NLO Lecture 13: Raman und Brillouin Scattering

7 Third-order nonlinear effects (continued)
7.6 Raman and Brillouin scattering

7.6.1  Focusing

7.6.2 Strong conversion

7.6.3 Stimulated Brillouin scattering (SBS)



Photograph of a self-guided filament induced in air by a high-power
infrared (800 nm) laser pulse [from http://www.teramobile.org]




Remote detection of biological aerosols. The tube in the center of the
picture is an open cloud chamber generating the bioaerosol simulant.
The laser beam is arriving from the left. [from http://www.teramobile.org]
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High-voltage lightning: (left) without laser guiding, (right) with laser guiding.
[from http://www.teramobile.org]



7.6 Raman and Brillouin scattering

Stimulated Raman and Brillouin scattering is an important technique to
investigate low energy excitations in molecules and solids

They permit identification and study of those excitations, without direct
coupling to the optical radiation.

stimulated Raman scattering occurs in glass fibers limits the applicable
minimum pulse duration in optical communication systems

Raman amplification can be used to realize broadband Raman amplifiers
for optical communications and Raman lasers.

Physical effect of Raman scattering:
Light propagating though a sample with polarization fluctuations can be
scattered in arbitrary direction and shifted in frequency

If the polarization fluctuations originate from oscillations of a molecules or
optical or acoustic phonons in a solid, the process takes place via
absorption or emission of a phonon, leading to an Anti-Stokes or Stokes
shift of the scattered photon



absorption or emission of a phonon, leading to an Anti-Stokes or Stokes
shift of the photon

was = wg, + (7.66)

ws = wr, — (2, (7.67)

where wy, 1s the frequency of the incident laser photon and €2 the frequency
of the phonon mvolved in the process. A very strongly excited oscillation
would contribute equally strongly to Stokes and Anti-Stokes processes. In
many cases, the molecule 1s in the vibrational ground state, thus no thermally
populated higher vibrational levels are available. In this case, the Anti-Stokes
process 1s not possible.

SERS signal Laser 10 X field enhancement in nanostructures

— surface-enhanced Raman scattering (SERS)
A. Campion and P. Kambhampati,

IOSOSOSOS0 Chem. Soc. Rev. 27, 241 (1998)

SERS substrate

from www.semrock.com 6



For developing a model, we assume that the intramolecular oscillation co-
ordinate () of the molecule leads to a modulation of the polarizability a at
optical frequencies. Then we obtain in linear response

5.
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a contribution to the nonlinear polarization of the form

Q) (7.68)
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Pni = Neo- QQE we need Q  (7.69)

where we assume, that the electric field itself couples in whatever form to
the intramolecular oscillation, N 1s the density of molecules. One form of
this coupling results from the conservation of total energy, 1.e., the sum of
mechanical and electromagnetic energy. If the total energy is conserved, then
the force exerted on the oscillation must be equal to the negative change of
the stored electric energy due to the elongation of the oscillation

1 1
= —16 E%*a
= —5% _
with € = £4(1 + «). This leads to
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The oscillation amplitude then satisfies the equation

9%Q (t, z) oQ (t, z) 9 g0 Oa o
= gl +FT+QOQ LB 2= 2_m%E (z,£). (7.72)

We assume, e.g., that the electric field contains two waves at the laser frequency
and the Stokes frequency, 1.e.,

E(z,t) = Epe J(wrt—kpz) < E'Sej(wst—ksz) + c.c.

Since the resonance frequency of the oscillation €2y 1s generally far below the
optical frequencies w; and wg, essentially only the difference-frequency terms

wr, — ws couple to the oscillation intensity modulation by beat terms
5%Q (t, 2) aqQ (t, z) 9 g9 Oa i g
REe i W R S R o, N A *  j{(wr —ws)t—(kL—ks)z} ,
52 +I % +QQ (t, 2) D aQELES e +c.c.
(7.73)
With this we obtain for the stationary oscillation
Q(z,t) = Q(z,t) + Q*(z,t) (7.74)
with
2 §—°§—gELE§ .
Q(z,t) = = eilen—wsp-(h—ksl}  (7.75)

03 — (wr, —ws)® + 5T (W — ws)



Within the Lorentz approximation (i.e., neglecting the off-resonant term, com-

pare Eq. (2.29)), it follows

g0 da *
AmQp 9Q ELES

Qo — (wr —ws) +J5

Q(: £) = e H(wr—ws)t—(kr—ks)z} (7.76)
For the equation describing the Stokes wave within the SVEA, we then arrive

according to Eq. (7.69) at
8ES . jws Ja
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v : da 2 x
o il E (7.78)
0z 490‘7710715 {(wL — ws) — QO + 7 Sk .

