,. We then immediately find

2 72
N ;
= -l /P (1 xS |8 |2
R R2
(3) ) —0461 . : . l» : (3) ,
Xj2 = T3 /7 (py=pg) AT Gy fi) 17T dQ + g2 Iy (5-9)

19282 P4

We assume here g(Aw) is a Lorentzian and ()(I({3))NR is the non-resonant term

due to non-resonant virtual,transition, This yields a microspopic ex- -~

3 o | . o

pression for x

<L

xég) NIMfiI (o, - pf)/h[(wl )" fi) -iT] + (xé3)) L (5-10)

If the:field at w; is not at resdnance with some direct transitions

s
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in the medium, then for each photon absorbéd at wl,.there is a phofon

emitted at Wy« Applying this $onservation law to Eq. (S—8)§ we readily

.'w, » ) f ind - ‘
- S | I I ¢ )
' - o C, ImXRl - ImXRZ

/

-and with the help of the Kramers-Kronig relation, we obtain

RN oM G

which is the well—knéwn symmetry relation for Raman suscgptibi}ities
- [s.31].
, ’ ’ 1/2 2
With the conservation of number of photons, [€° (w1)|81[ /wl +

+ 61/2(Q2)|&2l2/w2] = K, the solution of Eq. (5-8) is .

1/2

‘ 2 _ 92 ‘ S
&, (2] 5o o e z/e 2w e, |2
|8, (@) | 2w x/e 2wy [8,00) | 2w /et )
| 2 _’ 2 - |
eyt _ |&, (0| e+w2KGRz/€1/2(w2)|&1|2-
&, () | 2w/ 2wy 18,00 ] w /e P (w))] - |
g ' (s-12)

s

oo : If |8l|2'>;|82[2, we have the familiar result

1

)

|8,(2) |2 = 18,0512 exp (Gy2) s

1
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which shows explicitly the erpdnential growth of the Stokes field.
In the case where the pump and Stokes waves propagate into the

" ‘medium with a plane boundary at z = 0 along directions othervthanbﬁ;‘the'

wave vect‘ors'k’1 and k, in Eq. (S-8) should be replaeed by the projectiohs

2

of Elbandvﬁz along 2. .This is obvious since & “and & arevonlyvfunctions.

1 2

of z.

52.2 RAMAN SUSCEPTIBILITIES
(3)

The.mlcroscoplc expression for X ‘can of course be oBtained
directly from quantum mechanical perturbation calculation. The deriva-
tion is Straightfbrward but tedious.[S.ZZ, 31,3é}.' We ‘can, however,-
derive it very simply by reelizing that so far as rhe response of the
méteriai‘tp rhe field is concerned, a two-photon process can be considered
as an equivalent one-photon process. .

Consider'the two;photon rransiridn probability given by Eq. (S-1).
It.can be obtalned directly from first-order perturbation if we regard
the transition as a “direct transition with an effective interaction

I

Hamiltonian 7 | _ ) ’ "’

* * . . ) .
J{" ] = - . ‘ ) p - -
Sff MEIF2 + complex.conjdgate (c.c.). _ | (s-14)

o/

1/2

This can be proved readily if we remember E = (2ﬂhc2/w) a and

*
E = (2ﬂh /w) 1/2 a+, and use the golden rule to derive dwfi/d(hw).

Simllarly, we can also derive x( ) by dsing-ﬂéff in the equation
'fpr linear‘polarization [S.33]. We then have for the third—order.nope

—)(3)’ : , y . ‘ . g

linear polarization P

o
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~ . —)(3) - A . 0(3)
"1 T T €1 " Xp1

. 5 ok l<they| 200
*E = E, (s-15)

E.E,. = -N :
172 2v h(@l—wz—wfi+if) 1

where for simplicity, we have neglected the non-resonant term. This
(3) _ (3% _ ek .

equation together with Xga = Xp1 = &1 * X1 .elezé leads immediately
to the same microscopic equation for’xR2 given in Eq. (S-10) with

(3)y . - | ’
(XRZ )NR neglected. - _

More generally, Eq.(S-10) can also be derived By cdnsidering the
states |i> and |f> being coherently admiked by the interaction Hamiltonian
ﬂ;ff. Let us denote the perturbed states as |i'> and [£'>. They should

obéy the Schrodingér equation

-3 L . . ' t
ih3<f'] /3t = <£ |(m;+m;ff

(s-16) -

tha|i'>/ot (mg+a2ff)ji'>

where ﬂg is the unperturbed Hamiltonian for the material system. If
we use the interaction representatibn,.we then have in the first-order

appfoximation

.i - . " - i_ . P - ) . €Q_17
—h(lat wfi+1F)<f |i> = h(iat _wfi+1F)<f|1 > = <f|ﬂ;ff|1>. . (S ;7)

Here, we have inserted a phenomenological damping constant ' for w

£fi®
With ﬂéff in Eq. (S-14), the solution of Eq. (S-l?)'at freqﬁency wl-mz
is ' | |
- ' = 14! = - ‘ =), i -
<f'i> = <fli™> M E B/ (w) -0, wfi+1r). (5-18)
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The nonlinear polarization induced by this perturbation is given

by

,P(3)(w

. * . o ) .
= ] ~
R A SO

* .
2~ ' . \J
=(<f|1i"> py -+ <f |1> P, B

* ' o
= [ ' - : -
<f'|1"> (py pf)NMfiEI. (s-19)
Here again, we have considered only the resonant term. gsing the ‘ex~

pression for <f|i'> in Eq. (S-18), we obtain again the same microscopic

(3)

expression for XR2 .

A matter of interest here is that we can consider wi = <f|i'$ and
wf = <f'li> P = wi = -VWf) physically as excitat;onal;wavés (at fre-

quency

1” wz) in the medium [S.16]. They are codpled with El and Ez.

. via the coupling energy

<I' >

T LT A CPPIE

eff o f
| = ( gy | | (5-20)
e . . = = Mfi pi = Df)El 2‘1’ + c.c. o R B (S" ) .
Following Eq. (§-17), thesé two waves obey the driven wave equations ) S8
I<H _ >
e O - _eff *
h(iBt “Wey + iF)q)i =+ —5 = MfiElEZ
(s-21)
I<H _ > - -
9 . _ eff - _ _ *
h(iat —Wey + 1r)wf = - —— MfiElEZ'

- *
3(p V)

~
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Through the coupling with B, and E,, these excitational waves induce the

nonlinear polarizations

(3) Y 1 ' * _ * N -
P 1(“’1? - N3<?}Ceff>/3E1 = NMfiEzlP(pi pf)

PP, = - noat_ >/0E; = W E W (0,-0,) | (5-22)
which then in turn act as the sources in the driven wave equations for
l.and E tin Eq. (s—S)vu Stimulated Raman scattering (SRS) is now simply
the result of nonlinear coupling of the three waves wi ' wf; El;hand.
2,and can be obtained from the solution of the coupled Eqs (58-5) and
(s-21). Note that exeept the population factors Py and Pe whiCh appear
rto'have quantum'origins; we can now treat both the matetial excitationb

and the radiation as classical waves and SRS as the result of'nonlinear

.7

I3

coupling of these classical waves.

We:hane so far assumed p and pf constant. ﬁowevet;-when the‘field'
intensities are high so that the Raman transition probability Wif
large, the populatlons 04 and Pg can be changed appreciably during the

A Raman process. Directly from physical consideration we can write

.‘the rate equations for pi and Pe as [S. 32 34]
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30, oy
ot (Wfipi ifpf) + ( Bt)damping
dy - 3o, | | |
ot (wfipi Wigpg) * ( Bt)damping o T
* ‘ x ' -
| P D)y o |
hugs (Wegoy Wigpe) = 313 B+ ¢ Ep * cren : -
1

o -k
= E-iwfiN[MfiElEzw - M ;E Ezwl(p o). } (5-23)

Pt

~In the simple case where (ap/at) is dominated by random relaxation..

“damping
_between |i> and |f> we: have
Bp = p - pf = - (oy = 0))
3o, Ap N o
ot T T, = (wfipi ifpf) : - (S-24)

where pi and pz are the populatibns at thermal equilibrium, and Tl is the

vyell—known longitudinal relaxation fime.as distinguished from the trans-
've;se relaxa;ion timeszAE l/F. Raman transitions and Rgman suScéptibiiities
in this séturatién limit are thebsﬁbject of discussion‘in'Ref.-[S.32].

The above discﬁssion deals with localized electronic excitafions.
but the.géneral formalisﬁ is of courée valid “for a;y ﬁéteriai egéifatipn,
e.g., molecular vibration, phénon, [S.22] magnon [S.35], exciton,
plasmonk[S.36], polariton [S.37]; etc. The wave equations are generally
different for'différent types of excifations; Eq. (5-21) should thérefore

be replaced by wave equationg appropriate for the exditation‘involved in
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. in Egs. (S-21) and (5-22) should

the problem. - The coupling constant M,
also Be éhanged accordingly. There is also the difference betﬁeen_bosoﬁ—
type excitations and localized eicitationé between two levels. For localized
excitationg,’we use Eq. (5-24), but for.boson-type excitations, we have

wfipi « l+§w, Wifpf_m nw, and Cg% + éi)(nwv— E@) = wfipi - Wifpf’ where nw

is the éverage-number of boséns at thermal.equilibrium. The genera} formal-
ism is- also valid for anybtwo—photon transition pr6cess. For example, it

can be applied to the problem of two-photon absorption and second-harmonic

generation near an excitonic resonance, e.g., in CuCl [S.38-40].

8.2.3 fARAMETRIC COUPLING BEiWEEN PHOTONS AND PHONONS
" In this section, we consider the special case where moleéular
vibrations?or phonons in the medium are being excited in the Raman process.
This 'is the most impoftant'case since at least:90% of the published Raman
' quk'deals with Raman.séattering'by molecular vibrationS'Or phonons. We
- can of»coUrse use quantum mechanics to describe'molecular vibration or phonons
[s.3,25]. Howevef, as shown in the previous section, we can describe stimula-
téd-RamAn amplification classically as.thé result of paramgtrié coupling bétween
electromagnetic wavesjand material excitationalfwaves: We shall present
oniy the classical description here [S.22]. ’
Let us consider first‘thé‘coupling between photon and phonon waves.l
It is governed by tﬁe interaction‘energy of Eq.~($—20) with w,ieplaced
/

3 = wl—wz.

