Revista Brasileira de Fisica, Vol. 11, NP 4, 1981

Multiple Stimulated Raman Scattering in Glass Optical
Fibers

FELIPE RUDGE BARBOSA and RAMAKANT SRIVASTAVA
Instituto de Fisica " Gleb Wataghin’,, UNICAMP, Campinas, SP 4

Recebido em 21 de Outubro de 1981

Due to their extremely large interaction lengths, optical fi-
bers can be very convenient for observation of non-linear optical phe-
nomena. In this work we present an extensive study of Stimulated Raman
Scattering (SRS) in fibers with different characteristics. Our observa-
tions include spectra, measurements of thresholds and of power conver-
sion from pump to multiple Stokes radiation. As many as eleven Stokes
orders have been observed in a singlemode fiber, and up to seven Stokes
and four ariti-Stokes orders in a quasi-singlemode fiber. Our results on
power conversion show that even in the case of near total pump depletion,
pump power and fiber length are equivalent parameters for SRS, although
this equivalence cannot be fully understood on the basis of existing

theoretical models.

Devido aos comprimentos de interagéo extremamente longos con-
seguidos em fibras épticas, estas podem ser muito convenientes para ob-
servacdo de fenbmenos néo-lineares. Neste trabalho apresentamos un es-
tudo extensivo do espalhamento Raman estimulado (SRS) em fibras comdi-
ferentes caracteristicas. Nossas observagoes incluem espectros, medidas
de limiares e medidas de conversdo de poténcia da radiagao de bombeio
(laser) para multiplas linhas Stokes. Até 11 ordens Stokes
foram observadas numa fibra monomodo, e até 7 ordens Stokes e 4 anti-
-Stokes numa fibra quasimonomodo. Nossos resultados de conversdo de po-
téncia mostram que, mesmo no caso de deplecao quase total do bombeio, a
poténcia de bombeio e o comprimento da fibra podem ser pardmetros equi-
valentes para o SRS, apesar de que esta equivaléncia ndo possa ser bem

entendida com base nos modelos tedéricos existentes.
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1. INTRODUCTION

In optical communication systems, fibers are pressuposed to
be linear elements. However, it has been recognized for some time that
optical fibers in generall'3, and glass optical fibers in particular®,
may show marked non-linear behavior at moderate input powers, because
once light is coupled into the fibre core it is maintained thereat high
power densities and long interactions lengths. For inputs of less than
100 W (small if cornpared with non-linear optics standards) a fiber is
capable of generating, rnixing and recombining frequencies to such ex-
tent that output may radically differ from input. Among reported effects
are stimulated Raman® (SRS) and Brillouin scattering® (SBS), three-’
and four-wave® mixing, and self-phase modulation®. For broadband sig-
nals (> 10GHz) only SRS will prevail provided that pump powers are
strong enough for the Raman gain10 to be able to exceed iosses and yield
amplification of Raman light. Several fiber Raman amplifiers and os-

3-5 X .
’ , but in spite of

cilators have been reported over the last decade’
the vigorous efforts in the study of non-linear phenomena in fibers,
there are some gaps on both experimental and theoretical grounds that
still need to be filled. In particular, the study of stimulated Raman
effect has been lacking a consistent and comprehensive work regarding
the dependence of the various parameters (such as pump wavel ength, pump
power, fibre length, core diameter, etc.) under the same basic experi-
mental conditions = for only in this case a comparative study is mea-
ningful, and in practice useful. It is this gap that the present work

intends to fill.

Using the same excitation (laser) and detection system, and
varying the samples only, we have obtained spectra and measured the
thresholds of several Stokes and anti-Stokes orders of SRS as a func-
tionoffiber length, core diameter and pump frequency; also included
are measurements of frequencies and pump to Raman energy conversion in
multiple stimulated Stokes and anti-Stokes generation as a function of
pump power and fiber length. We have observed in a singlemode fiber as
many as 11 distinct Stokes orders, absence of anti-Stokes SRS and to-
tal laser depletion. We demonstrate that in a fiber, pump power and

sample length can be equivalent parameters even in the regime of near
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total pump depletion. In section 2 a brief account of existing theore-
tical bases of SRS is presented, the particular case of fibers is con-
sidered, and although the present work is essentially experimental this
section is included for completeness, so that the reader does have to
refer necessarily to the original works on theory. Discussion of our
observations in sectiori 3 shows that existing models based on various
pump beam profiles and geometrical configurations do not adequately

describe our data.