The real part of this equation describes gain. With the intensity of the Stokes
wave k-

i all other beat terms
Q"EL ignored here (7.77)

- % b (7.79)
110
follows
Is (€) = Ispexp {gl t} (7.80)
with the Raman gain E:N g{) e??;:; g
2
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Figure 7.6: Measured Raman amplification gain of melted quartz at a pump wave-
length of 1 pm. The horizontal axis shows difference frequency between laser and
Stokes line.

R. H. Stolen, Proc. IEEE 68, 1232, (1980) 10



7.6.1 Focusing

For the total gain, we obtain
¢
&= / glpdz.
0

For a Gaussian beam, we then obtain, independent of focusing, the on-axis
gain (with intensity If, max(z) = B and b= mw?/\)
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We again find that the effective Raman gain, which results from a y*)-effect,
in a volume 1s independent of focusing, as the effective interaction length is
proportional to the confocal parameter b.

In contrast, we obtain for the Raman gain in a glass fiber with core radius

ro and length ¢

iy
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Thus the waveguiding structure enhances the Raman gain by a factor

Gy o

= —s.
Gy, w2rg
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For a given situation, this ratio can easily amount to 10°, e.g.. for £ = 40 m,
ro =2 pm and A = 1 pm. In the real world, the effective fiber length 1s limited
by the absorption length 1/a for the pump light. This corresponds to several
kilometers, P;, = Prgexp [—az]. For a long fiber (L > 1/a), we obtain

P,
Gy === (g/a).

T}
For large gain, we can neglect the losses at the Stokes frequency. The light at
the Stokes frequency emerges from initial noise, this i1s referred to as sponta-
neous scattering. A quantum treatment reveals that the power at the amplifier

output originating from spontaneous processes is equivalent to 1 photon per

mode at the input of the amplifier.
The output power at the Stokes frequency originating from mput noise 1s
becoming comparable to the pump power at a gain of [§]

G =16,
and the required pump power 1s then given by

Pro = 16 (Aesr) (a/g) .

For a maximum Raman gain of ¢ = 0.1/m- (um?/A.;;) - (P/W) from Fig.
7.6 and 0.2 dB damping, corresponding to an absorption length of 20 km, at
the communications wavelength 1.55 pym, and A.;; = 50 pm?, we obtain a

threshold power of Prg = 600 mW.




7.6.2 Strong conversion

For input powers far above threshold, 1t 1s possible to create several Stokes lines
as shown in Fig. 7.7. If the total power of the pump pulse (P) is transferred
to the first Stokes line (S7), then in the next fiber section a conversion to (Ss)
occurs, and so on.

output
power
A
—
P S; Sy S,
| | L~ G/16
0 1 2 3 4
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7.6.3 Stimulated Brillouin scattering
Brillouin scattering: scattering of light on acoustic waves

Again as for Raman scattering, fluctuations of polarizations, but now
caused by acoustic waves, give rise to spontaneous and stimulated
scattering.