= ~(30/3Q)E Q" + c.c.,

by (2w3/h)l 2Q where Q is the phonon ‘wave at frequency w

Comparing with the usual expression of <M;ff>
we have Mfi = (8&/8Q)/(2w3/h)1/2 where o is the péiarizabiiity[S.ZZ]. The

coupling constant M_, can also be obtained from the general’ expression

fi
of M in Eq. (S-1). As shown in Eqs. (S-9) and'(S-lO);vthe s?ontaneous”
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- Raman scattering cross-section do/dQ is directly propoftional to ‘M
We shall not go further into the detailed microscopic'theory‘of do/aQ for

this case since it has already been dealt with in the other chapters'of
| this book. For our purposes, we only need to remember that_the:00Upling
~ _constant M

fi

can be easily deduced from the spontanedus Raman' cross-
sections do/df. R . 4 o -

The wave equation. for phonons is given by fS,ZZ]-‘

| 2.3 F . k-
, BV 4 o2 * 20 g tup1Q = - 32 /8Q (pympy)
h fi71°2 - '

\

where B is a constant wﬁich characﬁérizeé the phénon dispersion near
k =0, wy is the phonon'frequency at k = 0, and T is again the damping
‘constant. SRS by phonons is then fully described by the séiution of fhe
three coupled wave equations (§-25), and (S-5), whgre"P(3)(wl) and )
P(3)(mé) are given by Eé. (S—22).with wi = - wf replaced by (2w3/h)1/?Q;

Several different cases‘arise depeﬁdingron the values of B and W, -
If B < 0, and-'wo = 0, then Eq. (S=25) ig’the equation for an acoustic
wave,. Stimulated light scattering by acoub;ic phonons is known as
stimulated Briilouin scattéring‘[S.41]. fromvthe above discuééion we
see*cleafly that stimulated Brillouin scattering is simply a special
class of SRS.  We shall not discuss stimulatearBrillouiﬁ scattering any
further in this review article. Fpr optical phonon Waves, welhave

<

W, # 0 and B # 0 (usually B > 0). In the limit where interaction
.between molecules is negligible, the optical phonons become dispersionless
and reduce essentially to molecular vibrations., - It is SRS by optical

- phonons or molecular vibrations which one normally encounters in the

studies of SRS.
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"with the waves at w, * w

s
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The wave vector of photons and’phonons involved in SRS is of the
ordertof'lo5 cmfl"o; less. Hence, the BVZQ-term in Eq. (8-25) for

optical phonons is often negligible. -We then have

o 12, ok, 2 2
Q == Qua/h) ™ M B By Twg™ - w

£1 + 2w3P] | (5-26)

where w, = wl'— wé. From Eq. (S-22) with the non-resonant térm\iﬁcluded,

N
4

3.

~ W : : ' L
3 o : o

o 2 . )e R
X = - P Mg D g (52D

which is identical to Eq. (S-10). Consequenﬁly,vthe expression for the

Raman gain G, in Eq. (5-9) and the solution of the coupled wave equations

R
in Eq. (S-12) (aésgming Py and Pg constant) are still valid for the

present case.

S.2.4 STOKES - ANTISTOKES COUPLING
We have assumed so far that in SRS only electromagnetic waves at

wy and w, are present in the medium. .Wé'shall now see .that in general

~ Stokes and antiStokes waves (wl t w3) are in fact simultaneouslyvgeherated

in the stimulatéd Raman process, even at 0°K. This is very different

from the spontaneous scattering case where no antiStokes scattering

occurs at 0°K.
We can see most clearly the simultaneous Stokes - antiStokes generation

from the coupled wave approach."The incoming wave at wl first beats

, to drive the material excitational wave at

173
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w The material ekcitat;on in turn beats with the incoming wave at

3°

w, to create honlinear-polarizationslat w

+
1 1 Y3

linearfpolarizations then act as the sources to amplify \Stokés (wl - w3)f'

[S.26,27]. These non-
and,antiStokes (wl + w3) waves in the medium.
Let us hse subindices s and a to denote Stokes and antiStokes

' respectively. Then, we Have w, - @ = @ - 0, =.0

| 1 s a 1 3° The interaction

energy for coupling between Ei, Eé, Ea’ and Y is

L ‘ k% a ' R -

<'>=-\S - - M - . -

Hers Mg (Py=PIE BV = My (o= B E1¥ + coc. (5-28)

o s ., ..a ' ; ) ‘ S : ", s

whe;e Mfiand Mfiare identical to Mfi’ gxcept that W, rep;aces w, in Mfi
and Qa and Wy replace wy and w, respectively in M;;. If dispersion in
Mfi is negligible, then M;} = M;i; The_ndnlinear polarizations at

¢

Wy W and w, are now given by

1

A .'*(3) __l ] ‘ ,* = 8 _. *

€s * P (wa) - Naém;ff>/aps _'NMfi(pi pf)Elw

P =>(3) \' o . * _ ‘ a.* _ ‘
€ * P (w) = NI >/O8 = NMp,) (py-pp)E ¥

8, - 3P

_ , '_* N s . * a_ k. _,'
1 NO<H ¢>/3E) = [(My) E_UHMCIE U J(Di el

2

. | (5-29)

- where we have not included the nonresonant terms. The driven wave equa-

tion for ¢ is ‘ ‘ iy
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s 1T e - e
T = = Me By s ~ MesPaFe

3 A
B T (530

Stokes and antiStokes generation in SRS is now governed by thelsolution
of the four coupled wave equétions, i.e., Eq. (5-30) and the wave equations
E, and E .

l’ s a" . ’ S ’ . .- : )
- We can first obtain Y. from Eq. (S-30):

for E

y = [Mfi lE + MAE E /B gmu, + 4D, | (s-31)

Thén,.with the above expression for Y inserted in Eq. (5-29), the wave

'équatioﬁs for El’ Es’ E_ in the steady state becomes [S.22]

8 -»[VX(Vxﬁl)

= (3)|E | E + (x(3) éz)*)ESEaE: + x;z)lEalel]

2 .
4w oo
‘ s (3) 2 (3)
[Xgg |Ey|Eg + x5, E

o V(TR )

o>

C s s C2

4w 2

c a a CZ

. P : (3) 2 x
.FVX(Van) x sa 1 s * Xaa
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-wheré_ )
3 _ ,. (3 5,2 o,
Xgs —‘(Xs R Lo (pi'pf)/h(w3‘9f1‘lr)
S L3 _ (3 s ak, oy : |
Xgg T gy dyp T W Mgy (PP /h(wgmug, -1D) e ' o
3 (3 ay2, . o
\Xaa - (Xaa )NR - NIMfil (pi—pf)/h(NB_wfiTir)' (8—33)

\

The solution of Eq. (S-32) is greatly simflified if we can neglect the
deple?ion of thé inéoming wave El in the SRS~procéss, since then we havev
just a set of two 1inearly'coupled equatiqns'for‘Es énd E;. ASsuming an-
isotréﬁic medium with a plane boundary at z=0 ana slowlylvarying

émplitudes for ES and Ea’ we readily find [S.22] (éee Fig. $.2)

- ' . > >
= [& i g : ik *r -
ES [ o+ exp(1AK+z) + . exp(14K_z)] exp(lks T - aszz)
D - 8 explnk.z) + & UK 2)] exp(eib » T - (iokta )zl
E, -’ St exp (i 42 f a- exp(i _z)] exp(--i\a r —‘(i k+aaz)z]
(5-34)
where ’ i k2 = w2€"'/C2
Mk =2k, -k -k ,  k = k3
z sz az ‘ z

ARE = Ak/2 * {(Ak/2)2 - (ar)a P2

| e 2,2 D 12 2,2 _
A= amw /eTk, ] X |El| , a, = u'e /e, = alk/k,).

i
1 -~ ¢

For simplicity, we have neglected here the dispersions of the absorptidh
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i

(3

. The more generalisolution
with the dispersion included can of course also be written down quite

straightforwardly. If 8S°“and &ab,are the boundary values of 83 at z = 0,

i

then we have
BBy = (R, = DA
) =,.[(_AK; 1) &+ 1K, - AK). - (S-35)

’A-nUmber»of_physical results follow immediately from the solution
in Eqs.(S-34) and (S;BS). -a) If the phase mismatch Ak is'sufficiently
large or X§2)|E1|2 sufficiently small so that |Ak|-> lk|,'then ;he3Stokés
and antiStokes fields are effectively decoupled. The two partsjqf the

solution reduce to
gAK:_éA‘_' - BR, = = A+ bk
¢ v : and . -
* ' : v . * _ ‘
183/e,| = sl <1 {1gka,| = 1w > 1.

(Note that - Im(k) =»GR/2). The first part corrésponds':o an almost pure

Stokes wave with an éxponential gain GR and the secohd part corresponds

‘to an almost pure ahtiStokES'wave.with a gain - GR:' These results are

what we should expect when there is little Stokes—antiStokes coupling as’
discussed in previous. sections. . ' We notice that at thermal
equilibrium, the almost pure antiStokes wave has a negative gain since -

its énérgy is now used in SRS to amplify the pump wave. b).’vathe
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linear phase matching condition Ak = 0 is satlsfied we find AK =0

and ]&a+/85|-= 1.  There is no exponential gain for both Stokes and

-antiStokes fields. -Althoughfthe Stokes-antiStokes coupling is maximum-

in this caSe;'the positive work done on the Stokes field is exactly com-
pensated bytthe negétiVe'work done on. the antiStokes field. This is d

well known in parametric amplifier theory where no gain can be obtained

v at w = W, W if the other side band at w = w, + w, is not suppreséed.

173 1 3
¢) As Ak gradually deviates from zero, the positive exponential gain

increases rapidly towards the value G, as shown in Fig. S.3, while the

R

* ,
corresponding lﬁalﬁsl decreases from 1 towards 0. Consequently, at some

value of |Ak|, the antiStokes power generated in this'SRS:process~goes

‘through a maximum. This is shown in Fig. S.4 for two different values

of G,z. We therefore expect that the antiStokes radiation appears in

R

‘the form of double cones in the k-space. For more details on the calcula-

tion, the readers should consult Ref. [S5.22]. We shall discuss the experi-v
mental results in terms of these theoretical predictions in a later section.
$.2.5 HIGHER-ORDER RAMAN EFFECTS.
Intense higher-order Stokes and antiStokes fields can also be
generated in SRS [S.5-10]. They are generated by the successively induced

(3

third-order nonlinear polarizations P at approprlate frequencies.