2 THEORY

Stimulated Raman scattering is a coherent non-linear effect
that comes from the direct coupling of the Stokes optical field to the
laser fisld through the third order term in the power expansion of the
polarization™":

300G, < xD @) e G B Ee

where X(a), the coupling parameter. is the third order non-linear sus-
ceptibility, a tensor of 4th rank; —EL(;’t) and Es (g,t) are the Laser
and Stokes optical fields. Since glass has inversion symmetry this is
the only non-linear polarization prevailing; in fibers, due to the co-
linear confinement of radiation, the vector notation can be dropped
and )((3)

convenient to express the non-linear polarization in terms of its fre-

taken as a scalar. For the theoretical treatment of SRS it is

quency components“; for Stokes frequencies

()

G = x

* .
-y 500y, 00 0 )E; (0 )y (0 )E, (w)

where the energy conservation condition u)S =W - W + w, is implied

in the x(‘s) argument. in this case, phasematching conditions * zs =
= I-()L - EL * Zs (forward (+) and backward (-) Stokes waves) are readi-
ly fulfilled, and stimulated Stokes light is said to beself-phase mat-
ched. For anti-Stokes (AS) radiation the situation is somewhat more in-

volved!! since
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(3) = X(3)(_

*
wr Wa w VB (wp)Ep (0 )BT )

Yasi ¥t
requires that Stokes light be present so that wAS = U“I_ + (ut—ws)holds.
Physically, the presence of stimulated Stokes lights inverts the vi-
brational population of the medium, and the laser light induces this
population to normal distribution, yielding in the process the stimu-
lated AS light. Phase-matching * zAS = ZzLi kS (forward (+-), back-
ward (-+) is not readily fulfilled. Actually, in a rigorous singlemode
fiber, this condition is never fulfilled'?, therefore stimulated AS
radiation will not appear in such a fiber. This aspect will be further

discussed in Sect. 3.b.

Stimulated Stokes light is generated by the build upof spon-
taneous Raman scattering, which takes place through the coupling of the
incident laser light and the vibrational rnodes of the medium. For smal

pump intensities it varies linearly with sample Iength3
=0a_TI_ (z)z , {a)

OR is the Raman cross-section, |R and IL are the Raman and laser inten-
sities. The above expression remains valid as long as pump is not de-
pleted in the process, with attenuation along sample length given by
‘TL = I/,(O) e-az (Beer's law), where o represents all losses per unit
Iength.l If the pump intensity is increased, the Raman scattered inten-
sity increases linearly until losses are equaled by Raman gain, and
threshold for SRS is achieved; whichever Stokes line, or band, has lar-
gest gain will prevail upon other vibrations and grow very rapidly be-
coming comparable to the pump intensity. In this stimulated regime, the

rate equation for IR and I, must allow for the gain,

L

dIR
'd—z—= gIRIL ‘QIR 3 (b)

with the Raman gain g at the Stokes frequency given by'°

3
s

Eh e(n+l)

o A
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where, a is the Raman differential cross-section, )\s the Stokes wave-
length, € the dielectric constant at the Stokes frequency and # the
Bose-Einstein population factor; ¢ and /2 are velocity of light in the
medium and Planck's constant, respectively. In equation (b), negligi-
ble spontaneous ernission into Stokes mode is assumed. At the threshold

of SRS the depletion of pump photons is small and may be neglected, so

we have again IL = IL(O) e 7, Thus, integrating (b) we have
| - e—otz]
2) = T, { — - -
| R( ) In(0) exp {g l 3 jIL(O) az} o, (c)

which reveals the fast growth of SRS due to its exponential dependence
on pump iritensity. IR(O) represents the spontaneous scattering as the
input end of fiber. Finally, if the pump intcnsity is increased well
beyond the threshold of the first stimulated Stokes order, a marked
energy conversion of pump to Stokes photons takes place and higher
order stirnulated Raman radiation appears both on the Stokes and anti-
-Stokes lines are not generated. In this regime (well above threshold)
each Stokes order is intense enough to serve as pump to the next, and
the rate equation for |R and IL is no longer one but a system of seve-

ral coupted equations, in which pump depletion is taken into ac-
13514

count . The rate equations can be written as:

dIL

A B A7

cZID]