First observation of Stimulated Brillouin scattering (SBS):

R. Y. Chiao, C. H. Townes, and B. P. Stoicheff, Phys. Rev. Lett. 12, 592
(1964).

For strong pump fields: very efficient frequency conversion
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In contrast

to Raman-active molecule oscillations or optical phonons, acoustic waves or
phonons propagate with a velocity v,, thus the wave number £ and frequency
() of the acoustic wave are related by

K =—. (7.82)

In the scattering process, momentum and energy must be conserved

ke = kp — K. (7.83)
ws = wr, — (. (7.84)
From the second condition follows
By PR . SR (7.85)
nr, c
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Since acoustic frequencies (kHz - 100 GHz) are much smaller than optical
frequencies (300 THz), it follows wg ~ wy, and thus kg ~ 22 LL kr. The
scattering geometry for SBS thus looks as depicted in Fig. 7. 8 Furthermore,
the sound velocity is much smaller than that of light, v, < ¢, such that we
approximately have v, /c &~ 10~°. The wavelength of the sound wave can thus
easily become of the same order of magnitude as that of light, therefore in
general arbitrary angles a are possible, 1.e.,

K )\L

e
k=2 2kpsin— = o

Y
. _ O 786
5 9 T op T 2An' (50)

where A7, 1s the wavelength of light in the medium with refractive index n and
A the wavelength of the sound wave. This 1s the same condition as the Bragg
condition for scattering of X-rays from crystals. Again the longest interaction
length can be achieved in a guided collinear geometry of laser and Stokes
because from Eq. (7.86) and a = 0, it follows that Qp = k = 0. However, it
1s possible 1n backscattering geometry, a = m, 1t then holds

AL
2n
Thus the wavelength of light in combination with the phase velocity of the

sound wave and the refractive index of the material determine the frequency
of the mnteracting sound wave via

A= (7.87)

4dnu,

AL

e (7.88)
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For infrared light in glass with A\;, = 1.55 pym, n = 1.5, and v, = 5.96 km/s,
we obtain an SBS frequency of fp = Qp/27 = 11.5 GHz.

We now want to consider again the acousto-optical coupling. The ampl-
tude of elongation is Q (t,z) = Qe’**—"2) which satisfies

PQ(z1)  9Q(tz)  ,0°Q(2) _ 1
02 +T ot ba 5.2 ;F (L, 2). (7.89)

where p is the density of the medium and I' a damping constant. The light
field now couples to a wave and not to localized oscillations. In analogy to the
Raman effect, the driving force 1s given by

F(t z)= 150E SQ

However, we point out that here the polarizability is modulated by the stress
created in the medium which 1s only one consequence of the oscillation elon-
gation (). In general, a change 1n the refractive index ellipsoid resulting from
stress 1s described by the elasto-optical coefficient p

(7.90)

3
A(l/n?)=pS = An= —%pS, (7.91)
or
Aa = A (g/e0) = 2nAn = —n?pS. (7.92)

17



The stress results from the elongation () according to

= o = —JKQ, (7.93)
9z
such that 5
i
90 0 = jrn’p. (7.94)

For slowly varying amplitudes (SVEA) and Q? = v2x?, Eq. (7.89) for the
oscillation amplitude simplifies to

95 £C;)Jr’oa

- Lo &mmpEzv (7.95)

0z 4Q0p

For the case of strong damping, e.g.. in glass, a 50-GHz phonon only propagates
only 12 pm, in the stationary state, 9/0t = 9/0z = 0, it follows

goknip
2QpT

O = EiEL. (7.96)

The nonlinear polarization then is

Py, (ws) = € QQ - Ep, = jreonspQ*Er,. (7.97)
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The backwards scattered Brillouin radiation then grows exponentially accord-
ing to

OFg Jws K2n!p2wee 9
= Py, =—>——|ELI’E
0z 2cngEo o 4coQ2pl |ELl” Bs
or 5
S
= —glr1
92 girls
with
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- A2cppv, B NcopvaAvg’

where Avp = I'/27 1s the FWHM bandwidth for Brillouin scattering. Due
to the narrower bandwidth Avg on the order of a few to 100 MHz, Brillouin
amplification 1s typically much stronger than Raman amplification. However,
only pump light within a bandwidth Avg contributes to Brillouin amplification
at a certain freg fore, by using pulses with durations below 1 ns,
whose s

%0 MHz., one can suppress Brillouin scat-
tering. For the propagation ot ps (or even shorter) pulses, Brillouin scattering
plays often no role. In contrast, when using narrowband lasers with linewidths
below 10 MHz, the threshold for strong Brillouin scattering is reduced to a few
mW. The threshold for Brillouin backscattering i1s ~20.
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