. For example, the second Stokes field E82 can be generated by

@B, L2k (3
P (m )  Xeg EE, +X sB ElEsEa “

They should appear most strongly around the phase-matching directions



<3

-25- - v - : LBL~2709

givenby k=% +% % anak =% 4L -%. m tion of
given by k_, = k_ s 1 & s2 K1 Tk a’ e generation o
second Stokes is clearly a higher-order effect since P( )(w ) here 1is
linearly proportional to the pump field |E1| while P(3)(m ) and P(3)(m )
are proportional to |E | . When the first Stokes E(w ) becomes intense

- : ‘ (3) (3)

enough, E g2 can also be generated through P (wsz) = X |E I E +

Xég) 2E 22° where E._ a2 is the second antiStokes. Similarly,_the nonlinearf
polarizations responsible for the generation of other higher-order Stokes
and antiStokes fields can be written down easily. The complete‘description
- of these higher-order stimulated Raman effects should- then be. obtained
from the solution of the many wave equations which are nonlinearly
counled through the nonlinear polarizations. This is of course a formidable
task in general.

In the special case where we can assume that only-Stokes waves along

+ 2 are generated, the set of coupled wave equations is,[S.22]

[9%/322 (g /D) IE) = -(4mul/e )x(3) £ | %E

[52/32* + (wses/cz)]Es = —(4Trw /c )[)((3)|E'1'|2 +X(§) lEszjlszS']

(877227 + (e ,/eD IR, = ~Chnu 5/ )[x(3)|E E +x(3)

\f 2 .
|Es3l ESZ]'
(S 36)
The solution of Eq. (S-36) obtained from numer1ca1 calculatlon for
infinite plane waves is shown in Fig.. S. 5 It is seen- that the first
Stokes power first increases gradually and then suddenly builds up to a

maximum value while the pump power gets almost completely depleted As z

increases further “the first Stokes power remains nearly constant for
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a while, and then again suddenly gets deblétéd into the second Stokes,
and so on. This was actually demonstrated in a/properly_designed’

experiment by Von der Linde et al [S.42], as we shall see later.

N

L+
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S.3 EXPERIMENfAL OﬁéERVATIONS
After the acciden;al discovery of‘SRS'in nitrobeniene;[s,é] in
1962, the subject of SRS soon attracted muéhygttentipn. ‘The eéflier
detailed experimental studies of SRS were mos;ly oh.liquids with large

\ .
Kerr constants. A typical setup is shown in Fig. S.6. It was then
realized that the observed Raman output was much\tpd intense to be
accounted by the theory. For example, from the spontaneous Raman data,

il

one, can calculate, by using Eq. (5-3), the maximum Raman gain for nitro-

- benzene to be 2.8 X 10—3

cm/MW (see &able s.1), i;e.,.in order to amplify
the Raman radi;tion froﬁ th;vnoise~1eve1 by e28 times in a 10-cm cell,

oné would need_an>input laser intensity of 1000 MW/cmz. The O-switched
léser pulse intensity used in the experimgﬁts was; however, always around
100 MW/cmz»or less, which shogld not be s;fficient to generate any
detectéple Ramaﬁ.radiation. This observed: gain anomaly [S.KB] together

" with many other related anomalous effects éuch as fofward?backward -
asymmetry {S.44],:spéctral broadening.[S.44], anomaious aﬂtiS;okes rings
tS.44,4$], etc., had stimulated a 10t-of:fesearch acitivites on'the
subject. Only several years later, peopie began to;understand,thatﬁost of
‘these anomaious effe;ts were actually induced by self-focusing Qf‘the
input beam [S.46]. Thefeforé, bef&re we compare the.experime;tal

results with the theory, we should discuss briefly how seif—fodusing

affects SRS.

S.3.1 ANOMALOUS EFFECTS DUE TO SELF-FOCUSING
The gain ahomalyvis iilustrated'in Fig. S.7. 'The curve of first
Stokes intensity versus input power shows a sharp threshold. The slope
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at the threshold yiel@s an anomglously la;ge Raman gain which cannot hg
understood from the theory of SRS. Now,_this'is kn;wn to bé a;e to self-
focusing. Self-focusing arises because of the exiStencé of a\ppsiﬁive
field*induqed.réfréctive index in the medium. Consider a beam with
finite'chSS;section;_ The central éortion, which is more intenée,’éees

a 1arger.réfré¢ﬁive index and therefore pfépagates @ore sloﬁly than the -
edge. Coﬁééﬁﬁéntly; thg_wavefrént is distorted. Since the rays should
always propagate perpendicular to the wévefront, they then appeér to

" bend towards the axis-aﬂd self—foéus to a point.  The'focus is at the

posifion [S.47].

20(8) = R/IR(E) - B 1

'

where K anvaCr are constants depending on the beam characteristics and
material properties. As the laser power P increases, Z; decreases.

When 2z first appears in the medium, the intense focus generates the Raman

f
tradiation readily. This then exp;éins the 6bserved sharp’Raman ﬁhreshold...
It has now beég.clearly established that SRS in self—focusing liéuids ig
"in fact always initiated from the focal region [5.48,49].
Self-focusing;also explains the forwardébackward asymmé;ry in SRS.
Fbr an input beam with.a finite cross4§ectiop,(the Raman intensities in
different directions-are expecﬁed té be different because of the different
" active lengths, bpt'thg forward and the backward Raman inteﬁsities aré
,suﬁposed to be equal By.symmetry7~ The experimental results in self-
foéusingwliquids, however, sh&w a clear forward-backward asymmetry, as

seen in Fig.'Sﬂ7.v This is again due to self~focusing. Since SRS is

1
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first initiated from the first focus at or near the end of the éell, the
‘ fofward and backward Raman radiétion should experience very different
Raman amplific;tion.v Moreover, the fact that the backward Raman
‘radiation always meets head-on with the undepleted incoming laser
beam could lead to afvery.short sub—nahésecond Réman pulse [S.SO];
Seif—focusing also imposes a strong)ftequency modulation on the
beam{ This then ékplains the observéd spectral broadening of both
laser and Raman radiatiqn in self—fpcusing iiquids [S.51].. In non-
seif—focuéing media, the spectral broadening may be due to successive
- beats of laser and Raman radiétion to many orders [S'.52,53]f
First-order antiStokes radiation should appear around the diréctions
defined by Ea = 2?1 - Es' However, in self-focusing liquids, another
cone of antiStokes radiation at somewhat larger angle from the axis can
often be observed [S.45]. This is.presumably dde‘to éntiStokes emitted

in the filamentary focal region, because the condition of phase matching

along the surface of the filament is now important [S.54].

S.3.2 RAMAN OSCILLATION IN NON—SELF—FOCUSIN@ MEDIA

Even‘in non—self;focusing media, study.of SRS using.thé setup in‘Fig.
S.6 shows a sharb threshold in the growth of Stokes inténsityvvérsus inpﬁt'
1§sef ﬁoWer. An example is shown in Fig. S.S, which givesfthé Stokes oqtpgt
versué thellaSef input in liquid nitfogen [S.SS]; Self—focuéing was'ﬁotb
observed in this case. As‘the laéer éower incfeases,‘the Stokes output
first increaées linearly as a result of quntaneousiscattering andlthen gfows
qﬁasi—gprnentially. At a certain input power ILi,_the Stokes oufput shows

a sudden rise. Finally, it levels off because of depletion of laser power.
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“This sharp. threshold was first believed to be due to feedback from
Rayleigh scattering [S.55)]. Very recently, Sparksv[S.25]'has'pointed
out that this is in faét_an intrinsic behavior:of’Raman,oécillation

' resulting frOm\parametric_instability. Using the full quantum. description

(Eq.  (5-=3a) With Wfipi « nl(n2+l)(n2+l)_,lwifpf o« (n1+l)n2n2, andj
(at + Tl)(n2 - na)»— wfipi - Wifpf’ where»n2 is the number of.thermally

excited phonons), he finds a solution of the coupled equations. His
célculated results for SRS in liquid N2 agree very wéll,withiexperimental
data, as shown in Fig. S.8. However, it should be poinfed oﬁt that for
liquid NZ’ i@ is prqbably more appropriate to use fﬁe localized molgéular'
vibration model rather than theAphopon_model, i.g;;‘we should use

pi,_pf,'and Eq. (5-24) instead of n and the differential equation for n

2 2°

5.3.3 RAMAN GAIN MEASUREMENTS

The setup in Fig. S.6vis of course only good for.studying.Raman
oscillation.  In order to study stimulatedIRaman amplification, oﬁe must-
not use a single oscillator system; but(should use a combined oscillator—'
amplifier sysfem [S.57]. A typical setﬁp is shown in Fig. S.9; The
Raman gain can be‘obtgined>by measuring the ratio of the Stokes input
té the Stokesvoutput of thé amplifier. In Fig. S.10, the results of
Lallemand gﬁhgl. [S.57] on hydrogen gas are shoﬁn to be in.good agreé-
'bment with ﬁhe fheofetical curve. Sﬁcﬁ'a Raman gain measgrement is,
' howévér, ﬁot Qery successful in self-focusing liquids because self—»
f§cusing.would occur in the amplifier before the amplification fathr

differs appreciably from 1. [S.58].
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S.3.4 ANTISTOKES AﬁD HIGHER-ORDER RAMAN RADIATION
Stimulated antiStokes radiation‘was first observed by Terhune [S.10].
"As .shown in Fig. S.11, it.appears in the férm of bright multi-colored
rings. Different rings often correspond to different orders qf anﬁiStokés.
In'liquids, antiStokés rings up to the 4th order can be easily photbgraphéd
on colof'film. Chiao and Stoicheff [S.12] showed in calcite that thé .
antiStokes is:actually emitted with cope.aﬁgles given by.the phase-matching
reiation Ea,n = Ka;nel + Kl - Ks,n’ where the integer n indicates the -

order. We may recall that the theory (Section S.2.4) predicts for the

first antiStokes a ring with a central dark band at the phase-matching

directions. The reason the dark band was not observed is presumably due
to tﬁe fact that a practical laser beam has é spread in the i—space
which tends‘to émear the dark band in the antiStokes ring.

Garmire made a detailed study on the antiStokes rings-produced'in
Self—focusing liquids [5.45]. Two sets of cones were obsgfved, ClaSsHI.
and Class_II. - Class i’appeared at thé_normél-phaseématéhing directibhs
and Class II at some anomalous directions pfegumably determined by
surfacebphase matghing along the filaﬁents created by éelf-focusing
15.45,54].

L Higher-order Stokgs fadiation ﬁas also been bbsgrved mostly along
the axis in fhe fprward and backward directions. Qﬁéntitétive studies of
generatiog of higher-order Stokes radiation are generally difficult
bécausé'of tﬁé m;nf competing qonlinear processes present. :Von'der Linde
g&_gl. [S.421 using subnanosecond laser pulses were, hoﬁ¢ver; able to |
carfy out-a quantitative study in a Speciél case. The shortvinput.puise

feffectively suppresses both the stimulated Brillouin scéttering and  the
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baCkWard Raman fadiation. Thé‘;féect>of self;focusing can also be
minimized byiﬁsing high pulse intensity. Then, the forward SRS becomes
the only effective nonlinear procéss in the medium. This is just the
cénditién-under which Eq._(S—36)wis valid. Figure S.12 shows that tﬁé: | -
egperimental results agree very well with the théoreticél-curves.calculated
from Eq. (S-36), takiﬁg into account the real beam profile;

S.3;5 STIMULATED ANTISTOKES ABSORPTION .