T 90 T sy "% s T 952 Isy Is2

g,

T =t 95 Lo Isy T % Tsa T 9s3 Ls2 Is3 o
and so on;

the ISi stand for Stokes orders, the Qg for the losses at the corres-
ponding frequencies and the gSi for the frequency dependent gain coef-~

fients.

Such system has been solved for four Stokes orders, assuming

plane wave profile for the laser Iight“’, and later modified to the
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gaussian !fundamental } laser beam profile“. These cases are reprodu-
ced in Figure la and b, respectively; both yield pump depletion and
rnultiple SKS generation, as well as a saturation effect that prevents
each Stokes line from growing indefinitely. This happens because asthe

growing intensity of a Stokes line reaches the threshold of the next a
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Fig.1 - Laser to Stokes SRS power conversion: a) dependence with sample

length assuming plane-wave pump profilte (after ref.17); b)  dependence
with pump intensity for gaussian pump profile (after ref. 18); ) de-
pendente with pump intensity for a multimode liquid-core fiber (after
ref. 21).
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flow of power sets in depleting that line. The theoretical predictions
of the gaussian case have been confirmed experimentally in a liquid
cell geometry”, whereas no experiments have been performed to this
date for the plane-wave case. To conclude this part we mention that a
recent model proposed for SRS in fibersls, is not a satisfactory as
the two above and does not account for multiple SRS generation. More-
over, existing experimental evidence'® of pump to Raman power conver-

sion in a multimode liquid core fiber does not fit any model properly.

3. EXPERIMENTAL & DISCUSSION

A. Experiiments and Results

The experimental configuration shown in Figure 2 is standard.
Laser power from a pulsed dye-laser excited by lamp, operating in the
590-620 nm range with a 3 em™! linewidth and lus pulse width, is focu-
sed with a 20x/0,40 microscope objective into fiber core. Fiber output
is collected with a photographic objective chosen to match the spectro-

meter optics and, either focused into a double spectrometer, detected

M3 A8 )
™A
x392 ! ‘
A32A
|
|
e 109 gaal oM
' . »q!
1
| 1
| aq
M2Isiq

Fig.2 - Schematics of experimental arrangement. MO and PO are objecti-
ves. PD is photodetector. EM, BA and CR are electrometer, box-car am-

plifier and recorder, respectively.
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in a photomultiplier and averaged in a box car amplifier, or dispersed
with a flint prism onto a screen for visual observations and photogra-~
phy. Fibers used has a Ge doped Si0, core diameters of 5um, (W= index
profile), 8um and 15um (step-index profile) - henceforth Fiber 5 Fi-
Ser 8 and Fiber 15 - supplied by Valtec Corp. (USA), Bell Labs. (USA)
and CPqD - TELEBRAS (Brasil), respectively. These fibers were cut and
used in lengths ranging from 15m to 500m (no splices). Overall coupling
of taser to fiber varied to different fibers, but was reproducible with
optimal values as follows: 55% for Fiber 5 70% for Fiber 8and 80% for

Fiber 15. Below we present the bulk of our experimental observations.

Thresholds (Table 1): The smaller the core diameter the lo-
wer the threshold for Stokes and anti-Stokes SRS, because very high
intensities inside the fiber may be achieved with moderate powers of
the pump beam (e.g., few tens of watts of pump will lead to several
tens of Mw/cm? inside the fiber). Increasing pump wavelength lowers

threshold for SRS within our working range (590-620 nm).