As seen in.Séction S.2.4, the gain of the stimulated first-order
antiStokes radiatioh is negative in directions where the Stokes-antiStokes
coupliné"iSMWeak.> With both iaserbénq antiStokeé radiation present; the
.lasér field will be amplified at thé ekpénse éf thé antiStokes. Thus,
if the laser beam and a beam from a bro;dband source arodnd w; propagates
together in the medium, we expect to find a dark absorption band at w,
in‘the bro;dbaqd output spectrum. Thié was observed by Jones and
- Stoicheff [S.59]; and has been suggested as a useful spéctroscopic tech~

nique to study molecular vibtatioh.

5.3.6 COMPETiTION BETWEEN DIFfERENT RAMAN MODES
Undef normal conditions with nanosecond pulse e;citation; only one
Raman mode which has the maximum Raman gain partiéipates inﬂSRS. Thié
is.usually the Raman mode with both large éross—seéﬁion apd narrow line-
wid;h. The effective depletion of laser power iﬁto this Raman mode for- X ’
bids SRS to occur with other Raman modes. In transient SRS, it is;
however; pOssiblé to have several Raman modes show up simultaneously, as

we shall see later.
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'S.3.7 COMPEfITiON‘BEfWEEﬁ STIMULATED RAMAN éCAITERING AND OTHER NON-
: | o LINEAR OPTICAL PROCESSES } |
We héve aiready seén‘the efféct of self—focusiﬁg on SRS.: Ofﬁer
hénlinear processes, such.as stimulatéd Brillouin scattérihg, two-photon
 aB$orption,'etc., ﬁayralsb afféct SRS. They.may cohpete with SRS in
depleting the laser ﬁbwer and consequently suppress SRS‘[SJSO]t Quanti-
‘tative studies of ‘the influence of other nohlinear processes on- SRS have

not yet been done.

'§.3.8 STIMULATED RAMAN SCATTERING IN SOLIDS -
We give in Table S.2 a list of crystals in which SRS has been
observed. The study of SRS in érystals has not been as extensive as

in liquids mainly because a crystal is less flexible forlinvestigation

than a liquid and often much more expensive. ' .

S.4 STIMULATED POLARITON SCATTERING

In more general cases, the material excitation Y discussed in

SectionS.2 can bevexcited not only by Raman:prpcess'(or twq—photoh), but
also byldirect infrared (one-photon) absorption. In other words,vthe
_'éxcitation is bofh infrared‘and Raman active. Thié hapbens fof example
with phonons in polar crystéls, Coupling of latﬁice vibration and
infrared wave was first studied by Huang [S.60].7.In general,.the miged
e#éitatioqal ﬁave resulting from direct c@upling.of-photon gnd‘material_.
excitation ié known as polaritpn-[S.6], and obeys the so-called polariton

dispersion curve.



-34- R ' LBL-2709 -

P -

‘SRS in such”aMmedium will excite the mixed infrared and materiali
excitational Wave or simply the polaritenvwave,:énd therefore‘is called
st1mu1ated polariton scatterlng (sps). ‘The theery of SPS has\been diseussed
by Loudon [S 37], by Butcher _E__l [s. 37], by Shen [S 62], by Henry
| and Garrett [S 63], and by many others [S 64] We shall.present the“
coupled—weve approach here [S.l6,62]. | - |

Consider fouf-waves.inferactigg Qitheege another in SPS: the leser
.El’ ehe Stokes ES, the infrared.Ej, and the material egtitation w. If
we assume negligible depletion of the laser po&er, then the wa§e>equatﬁons

for the other three waves can_be_written as (see Section S.2)
. . . / .

&

- (4ﬂw /cZ)PNL(w )

17+ i ke,

- (lmw e )[P(l)(w )y + pOE ()]

v? 4 (Q§s3/c?)'-]a-3

e g o(1) . NL o
vh(w3 in + iy = F + F , (S—37),,
where w3.=‘w1 - ws. | |
. We ﬁave assumed P has negligible dispersion and has a resonant

frequency wfzﬁ The direct.coupling between E3 and y leads to an effective

interaction enefgy ’

(1)
<JCeff

> = - NAfi(pi -pf).w E3 + c,c. | 5 (S-38)

where Af1E3 = <f|x']|i> and H' is the usual interaction Hamiltonian between

light and matter. We theﬁ‘ obtain ~
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B(l)(w3> = - 3<K(l)>/aE A:i (pi - Df)w
LCO R a<:fc(1)>/a[w N(pi PPl = - AgyEs.

The nonlinear coupling between waves leads to

I s - -, - pIEEY - xPEEE + c.c.
eff f? i f lxs 1873
from which we find
: _PNL£ws) = X<2)E1;§+ Nt (py "‘I‘Df)El"’*~
Py - xPrye
AL ; -yEiEIFZT R
#limination of ¥ in Eq. (5-37) yields [S.16]
‘[Vz + <w§/°2>?€:>eff]?: = - (4“w /< X(ii 153
v? + <w§/»c2) () gglEq = - (4mwl/c)) x<?f)fE1Es

where

,(2)

" LBL-2709

- (S-39)

(S-40)

({S—Z}l)

(S-42)



36~ - LBL-2709

") =€ + 47 |E |2
& ets L AT Xg 1Ry
(3) - s (2 - | i ]
Xg == NIME T ey - e /b (uy gy + 1D
€ . =t -Nla]? (b, - 0/, - 0, + iT)
Fefr.~ 3 g1l Py 7 Pl /R0y = Wy
(@ @ L ]
Xegg =X~ ~ N Afle (py = P)/Mlwy — wgy +4D).
0o - ' ' (5-43)
We have assumed for 51mp11city that Afi fi is real.’lNote that :

/2

= (w /c) (e )l gives the polarlton disper81on curve.

The‘equations in (S-42) are in the same form as the wave equations
governing.ﬁarametric amblificati§niis.65]. They'are alsovéimiiar,tp
Eq. (S-32) for Stokes—antiStokes coupling. The‘solution of Eq. (S—42’.
.,ris also similar to ﬁqs. (S—34;35)‘and can beeritten down easily. For
waves propagating into a mgdium with a plane boundary at z = 0, we have

: : ‘

[S.16]



where

Ak

i+

: *
&, /8|
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*-

* . ) - * )
[6_, exp(i0K z) + & _ exp(ilK_2)] exp(-tk_ + ¥)

&5, 3-

exp(iAK+z) + & eXp(iAK_z)] exp(iic)'3 . ; + iAkz) (S-44)

v 1/2
(@/0) (e )

L
klz - ksz - k32’ kz = k-2 ' ’
1 , 1 2 1/2

7Yy — Y3) 3 [(Ys + Y3{. ~ 4A]

s
'(ké/stz)(ias + ZkR?

2 2 2
(ws/zkszc )4ﬂXR|E1l

= Ak - i(kg/2ky Yo, o . L

_ ‘4n2w:Q§/é2kszk3z)(Xéii)zlEl I ' ‘
(wgk Jwli, )2 A2k, Yl |  (5-45)

sz’ '8 3z

The gain corresponds to G = -2 Im(AK,). We consider only the mode with

G:> 0.
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Two speciel cases should be mentioned here. First,'if‘there is

neither linear nor nonlinear coupling between E and the other waves,

3
(2) :

i,e., A.. =0 ahd:x = 0, then the problem reduces to Stokes‘generation

fi
with G = GR; Second, if the nonlinear\coupling'Betweeﬁ ¥ and ES vahishes,‘

i;e-g,MEi'ﬁ_b; then the pfoblem reduces to the simple case of parametric.
amplification [S.65]. The expressions of G and |83/8S[ given here also
‘reduce to those of Henry.and Garrett [S.63] when { is replaced by

(2w /h)l/zQ, the absorption coefficient a_ is neglected, and g, is assumed
3 s . 3

to be real. :

For given w3; the gain is a maximum at phase matching Ak = 0 if tﬁe

resonance at g, is sufficiently narrow. Heﬁry and Garrett [S.63] have

o . . ’ ) % '
calculated G __ ‘and the corresponding !83/8Sl for GaP at frequencies
around the 366 - cm--1 phonon mode. " Theif results are shown inMFig. S.13.

In this case, only a small section below w , = w can be phase matched.

fi
(2 ) of Eq. (S-43) are of»obpqsite signs for Wy < wé .

in GaP. As a result, Gmax gradually reduces to zétb;ﬁé w3 -+ 250 cm_l.

~ The two terms in X

Sussman [S.66] has made similér calculations-fof the 248 - cm—l phonon

3
(2) )

X are now of the same sign for w, < @ and hence G increases
eff v - o . max

mode of LiNbO,. The results are shown in Fig. S.14. The two terms in

3

« . .
gradually for w3 Wy

Experimentally, SPS was first observed in LiNbO by Kurtz et al.

3
[S 13] Gelbwachs et al. [S 14] demonstrated the fact that the Stokes

.frequency can be tuned over a narrow range by adJusting the relatlve

angle between k and k to achieve phase matching with w sitting on
. 1 s g

3

the polariton. dispersion curve. In a resonator, up to 70% of the laser -

vpoﬁer can be converted into Stokes. Since the infrared E3 should be
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generated gimultaneousiy with the Stokes wave Es, ﬁPS-canvalso bé used
to generate tunable coherent far—inffared generation. Using a 1-MW
Q-switched ruby laser beam of,ébout 2mmjin diameter éqd a lens of 50 cm
in focal length to focus the beam iqto a 3.3—cﬁ a—axis LiNbO3 crystal,
Yarborough et al. [S.67] have Qetecfed a far—infrafedboﬁtput with a peak
power of 5 watts and a ﬁuﬁihg rangevfrom 50 to 238 cm_l; Unfo;tunately,

3

used in order to avoid spatial inhomogeneity in the beam which ihcreasevthe

"LiNbO., has a low damage threshold. A good single—mode laser should be-

damage probability. _Observation of far-infrared output by SPS in quartz

‘has also been réported [S.68]. -

O

S.5 STIMULATED SPIN-FLIP RAMAN EMISSION
We have emphasized in the previous sections that the’maﬁerial
excitations in§olved in SRS can also be eleptronic'éxcitatiOnsﬁ A case .
of special interest is SRS in n-type InSb by.electrons m;king spin-flip .
-transition.i The corresponding Réman process.is shown §chemati;aily in |
Fig. S.15. -
Spontaneous_spin;flip Raman scattering was first obéervedvby Slusher
et al. [S.69] following tﬁe theoretical predictions of Wolff [S.70] and
Yafet [S.7i].‘ Yafet showe@ that the Raman fransition between the spin-up
>and spin—down states can be considered as a direct transition govefﬁed
by an effective interaction Hamiltonian
2 ' '.e2~ o Eghwl
Hore = C9) I oy
s° 8 1

Qy
~
g
L
>4
*
—

5] - (s-46)

where m is the spin mass which is related to the free electron mass m



40— - " LBL-2709

and the spin g factor by ﬁ;\= 2m/1g|, Eé.is the band gap, wy is the

- . : > -> :
incoming light frequency, 0 is the spin operator, and Al and A2 are the

vector fields of the incoming and scattered radiation respectively. The

spin—flip frequency or the Raman - frequency shift is

Mw=2gu B (sA)

where UB" ’i:e Bohr magneton and B is the applled magnetic field. ' From

the first golden rule and Eq. (8-46), we find ‘readily the spin-flip

" Raman cross-section as . v .

do/dR) g = (e¥/m_c 2y 2wy /o)) (B o /<E - 2wi)12 , (S-48)

> N
for Al perpendicular to A2. .
,in InSb, since g-= 50, we have m, = 0.04 m and if Eghwl ~ (E

(do/dQ)SF would be about 600 times larger than the Thomas scattering -

2 2
wl) *

cross-section for free electrons. With resonant enhancement, (do/dQ)SF

can be even much larger.
~

.Using a 002 laser ( w = 940Tcm-1), Slusher et -al. [S.69] found ,
.experimentally in InSb (do/dQ)SF = 10—23 cmz/sr which agrees fairly well

with the theoretical prediction from Eq.(S-48)..With a CO laser (wl.= 1880 cm_1

while E /h = 1900-cm‘1), Brueck and Mooradian [S.72] observed a-strong

resonant enhancement and found (do/dQ)SF can be 105 times ‘larger than

'the Thomas cross-section (see Fig. S. 16) The epin—flip_Raman linewidth

is also extremely narrow at low temperatures. Depeﬁding on the carrier
. . . . :

~

: -> -> > , .
concentration and ks « B where ks is the scattering wave vector, the
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 half width [ can be as small as 0.15 ém—l at n=1X 1016 ¢m_3. [s.73].
The above spontaneous scattering data.clearly suggest that spin-flip
SRS can easily be seén in InSb., By assuming a Lorentzian Ramanxlinev

with a half width I' = 2 Cm—l and using Eq. (S-3) with Py = Pe = 1, we.

f
find a spin-flip Raman gain GR =1,7 % 10-75 I cm—l in an n-type InSb with

16

"n=N=3x 10° cm_3, where I is the CO, laser intensity in W/cmz. [S.74].

2

As seen in Table S.1, this is the largest known Raman gain for all
"materials. The gain can be increased further by adjusting n appropriately

vwith,respéct to I' and by moving"hwl towards Eg' With a CO laser,

4-I

GR“becomes 6 x 10~ cm-l for the same n according to Eq. (S-48).

From the calculated gain, one expects that.spin-flip SRS can be

3 W/C';.n2 at
!

generated in InSb of fgw mm in'length with'a.beam of ~ 10

10.6 um (COz‘laser) or ~ 103 W/cm2 a£‘5.3 um (CO iaser). Patel anq

. Shaw [S.15] first obgervéd spiﬁ—fiip»SRS inlInSb using a Q-switched CO2

. laser at 10.6 uﬁ as the pump; With an inﬁut peak power of 1 KW focused

‘vin;o an area of 10'-3 cmz in a samplé of « 5 mm long and n = 10f16.cm—3

at T =~ 18°K, they bbtéined a Stokes peak power of.lo W. The Stokes

frequency was tuned by an applied magnetic fiel& éccording t§ Ed. (S-47).

It was varied from 10.9 to 13.0 um with B changing from 15 to‘106 KG'

Y[S:74]. This then yields a practical tqnéblé coherent'source in the

infréred. }Thé Stokes output had a.linewidth less than 0.03 cm-l [S.74];
Breuck and Mooradiaﬁ [S.75] found that spin-flip SRS iﬁ InSb cbuld

!

also be operated on the CW . basis with a CO laser at 5.3 um as.thé pump.,

Using a>siﬁgle*mode CO laser beam focused into an area of . 5. X 10—5 cm2

in a 4.8-mm InSb with n z'1016 cm.-3 at T = 30°K, they obtained an SRS

threshold of less than 50 mw; a power céqversion‘efficiency of 50%, and
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an output power in exceSS of 1 W, De.Silets and Patel [S.76] have |
achleved a conversion efficiency of 80% with samples in- a low magnetlc
Vfield. The cw Stokes output can have a linewidth less than 1 KHz [S. 77]
| Antlstokes radiation and Stokes radiatlon'up to the .4th qrder have
been observed.in the spin—flip Réman)oscillator (S.75,76,78,79]. The
antiStokes is generated thtough couplicg tolthe Stokes (Sectioc 5.2.4) | X
and the nth-order Stokesjie'éenerated by the (n~1) th-order Stckes (Section |
5.2.5). o o . | ’

o fhe epin—flip transition can also be excited directly.byvan infrafed
wave thrcugh magnetic—dipole interaction. The interaction Hamiltoniani

¢

forvthié,directvprocess is -

. > ' :
n = - ghy 0 * B, L (5-49)

Since the spin-flip excitatioﬁ can be excited by both the_Raman ﬁrocess
and direct absofption, we should in fact use the theory of stimulated
polariton scattering in Section S.4 to describe the Spln—fllp SRS. 1In
this case, the effective interaction energies <K( )> and <ﬂNL > in'

Eqs. (S-38) and (S-40) can be easily obtained from Eqs..(S-49) and (S- 46),}

fi f1 .
Eqs. (5-44,45) is then.directly applicable to spin-flip SRS.

and hence A_, and M_, are readily known [S.16]. The solution in’

‘In the present case, weAalways have (YS'+ Y3)2 > A because the background

absorption at m3

is almost exactly equal to the stimulated Raman gdin assuming A = 0, as

is strong. As a result, the stimulated polariton gain

.shown in Fig. S.17.  We should, however, note that in stimulated polariton

scattering, we expect to have the far-infrared generated together with
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the Stokes. In Fig. §.17, we have also shown the ratio of the far-
/ i £
infrared output to the Stokes output for the collinea; phase—%ismatching'
case and for the non-collinear phaée;matching ¢ase. The.noﬁ—collinéar
phaseQmatching case appears to have a stronger far-infrared output.
No observation of direct far-infrared output from a sﬁin—flip Raman
oscillator has been reported yet, and only the’éolliﬁear:phése—néhmatéhing/v

case has been tried,[S.80]. However, by feediﬁg both the laser and the

Stokes into an InSb crystal, pulsed far-infrared output has been detected.

e

Its maximum appearé right at resonance [S.81]. The‘iesultsfagrée very
well with what the theAry of stimulated polariton scattefing>w0uld predict
[S.16,82]. The far—inffated output from InSB can of course be tuned over
thé same frequency range as the Stokes-[S.SB]. This tberefofe gives us

a potential far—infféred soufce wﬁich is inteﬁSe, cohereﬁt; and tunable.
It is;pdssible:tﬁat the’cw spin-flip SRS can also,leaa to a cw tunéble

v

far-infrared source of extremely narrow linewidth.

S.6 TRAﬁSIENT.STIMﬁLATED RAMAN SCATTERING

We haﬁe so far considered only the steady—ététe case of stimulated
Raman emission.. This is manifested by the time-independenﬁ wave equations
we used in the theory. In the expefiménts, however, léser pulses are
often used}‘.Therefore, inlgeﬁeral; we cannot neglect the time-dependence
in the wave ‘equations.

We can, howeve, still assume slow amplitudéAVariation of the fields;
The time-dependent wave quatiqns corresponding to Eqs. (S-5, 25, 32).for

infinite plaﬁe waves propagatiﬁg along Z in an isotropic medium are
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‘ 9
) 21w ' o
(az + 5 at) 81(Z,t) = 1( . ).N(Mfi) (pi pf?-&zA _
1 c k : ‘
- \ 1
" ‘ : . 2 ,
n : S 2mwT . PR

S, 13 Pt N *

Gz +v_ 30 &0 =107 Moy - o &4
i . ' ¢ s
o DR v S e - | L . _t
\h(a/atv+1F)A(z,t) AM &1§S o (8-50)

where 81 and &2 are défined in Eq. (S-4), A is defined through the relation

_wt= A exP[i(kl —_ks)z‘— imfit], ws =

vy = wfi’ vy and)vS are the group '

velocities at w; and w, respectively.
Consider first the case where the amplitude variations of El and E”
are sufflciently slow,. so that [BA/BtI is negligible’ compared with IFAI

Then, the material excitation A(z,t) = i M3 8 /AT follows almost

fi ls
_instantaneously the time variation of 8185.‘ If the dispersion of the
medium is also negliglble, then vy = Vg By transformation of variables
\ .

z' =2z and t'' =t - z/v, Eq. (5-50) reduces to

9, /02" = 1(omd ek ) xS la e, R
% /3z' = i(2m’ )/c k, ) X 3)'8 12
ol R
(3) _ s 2 ' ~ :
Xg | = N|Mfi| (pi‘—.pf)ihr. , : o (8-51)

These equations are identical to Eq. (5=7) except ¢that 81 and 88 are now.
funotions,of z and t - z/v. In other wo;ds, &l and 88 follow the steady-

state variatiop.in the retarded time coordinate, _Thisvis the -

s
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quasi—steady—state ' .- . ecase.. Using the retardedvtime, all our
;previous theoretical discussions are valid for this case.
For backward SRS, however we should replace vS in’ Eq (S—50) by
=Vg. The steady—state solution is no 1onger applicable unless the.
amplitude variations of the input pulses are negligible in a time which

takes light to traverse the entire length of ‘the medium. Maier et al.