TABLE 1: Thresholds for the various SRS orders in fibers. (Arbitrary

units, see note on Fig.5). Dots mean not measured, dashes mean ine-

Xxistant.

Fiber Laser 2045 1948 198 205 398 heg
Length Wavelength

Fiber 5 600 M - - 1,1 2,8 3,3

L =30m 610 nm - - 0,2 1,2 2,2 2,6
Fiber 5 600 mMm _ - 0,4 1,3 2,9 4,7
L = 400m 610 M - - 0,2 0,7 1,7 2,5
Fiber 8 600 mMm 4,6 3,7 2,8 3,7 4,4
L=30m 610 M 2,5 1,7 2,3 3,1

Fiber 15 600 mm 8,8 4.4 9,0 12,0
L=30m 610 nm 58 3,1 6,3 9,2 10,2
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Stokes (Table 2, Figures 3 and 4): All fibers in length ran-
ging from 15m to 500m show a profusion of stimulated Stokes radiation.
Up to 11 orders of Stokes light were recorded (Fig.3) for 100m of Fi-
ber 5 (extending from visible 610nm to near infrared 870 nm); for 30 m
of Fiber we recorded (Fig. 4) 6 Stokes orders; and for 270m of Fiber
15 we observed up to 8 Stokes orders. The separation between sucessi-

! (the main Raman shift of silica) with a ty-

ve orders was of 440 cm”™
pical deviation of % 20 cm~!, as can be seen in Table 2. This is veri-

fied, as expected, for various pump wavelengths from 595 to 615nm.

Anti-Stokes (Table 2, Figure 4): In 30m of Fiber 15we could
observe orily two orders of anti-Stokes SRS radiation, because intensi-
ties insicle the fiber are sinaller for a large core. For the same length
of Fiber 8, four orders of anti-Stokes SRS are distincly observed (Fi-
gure 4). On the other hand, for Fiber 5 anti-Stokes SRS was not obser-
ved, no matter how much power or len'gth of fiber was used. Contrary to
Stokes liries, the frequency separation for anti-Stokes is not the same
for different fibers, within the # 20 cm~! allowance; Fiber 15 has the

! separation between sucessive lines; Fiber 8, however,

expected 440 cm™
shows a peculiar feature of 400 cm~! separation between some lines and

500 cm~! between the second and third lines {Table 2).

Comversion (Figure 5):. Depletion of laser photons is always
observed for intensities above the first Stokes order threshold, and
the longer the fiber the higher the conversion; for 500m of fiber 5 we
obtain a "total' conversion of 100% (actually the output at laser fre-
quency is less than 0,1%), whereas for 15m of the same fiber the ob-
served conversion is less that 50%. For a given length of fiber we ob-
serve increased conversion for increasing pump intensity and satura-

tion effect of various Stokes orders.

Stimulated backward scattering has been observed in all fi-
bers and lengths. Measured thresholds are higher than corresponding
forward threshold. All other parameters show the same behavior as for-

ward SRS.
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Table 2: Absolute frequencies in cm”

1

of laser and the various SRS orders in fibers.

Fiber 5 |Laser 195 2es 395 kes  5es 695 795  Bes 995 10es 1198
(100 m) S

16600 16150 16686 15320 14790 14360 13930 13470 13040 12620 12190 11750
Fiber 8 4945 3945 2945 194S Laser 195 205 395  hLeg 595 695 798
(30 m) ] o - N -

18300 17900 17400 17000 16600 16160 15720 15270 14830 14400 13950 13500
Fiber 15[2945 1945 Laser 198 295 395  hog 595 695 795  B9S  .....
(250 m) )17480 17040 16600 16150 15700 15250 14820 14400 13970 13600 13200 .....
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B. Discussion

Observations concerning thresholds are self-explanatory and
need no further discussion; however, we should add some comments. At
fonger pump wavelengths thresholds are smaller because fibers exhibit
less attenuation at these frequencies. In other words, lower input po-
wers will still maintain the high intensities required for efficient
SRS generation. This, however, is not true in the infrared where some
strong absorption bands occur. The observations of backward SRS are
consistent with theoretical predictions and results are basically the
same as for forward SRS, with the exception of higher thresholds, the-
refore we decided to discontinue the study of backward SRS.