[S.50] have found the following general solution for.this case (assuming

Jvyl = Iv.D.

|8 [ (t+z/v,0)
F (t+z/v) + exp[—F (t—z/v)]

It

e 12 'z .z
e |? (o4 2, e B

where i
rCeraiy) = [ (8 00 %y
/
- 2
rGea = [T s ety
g=- (4nw /e k ) Imx(3). o - (8-52)

-

For given initial conditions at z = 0, one can then calculate the output
Stokes intensity. An example is shown in Fig. S 18. It is seen that
with a sufficiently long medium, the backward Stokes pulse is sharpened
through amplification drastically. Physically, pulse sharpening occurs -
because the wavefront of the backward Stokes pulse continuously sees the.
~fresh undepleted incoming laser beam and gets full amplification while the
_lagging part of the pulse does not. This phenomenon was actually observed

in Kerr liquids where the initial Stokes pulse was generated by self-

, focusing at the end of the cell Is. 50]
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1
Eq. (5-50) 18A/8t['is no longer negligible compaféd with’[FA|;  This

. _
Consider next the case where & 8s varies rapidly such that in

means that even the material excitation .cannot reach its‘steady—stafe_
value during the pulse. Consequently, the forward Stokes generation also

‘shows a transient behavior. This type of transient SRS occurs when the

¢

laser pulsewidth'TP.is smaller than, orfcomparable with the dephasing

time T2 = l/T-df the material excitation, or more rigorously, when
iTP < GRmZTZ where GRm is the»steady—qtate Raman gain in Eq. (S-9) at the

peak of the input pulse and £ is the length of the medium [S.84,85]. In

gases, T ‘ié‘of the order of 10'-9 sec. or shorter.- In liquids, T, is

2 2

usually in the range of picosecondé. 'Oﬁe must then use picosecon& mode-
locked pulses in geﬁerél to study ﬁransieﬁt,SRS, aithbugh Q-switched
pulses may be usedvin'some:gas media [S.86].>\With picosecoﬁd ﬁulses, ‘the
backwafd Raman pulse intensity is hardiy detectable Because of fhe,very
limite& intefaétioﬁvlength with‘the incoming laser pulse. We caﬁ there-
fore iimit our diséussion to‘forward SRS oﬁly. | ,

The thgory of tradsignt SRS has béeﬁ diséussed by many authors
[s.85, 87-91]. .It closely resembles the thesry of tfansient stimuiated-‘

. . . [ . J
Brillouin scattering [S.84]. Assume that both the depletion of laser

power and the induced change of thelpopulation difference (pi{— pf) are

vnegligible. Equation (S-50) then reduces ‘to (gssuming vy = vé)
9 .13, o S oy o
Go+530 & =1n; &(t-z/vA

ot

gk Kk - :
G+ DA = - 1n, & (t-2/v)8, | (s-53)

\
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where

_ 2,2 .8 '_
: L8k
- n, = @)

and 81(t—z/v) is(preséribed by the initial conditioﬁ.

Combining the two equations in Eq. (S5-53) and using the new variables

z' =z and t' = t - z/v, we obtain a second-order partial differential

o equation [S.91]

[0%/0¢%92" - nn,lé (071U =0 o (s-s

l * . \ .
where U = F exp(l't') and F stands for either A or 88. By defining
t. . . R :
T = ffm |81(t")|2dt" as the integrated energy in the laser pulse up to
t', the equation ié‘fufther reducedvto thé standard form of a hyperbolic

equation

2 . _
(37/9t19z' - nlnz)U =0

which can now be solved with arbitrary initial conditions. The solution

" takes the form [S.91],
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C (2 t') = W ox gyt 2 eyt LTCE-EM
&s(z ,t ) —]&S(o,t ) + (nanZ) 81(t,)fdw e "~

x 18] (") & (0,6 [1(eN-1(e) 17?1 (2lnyn, (1N ~t(e) 2112

I

A%zt e = an 5 T8l 8_(0,¢7 % (2[n1n (t(t" r(t"))z 11/2

: . | (s-55)

where the input conditions are A*(z*)k= 0at t' + -» and &S(z ) 8 (O t

‘at z'= z} =0, and I
o The Bessel functions have the asymptotic limits that I (x) 1 and

Ii(k) = x for x <€ 1, and I (x) 5‘(2ﬂk) 1/2 eXP(x) for x > 1. The Stokes

ampli tude therefore first increases linearly with z. Then, in the 1limit

of large amplification, it varies exponentially in the form

& (z!,t") = &1(t')jf; 8I(t“)&s(0,t")[r(t7)\- T(t")]fl

/

x expl-T(t'-t") + 2[nn,(x(t") “T(ez T (sse)

For a reetangular lasei pulse, it is easy to show/from Eq. (5-56) that :
if the pulse isisufgiciently long, then ﬁsbtékes on a steadyéstete exponen—
tiel gain when (t—to)_> G. zT2 where t~ is the starting time of the pulse.
For thie reason, T (pulsewidth) < G zT2 is used as the condition for
the occurrence of transient SRS as we mentioned before. _

If Tp < Tz, the factor exp[er(t'—t")] can be neglected during the
laser pulse.  We can see from Eqs. (S-55,56) that theAStokee generated

‘does not grow appreciebly at the leading

edge of the laser pulse, but increases rapidly towards thé middle part.

)at"

Tde"

D

i is -the ith order BeSsel'function of imaginary argument.



-49- ' o ~ LBL-2709

It finally drops off foilowing.the laser pulse shape at the tail. There-
fofe, the Stokes peak always appears aftervthe laservpeak andithe‘Stékes
pulselshould be narrower than the laser pulse. The material eicitétion
behaves in a similar manner, but towards the tail it decays exponentially
as exp(-T't) even after the laser intensity has dropped.to.almost zero.,

In the limit of large amplification, we have from Eq.V(S—56),[S.91]

(&) . = exp(G;2z/2) ; (8-57)

where the transient gain GT is given by

) 2 1/2
Gp = 4 [nyn, <|&; [ T,/2]

120 0 - 2
<J& |5 1, =7, 18 (0)] “ae.

This transient gain is then independent of the laser pulse shape.

For a pulse of the formvﬁl(t'),= 8lﬁ exp(—lt'/T|n), it has been shown

[S.91] that the peak of the Stokes pulse 1is delayéd from the laser peak

. _ el 1/n
by a Flme‘tD = T(2 log GRmz) .

Carman et al.[S.91] have carried out numerical calculations of
transient SRS for various pulse shapes. Their resqlts of GTz for Gaussian
laser input pulses of different pulsewidths versus the ﬁaximum steady-

. : > 2 '
s;ate gain GmR P VGRmzfz,

[~ < l .
Rm,'an_d otherwise, GT GRm as the'transient ggin should Pe

z,‘thelcurves also show a zll2 dependence. for

z are présented in Fig. S.19. It shows that when T
we haye GT

At sufficiently large GRm

GTZ as predicted by Eq. (S-57). The variation of the time delay ty with
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G \for Gaussian laser pulses of different pulse widths is shown in

Fig. S.20., As expeéted,'tb increases withvGT, more rapidly at large

values of GT.;'Inlﬁig.-S.ZO, -sharpening of the Stokes pulse with
' - also _ _ . -
increasing G is/shown. The effects of phase modulation and linear

T
dispersion have alsp been gtudied [S.91]. .

Earlier experimentérby Hagenlocker et al. [S5.86] first suggested
the transient behéviofﬁaf“SRS in gases with Q—sﬁitched lasef pulses.f
Later, with picosecond mode-locked pulses, transient effects of SRS in
liquids were obsérved [S.92-97]). Since the traﬁsient gain GT depénds

only on the total Raman cross-section (= ”1”2) while the steady-state

gain G

Rm is also inversely prppbrtional‘to the linewidth T, it is

possible to observe in transient SRS some Raman modes which are nof
obéérved;in steady-state SRS‘[S.96]. More than one Réman mode can show
up in tfansient SRS -[S.96,98]. Carman and Mack [S.99] have recently
made quantitative measurements on transient SRS in SF6 gas. They chose
SF6 because of‘its‘small linear dispé;sion andﬁgisence of other_nonlinear
effects dqring SRS. Their results agree well with the predictions of

the theory.- - | A better experiment to test the theory of
traﬁsient SRS is, ho&ever{ to measufe*the temporal variation of Stokes

amplification in_aniamplifier'cellvas we discussed earlier in Section S.3.2.

Such an experiment, however, has not yet been carried out.

S.7 APPLICATIONS OF STIMULATED RAMAN SCATTERING
We have seen how SRS can be used to generate coherent light at new
frequencies. There are a number of other applications of SRS. We shall

discuss only a few of them in the following.

-
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S.7.1 MEASUREMENTS OF VIBRATIONAL LIFETIMES
In analogy to the magnetic resonance ease, there are two character-
istic'lifetimes for each molecular or lattice vibration: .the longitudinal
lifetime Ti and the transvensei(or,deohasing) 1ifetime T2 [S.34]. " These
1ifetimes cannot oe'obtained‘simply from linewidth measurements,
Only in the limit of homogeneous:broadening is T2 equal to the invepsev
canibelvery different from T,. The two

2 1

| lifetimes can, however, be measured directly by watching‘the vibrational

halfwidth, but even then T

decay after a short pulse excitation. Both the pulse excitation and
the monitoring‘of vibrat}onel decay.can be achieved through Raman.
transitions. In: the case of condensed matter,\the vibrational lifetimes
S :
Ere often in the picosecond range. Then, theVSRS method appears. to be
‘the only way to measure the vibrational lifetimes directly.

As discussed in Section S.2 and S.6, the time—dependent excitation
of the coherent vibrational field and the pOpulation of excited molecular

vibration is governed by the following set of equatlons (from Eqs. (S 50),

(S-24), and (S-25))

2
2mwy
i+ v 30E @0 =1 Lnee T2, - o2 0
. l -
2nw2
_§_ _ 1/2 s L. *
Gz ¥ vs 30 (1) = HZ S - Meg(py =P80

5, 1 .s" ~1/2, *
(3t+T2)Q(z’t) Mg, (Zha ) 778 &

2w

3. 1., iN M 1/2
(Bt-_l-Tl)Ap -Zh(h)

* Kk ' ‘

: Py = Pg = Py p 20p. . (S-58)
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We assume that the experiment iSdESignedtx)hsve negligible depietion of
.the &1 fieldvand Ap <.<p:t—bpg );- Thus, with 8' = constant and (pi - pf)
replaced-by (p pf), the solution for & (z t)- and Q(z t) is just the' )
transient solution discussed in the previous section [S 91] The solution'
for Ap(z,t) is then obtained by solving the equation of Ap with the
calculated &é(z}t)"and Q(z,t). rThe ‘temporal behavior,of botth and Ap .
‘can be:monitored experimentslly'by a probingf beam.\rThe coherent vibra-'
tiOnal'field Q should scatter the probing beam coherently in the phase-
‘matched*direction. The popnlation change Ap gives'rise to'a chsnge in
‘the intensity of the incoherent Stokes and antiStokes scattering. |

- .However, since T, and T, of condensed matter are in the picosecond

1

' range, it is difficult to monitor the continuous variation of scattering

of the probing beam with time electronically. We must resort to optical
means with the help of picosecond pulses. We can use a picosecond pulse
at wl to excite the vibration via Stokes transition and then another

picosecond pulse at w

7

29 timefdelayed by t from‘the first pulse,:to

_’probe Q and Apfvia antiStokes scatteting. For the coherent antiStokes
.scattering in the phase—matching direction, the antiStokes field & (z t)
at.frequency w2\+ wy obeys the equation (see Section S. 2)

- 2
P 1 ) - 21"1) . 2(.0 1/2 a.* o o T .
G + v, 300 - i(c HNED o) (070D (2,002, 4 (5-59)

a

N

where 82 is the probing pulse field, and the nonresonant contribution to
the\nonlinear polarizétion is neglected; The 'antiStokes output from

the medium as a function of the time delay tD is given by
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hiey « [la (R,t' =t - z/v)]2ar’
D a ) _
= (Constant) [dt'|[dz,(z,t")Q(z,t"+t)) 2 (5-60)

The incoherent antiStokes scettering gives a signal

(.

™ty ) - (Constant) fdt dz |&,(z,0) 2oz, t 4 £).  (s-6D)

Knowing the exciting and probing pulses, and the solution for Q(z,t') in

1/2Q) we can then calculate s¢ coh and
ine shown

S from the above equations.. It can be/from Eq. (S-55) that if the

Eq. (S-55) (replacing A by (Zwo/h)

eiciting‘pulse ﬁas'a pulsewidth T smailer fhan or comparable with TZ;

.then Q(z,t) will show an exponential decay exp( -t/T ) at large t, or

COh(tD)

'Ap in Eq. (S—58) we realize that Ap(z t) or S

S = exp( t /T ) for tD >’T Similarly, from the equation.for

inc(t ) will show an.

exponentlal,decay tail with a time constant T Thus, if Tp <T,, T

1’
_then we can obtain Tl and Tzfdirecfly by measuring the expohential
inc(

1° 2’

t).

decays of s¢ (tD) D

DeMartini and Ducuing [S.100] first used such a method to measure
'I‘l of the 4155 cm—l vibrational excitation. of gaseous H2. In this case,

Tl is. about 30 usec ‘at 0.03 atmospheric pressure. Ultrashort laser

pulses are not needed for the measurements. Recently, Alfanc and Shapiro

[8;101] and‘Kaiser and his associates [S.id?eIOS] have used picosecond.
mode-~locked laser pulses to measure T1 and T2 of molecular cr latticev'
vibration in liquids and solids. One of their experimental arrangementé

1s shown in Fig. S.21. The mode-locked pulse from a Nd glass laser 1s
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"used to excite the vibration by SRS, and the second-harmonic of the -

’

mode-locked pulse is used to probe the vibrational excitation. An

example of their results is shown in Fig. S 22. The exponential tails

of the Sinc(t ) and ¢ (tD) curves‘invthe figure yield Tl and T2

readily.‘ These wepe the first direct measurements of vibrational relaxa-

tion times in coridense matter. The same technique can of course be .

applied to the measurements of relaxation times of other types of excita-

‘tions. By detecting the incoherent antiStokes signal at various frequencies

w_ as a function of tD’ one can also study the decay routes of a particular

excitation [S5.106,107]. ~

[

S.7.2 MEASUREMENTS OF THIRD-ORDER NONLINEAR SUSCEPTIBILITIES

Consider now thée steady-state case where the material excitation

Y with a resonant frequency.wo is driven by the incoming fields El and

A‘ES atlwl and W respectively. A third incoming field E2 at w, is then

used to probe ¥ and the coherent antiStokes scattering at

CRE + W, is detected. From the discussion in Section S.2.4,

the adtiStokes field Ea obeys the equation

. ) 2 ,
& 2nw
8: = 1( 2 X(3) &281&* iAkzz

vé(S—62)

where
O I T O NE)
X =80 €,8,¢8 s XR XNR

éB? N Mfi(M D (pi YLICH W T on+viF)
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Xéz) is the nonresonant contribution to x(3).v Afyphéée.matching

and

Ak = 0, the antiStokes output is given by

2 ,
, 2mwT 2 , _ : _
a1 = 2 XD |%ls,1%le, | le |2, (5-63)

‘az

With the incomihg‘beam intensities kept constant, lﬁalz as a function of

wl'— wg is a maximum when Ix(3)| is a maximum.

If the wo resonance is a narrow one, and the other resonances are

(3)

- far away; the dispersion of XNR is negligible when w, - w_ varies around

1

w_ over a few 1inew1dths., Then, we can eésily show from Eq. (5-62) that

the maximum and minimum of IX( )l occur at (w —'ws)+‘and (wl - ws)_

respectlvely with

L _ 1 11/2 PR
(wl - ws)t = w, + 5{ (3))_ ¢ (3)) + F ] | | ' (S 64)
o ‘ Wr . Xar |
.where _
a=NM (Mfi) (pi p )/h
‘ such that x(3) = a/(-wl - ws - wo + iF);-'An example of lxé3)l‘versus

(wl - wé)(around wo'is shown in Fig.'S.23. From Eq. (S-64), we have

!

(W = w), + (0 - w)_ =20 - a/x(3),

1 s’ + 1 s’ -

(3,2 , 2. s
D4 )< o+ F : .v ‘ (s 65?

:[(wi.— w), - (w1.~ ws)_]? = (a/xgp

In many cases where la/x(3)|_> F;’the maximum of-|x(3)| appeafg at

wl - W, = wo, and then from Eq. (S-65) we can find a/x(3) and T by .
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’

measuring (wl - ws)+. We can of course obtain W, and T easily from

spontaneous Raman scattering data. The interesting thing here is that

we can now obtain a/X( ) directly from frequency measurements, and with
a deduced from the spontaneous Raman cross-section we can find x(3). 1f
the particular Raman mode is far away from other modes, then ¥, ( ) is

(3)

mainly due to electfonic contribution. We can also obtain XNR by

measuring the absointe intensity of the coherent antistokes signal, but

it is well known that frequency measurements should be much more accurate
~ than absolute intensity measurements.

, “out
This type of wave-mixing experiments has been carried/with w, - ws'

1
around Raman—active vibrational modes in various materials by Wynne
[S 108, 109] and by Bloembergen and his assoc1ates [S.110~ 113] More
recently, using this method, Levenson {S.112] and Levenson and Bloembergen

[S.113] have measured x( )

for a large number of liquids and solids.
Their experimental setup is shown in Fig. S.24. Two Nz—laser—pumped dye
laserswere used as the tunable sources. Their result on qalcite

is shown in Fig. S.23 as an example. When there are severalvRaman—
active modes close together, the analysis becomes-somewhat moré.complicated,
N but it is clear that with the help of the spontaneous Raman scatterlng

3)

data, we can still deduce x from the wave—mixing results‘[S.113]. In

a crystal with no inversion symmetry,‘the modes can be both Raman

active and infrared active. The'coupled infraredénuimateriai excitational
wave (or‘the'polariton wave) discussed in Section S.4 must non be used
instead of Y in the above formalism. in addition, the field at

Wy = Wy - W + w, can also_be generated by another two-step process in
which. the sum-frequency field’E(w1~+ mz) isvfifst created and“then‘mixed,

/
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wiih E*(ws) to produce E(wa). 'The analysis for this case is more complicat?dr
but quite straightforward [S.111,114]; Interference between'jarious
gontributions to Ea can be observed in the dispers%on’measufeﬁents [S.ill].
We note again that the above analysié is. applicable to any material :
excitation such as magnon, plasmon, etc., althqugh exﬁeriments so far

- have only.been pefformed on Rgman—active vibrational modes.

N

~8.7.3 VDETECTION OF LOW—CONCENTRATION SUBSTANCES .
As is well known, Raman modes can be used to identify a substance.
Likewise, the resonant curve of Ix(3)| or IEalz in Eq. (S—63)_can be
used to ideﬁtify a substance or fo detect.low—COncentration substances
in a mixture as long as lké3)'max > Ixéi)l in Eq. (S-62) . Th;s latter
technique is most useful in gas mixtures.where the Raman line- \
widths can be very nérroﬁ and consequently,-|Xk<3)|makICan be duite'
llarge even for low concéntrations (see Eq. (S-62)). Régnier\
and Taraﬁ [S.115] have shown thaﬁ with input lasef.powers'of about
1 Mwatt,'thgy can detect a Hz»cbncentration of about 10 ppm in N2 gaé'
of 1 atm. pressure. For compé;ison,_the'lOO ppm Hz-in—ﬁz mixtufe
yields roughly i Watt of coherent antiStokes signal from 1-Mwatt input-
laser pulses, while spontaneous scattering from the same focal volume
with 1 Mwatts of laser power.would lead.to an incohefeht Stékés emission

-10 . _
of 10 watt per solid angle. The detection sensitivity can of course

2 approach electronic resonances.

be greatly improved by letting wl or w
Through the reSonént enhancement in Mfi in Eq. (s-1), lxé3)[’for a gas .

substance can increase by five to six orders of magnitude. This tech-
nique can be used to study the gas mixture in a flame, in a combustion

'engine,'or in a supersonic jet flow [S,llS]. Presumably, it can also be
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used to monitor the polluting substances in a smoke stack and automobile

exhaust. . ] v . -

§.7.4 OTHER MISCELLANEOUS APPLICAIIQNS

,2lasmabwa§es as a material excitation can be excited by SRS [S.36,116].
The eicited plasma waves will of course be damped with the'eﬁergy turned
inté ﬁeat. This haslbegg proposed as a possiblé means of heating a
piasma f&r controlled fugion work [S.117]. However,tﬁo cléan SRS experi-
ment on plasma has yet been reﬁorted. |

The stimulated antiStokgé absorption (Section S;3.4). often known
as the inverse Raman effect,léads to a new Raman spectroscopiC'techhique
[S.59, 118, 119]. By shining a laser pulse and¢ a pulse of continuous
‘spectrum simultaneously’on a éamble; the Ramah spectrum can be obtained
in one éhpt. More recently, the teéhnique.has been extended to the
' picosecoﬁd regime with the use of mode-locked pulses [S.iZO].

SRS is one'pf these effects which limit the prépagation of high-
intensity laser bea;s in materials.‘ It is éarticularly important for
high-intensity beam.propagation in air for optical communications‘or

other purposes. We have seen in Eqs. (S8-2,3) that the Raman gain Gp is

proportional to wZIMfilzlEllz where IMfilz usually increases as w1
increases. Conéequentiy, SRS is often weaker at 1owér fréquencies.
Therefore, in order to transmit a high-power laser beam through a
material, one should reduce-GR by using a 1érger beam size and a 1ower

frequency.