Conversion cf laser light to higher order Stokes and anti-
Stokes SRS, i.e., multiple SRS generation, is the main concern of the
present work. it can be obtained either by increasing pump power kee-
ping fiber length fixed, or by increasing fiber length and keeping in-
put pump power fixed. We have observed that the two can be equivalent.
Ippen'® has studied the former case in a multimode liquid core fiber
filled with C5, and we have studied both in a singlemode solid core
fiber. Figure lc shows Ippen's results for dependence of pump power
conversion with input pump intensity and Figure 5 shows our results for
the dependence of pump power conversion with (a) fiber length, and (b)
input pump intensity; equivalence is clear. These curves bear a remar-
kable resemblance with those obtained by Ippen (Fig.la) in the multi-
mode liquid-core fiber. However, several comments pertain here. Our
results should, in principle, agree with the previous gaussian beampro-
file results (Fig.lb), and disagree with the multimode fiber results
(Fig.lc), because the intensity profile of a singlemode fiber is gaus-
sian (Figure 6), even if the pump beam is not, as was our case. Since
in a multimode fiber, higher order Stokes do not necessarily propagate
in the same mode as the pump does, one would expect smaller overlap
between the fields and thereby a different behavior for pump to Stokes
conversion. On the other hand, it has been suggested'® that a single-
mode fiber should yield results similar to the plane-wave case (Fig.
la), but our results (Fig.5) do not confirm this. Furthermore, the mul-
tiple SRS radiation in our singlemode fiber differs appreciably from

previous work" using a liquid CS, cell, where gaussian beam profile
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Fig.6 - Gaussian profile output of Fiber 5.

calculations were confirmed experimentally. Before we try to elucidate
these discrepancies, let us make some further considerations. From Fig.
5, and Fig. la 6 b we see that laser and Stokes intensities fall off
much faster in fig. 5 than in the gaussian case and more slowly than
in the plane-wave case; the latter discrepancy is easily explained as
follows: when the laser intensity is depleted to below the first Sto-
kes threshold it becomes uncoupled to the Stokes optical field and then
is attenuated only by the losses in the medium, which are much less se-
vere than the nonlinear effect; this mechanism is not taken intoaccount
in any model. The fact that the laser intensity in fibers falls off
more rapidly than that predicted by the gaussian model!* appears to be
caused by a confinement of pump power over much longer distances in fi-
bers as compared to a liquid cell, causing thereby its depletion bythe

stimulated Raman process.

Of greater difficulty would be a detailed theoretical des-
cription of the behavior of the various Stokes orders in Fig. 5a and

5b. The curves of Fig. 5a indicate that different lengths offiber lead

to different conversion efficiences for the same input power; actually,
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in a long fiber (400 m), we have observed that the transmitted laser
intensity is at most equal to the first Stokes intensity, and as power
is increased higher Stokes orders reach intensities well-above those
of the first Stokes and transmitted laser lines. From Fig. 5a we can
also see that each higher order Stokes line is generated, or better,
attains a maximum inside the fiber, further from the input end. In ad-
dition, as fiber length increases thresholds decrease and conversionof

power to higher orders increases.

These observations indicate that the complex nonlinear beha-
vior of a fiber, especially if long, is diie to the unusual property
that fibers have of maintaing light confined at very high intensities
(hundreds of MW/cm?) over its whole length - thereby yielding results
that cannot be predicted using other geometries. Tha fact that a sin-
glemode glass fiber with small Raman gain (as ours), and a multimode
liquid-core fiber!® with high Raman gain, unexpectedly show the same
behavior, tends to confirm the above statement. Presently we are deve-
loping a theoretical description that will include the light confine-
ment at high intensities along the fiber core; this will modify exis-

ting models and contribute to a better understanding of SRS in fibers.