S.8 CONCLUDING REMARKS

Because of limitation of space, we have omitted the discussion on
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a number of topics in SRS. We have not discussed the tensorial form of

'the Raman susceptibility Qéé) with respect to the symﬁetry of the medium

4

and ;ts tensorial relation with the spontaneous Raman*éross—éection‘
-dg/dﬂ. We have not considered SRS in anisotroéic crystals [S.121]. We
have not mentioned SRS in optical waveguides [S.122']."We also have not
discussed resonant SRS [S.123]. The latter case is particu}arly in;erésting :
in alkali vapor Systems tS.124,125]. Resonant SRS has recently been Qsed_
to fécilitate generation of tunable infrared [S.126] and tunaBle vacuum
ultraviolet‘[S.12Z] by opticallmixing in alkali.vapar._

In conclusion, we. believe the physics of SRS is_baéically understood.
In actual experiments, the results of SRS may be complicated by other
competing nonlinear.optical effects. Influence of othervnonlinear
effects on SRS apd vice versarare élso qualitatively understood in‘most
cases, but qﬁ;ntitative analysis is qften quite difficult. SRS has
alreédykbeen,used in a number of applications. With the: tecent advance of
‘tunable lasers, it is‘expeéted'thaﬁtmore reseaicﬁ on resdnantvSRS ﬁill.be_

v

carried out in the near future.

This paper supported in part by the U.S. Atomic Energy Commiséion.
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FIGURE CAPTIONS

Fig. S.1. ‘Schematic drawing shoﬁing the Stokes (@l > wz) and antiStokes
(wl <Q2) Raman‘tranSition ffom‘;hevinitiai state |i> to a final
excited stafe.|f>:

Fig. 5.2, General relationsﬁip between the WaQe vectors of Stokes,
ahtiStokes, andiiasef waves, as stagéd in Eq.r(S;34).‘ (after Ref. S.22)

Fig. S.3. ThevStoEes power gain as a functioﬁ of.the normélized linear
momentum mismatch,AleR in the z directioﬂ. The aéymmetry is due
féVtﬁeAnon?esdnant paft xég) =0, 1|Imx(3)| < (after Ref. Sﬂ22) .

1Fig. S.A, AntiStokes \iﬁtensity versus the linear;momentum‘mismatch Ak’
(normalized by the Stokes éowér gain Gp). :The asymmefry is due to

3| nay (8fter Ref. §.22)

| -XN = 0. 1|Imx
Fig. S.5. The saturation effect of a single-modé laser beam of infinite
extent. The intensities of'the varioué orders of Stokes waves are
: normalized by the incoming laser intensity. fhe\distaﬁce ié also
normalized to a dimensionless one Z = (16n3w21me/C k )P (0)z.
(éftér Ref. §.22)
Fig. S.6. A typicél experimental setup for invéstiéaﬁion of st1mu1éted
| -~ Raman scatteriﬁg; PMl,vPMZ, aﬁd PﬁB.are phpto-déteciors measuring
thellaser, the forward Raman, and the backward.Raman fadiatiqn
respegtively. | X
Fig, S.?. first-order forward and backwé?d‘Stokes pbWer versus, the toluene -
cell length at three léser ﬁowers P = 80, P .= 67, .aﬁa'?3 = 53
Mw[cmz. (after Y. R. Shen and Y. J. Shaham, Phys. Rev. i63. 224'(1967)).
Fig.’S.B Comparison of experimental data (Ref §.55) and theoretical

~ curve (Ref. $.25) of first-order Stokes'power as a function of inci-

dent laser power in liquid nitrogen.

~
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Fig. S.9. Experimental setup for measuring backward Stokes gain. (after
Ref S. 57)
Fig S lO Stokes Raman gain in H2 gas as a function of pressure ~ The

data points X for forward’ gain should be compared with the dashed

i
¢

theoretical curve (cell length, 80 ¢m; peak inpht intensityTZO MW/cmz).
“The data.points + for'backward gain should be compared with the solid
| theoretical curve (cell 1ength 30 cm, peak 1nput intensity,
‘b 60 MW/cm ) (after Ref S 57) |
Fig. S 11 Multicolor antiStokes rings created in benzene by anruby

v laser beam (after A. Yariv, Quantum Electronics (John Wiley, Inc.,

New York, 1967)) (picture taken by R. W. Terhune).
Fig S.12. Normalized transmitted laser (RL), first (R ) and second
Stokes (RSZ) power as a function of the incident laser intensity
gp are represented

by circles, rectangles, and diamonds respectively. The curves are

| IL(O,O). -The experimental datalof RL, Rsi, and R

calculated according to the theory in Section S.2.5 with the finite ~
beam cross—section ‘taken into account. (after Ref S. 42)
Fig S 13. (a) Relative parametric gain (gz) versus the idler fre-

quency w, for gallium phosphide. Solid portion of the curve indi-

1

cates the frequency range of the idler over which phase matching is
.possible. (b) Infrared absorption coefficient‘for gallium phosphide-

using ' = 4 cm (c) Ratio of the idler flux density S.: to the

1
signal flux density S (after Ref. §.63)

Fig. S.14. Plots of stimulated gain coefficient (g ) as a function of
-1

idler frequency for the 248 cm -1 mode (Curve a) and the 628 cm
mode (Curve b). (after Ref. S.66)

g
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Fig. $.15. Schematic‘of spin-flip ﬁaman process’inln—InSb.

. Fig. S;16. Resonance -enhancement of=$p6ntaneous-sp1n-flip Raﬁén scatteriﬁg '
aé a function’of inpﬁt photén.energy;v-n = l'*><'1016 cm—3, H = 40 kG, -
and T'~‘30°K. (after Ref. S.7Z)

Fig. S.17.  Theoretical curves Qf the Raman gain g, and the ratios of

" the far;infrared»ohtput P(m3) to the Raman output P(wz) for Fhe |

‘collinear phase-mismatched case and for the'nopcollinear.phase—matéhed'
case. (seé Réf.HSﬂIG)l | |

Fig. S.18. Caiculated normalized Raman pulse inteﬁsityvas a function of
time for an initiallcondition lESI = IE;O|(t - to)3 for t > t07; The -
curves shoW’the‘pulse devélopment at length intervals-of AL = 2.77/G.

G is>the\Ramanngain'and was determined to bé 0.7 co ! in CS,. Lower
scale is in dimensionless units; upper scale describes the experimental
conditibns. (after Ref. $.50) |

Fig. S.19. The transient Raman gain coefficient for Gaussian laser input

~ pulses wit?.the same total energy, but'differén; pulse widths. The

steady state gain coefficient G,, corresponds to a constant intensity

SS
laser output equal to the makimuﬁ lasgr bulse'intensity.‘(after Ref. 5.91)
F;gw‘S.Zd.' The variation of Stokes pulse width tg énd delay tD’with
fransient gain>coefficient; for Gaussian laser input pulses of
various widths tp givén.in terms of the 6ptica1 phgnon dephasing
time IL, (aftér Ref. 5.91) |
Fig. S$.21, Scheﬁatic of the experimental system for phonoﬁvlifetimé
| measurement, The pump beam Bl at A = l.déum and the'proﬁe beam B2_;'

at A = 0.53um interact in the Raman sample RS. Glass rod for fixed

optical delay, FD; glass prisms for variable delay, VD; filter, F;

-
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.

photcdetector, P; two—photoneflucrescence system, TPF. (after Ref. 5.104)
3.22; Measured incoherent scattering S (t )/S  inc (closcd circles)

and coherentlsCattering,Sco (tD)/S ai ‘(open~circles) versus. delay
: : (after Ref. S.104)
time tb fdr éthyl alcohol. -The solid and dashed curves are calculated / T
antiStokes, .

S.23. Typical results for the/intensity at w, in calcite. The

3

polarizations were perpendicular to;the optic axis of calcite. (after Ref. S5.112
S.24.  The nonlinear spectroscopy system. The output of laser 1

o~

is shown as a dashed line, rhat(of laser 2 as a dotted line. Both

laser beams are blocked after the samples, and the output due to

,'frequency_mixing is collected and directed into.the monochromators.

{

(after’Ref;\S.llz)i Y
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TABLE CAPTIONS
Table S.1. TFrequency shift, linewidth, and scaﬁtering cross—éection
of spontaneous Raman scattering for a number of substances and the

corresponding stimulated Raman gain.

Table S.2. Observed stimulated Raman lines in a number of crystals.
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Raman - ' 'Linewidth Cross-section ) © Raman Gain’

Substance = ‘ Shift (cm—l) 22T (cm‘l) . da/df x108\ (cm-l—ster—l) . GR_X]_O3 (cm/MW)
' Gas H2+ ' 4155 . 0.2 . ' o - 1.5 (300°K, 10 ‘atm.) .
Liquid 0, 1522 y 0.177 0.48 + 0.14 | . 145t 4
_ | ~ o ' o
Liquid N, - 2326.5 . 0.067 0.29 + 0.09 - - 17 %5
Benzene 992 \ 2.15 306 o 2.8
s, | 655.6 7 0.0 7.55 o 2%
Nitrobenzene 1345 | 6.6 - 6.4 o - _ 24 b
12 o . _ _ _ o
. ‘ o , &
LiNbO, 258 \ 7 | 262 B o 28.7
InSb 0 - 300 . 0.3 - w0 S L7 %10
E. E. Hagenlocker, R. W. Minck, and W. G. Rado, Phys. Rev. 154, 226 (1967).
* o . ' ~ ‘ 16 —3 .
. For:a carrier concentration n, = 107" cm' ”. _
| ’ ‘ Z
Table Sl NS
~I
’ (=}
O
/



Crystal

CaCo

51
"Diamon§

insb

| LiNbO3

a-sulfur

CaWO4

" a G. Eckardt, IEEE J. Quantum Electron. 2, 1 (1966).
b - J. M. Ralston and R. K. Chang, Phys. Rev. B2, 1858 (1970).

c C. K. N. Patel and E. D. Shaw, Phys. Rev. B3, 1279 (1971).

~75-

Stimulated
Raman Shift
(cm-1)

1086
521
1332

0 - 300

42 - 2000 .

- 216, 470

911

J

LBL-2709

References

d - J. Gelbwachs, R. H. Pantell, H. E. Puthoff, and J. M;‘Yarborough,

Appl. Phys. Letters 14, 258 (1969).

Table 5.2
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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 Atomic Energy Commission, 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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