Finally we discuss the stimulated anti-Stokes scattering. In
the case of multimode fibers it is generated by the third-order para-
metric coupling of stimulated Stokes and pump fields!?. Phase-matching
(k-vector conservation) is in general very critical for parametric pro-
cesses, and for isotropic materials it cannot be satisfied for colli-
near interaction due to normal material dispersion. In fibers, howe -
ver, the multimode structure of the waveguide (depicted in Fig.7) al-
lows light of different frequencies to propagate in different modes of
different k-vectors, that are able to fulfill the conditions KAS =
ZzL - ZS of linear momentum conservation. This is the case of Fiber
15 which, according to Ref. 17 (see Appendix) has V = 8.6 at 600 mm
pump frequency and approximately 36 propagating modes; Fiber 15 can sa-
tisfy very easily the %-conservation condition and yield stimulated AS
scattering at multiple integers of the main Raman shift (440 cm™!), as
can be seen in Table 2. The extreme opposite case is Fiber 5, which
has v =~ 2,1 at 600nm, and exactly two degenerate modes of propagation

(which have the same b value in Fig.7); the two modes are occupied by
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ZL (1aser) and ZS(Stokes), and the parametric coupling conditien can-
not be satisfied because there are no other propagation modes availa-
ble. In this case stimulated AS radiation does not appear, as seen in

Table 2 and Fig. 3. At last, the intermediate case of a fiber with a

few propagating modes will be considered. Fiber 8 has V=k.2 at 600 mm
with less than 10 propagating modes; this means that enough modes are
available in order to satisfy phase-matching. Since only a few modes
can propagate it is possible that stimulated AS multiple integer shifts
A\_)AS = nAGn, A\-)o = 440 cm™!, do not coiricide with allowed phase-matched
propagation frequencies. W verify that this possibility is realized
in practice, as shown in Fig. 4 and Table 2. W explain these ''odd"
shifts as a self-accomodation niechanism where the anti- Stokes Raman
gain is no longer centered at the main silica shift'® but moves to a
convenient: frequency in order to satisfy phase-matching. Energy con-
servation will be, of course, still maintained because observed shifts
fall within the stimulated linewidths, but #5 lines are consequently
narrowed since maximum intensities are not matched, as can be seen in

Fig. 4.

0.8+

06

Fig.7 - Normalized propagation parameter b=(B/k} = n,/(n,-n,) as a func~
tion of normalized frequency V {See Appendix).
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4. CONCLUSION

W have observed stimulated Raman scattering (SRS) in various
fibers with different characteristics under identical experimental con-
ditions. Although most of our observations can be explained be the theo-
ry, our results on pump-to-Stokes power conversion indicate that this
effect in fibers is not properly described by existing theoretical mo-
dels. W suggest that a correct description must take into account the
extreme length over which light is kept at very high intensities in
optical fibers. Pump power and fiber length have been show to be
equivalent parameters, which could be expected for pump undepleted,
but our results extend to the extreme situation of pump extinction. W

are presently working on a theoretical model to describe our data.

The authors are thankful for financial support from Telebras,

FAPESP and CNPq (Brazil).

APPENDIX

This appendix is an extract of Ref. 17. The propagation cons~
tant B of any mode of a fiber is limited within the interval #;>B/k>n,,
where 7, is the core and n, the cladding refractive indices and kK =2m/x
is the wavenumber is free space. We can define two auxiliary parameters

u = a(k’n? - 82)1/2

= a(p? - K22V

€
|

where a is the core radius, so that the mode fields can be expressed by
Bessel functions of the first kind JQ(-Z’—:?) in the core, and of the third
kind (Haenkel) KQ(-ug—) outside the core. The quadratic sumrnation V2 =
=’ + u? gives

21a 2

—_—
V= /nd - nl
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which can be considered a normalized frequency. The solutions for u and
W can be obtained (see Ref. 17), and the propagation constant B calcu~
lated. Results are depicted in Fig. 7, where not 8 but

. [uz] (g7 -nd

2 2
v n ny

is plotted in the approximation for A<<l:

(B/k) - 7y
b = ————
Ny = Ny

The number of modes propagating in the core is approximately

given by ¥ = V%/2.
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