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Forward light scattering by the thermally excited guided acoustic modes of an optical fiber pro-
duce numerous narrow lines not predicted by the usual theory of Brillouin scattering. Optical
heterodyne detection has been used to resolve the scattering spectrum which begins at about 20 MHz
and extends to the detection limit. A simple theory quantitatively accounts for the frequencies, po-
larizations, and intensities of the components. The light scattering from these modes constitutes a
thermal-noise source in optical fibers that may prove significant in other experiments.

I. INTRODUCTION

Optical fibers are generally considered passive devices;
the light transmitted through them at reasonable power
levels may be attenuated, but is not expected to be modu-
lated. Optical fiber sensors utilize the essential passivity
of an unperturbed fiber to detect rather small perturba-
tions externally imposed on the fiber.! It has long been
known, however, that thermally excited vibrational and
diffusional fluctuations cause light scattering in glass.’
This process is responsible for the fundamental limit on
the attenuation of light in a fiber, but has not been expect-
ed to modulate the transmitted beam for the same reason
that a laser beam passing through a glass window is not
modulated; scattering in the exact forward direction is
possible only at zero-frequency shift. We have, however,
detected modulation of the transmitted wave in a single-
mode fiber due to thermally excited vibrations. The fact
that this effect occurs in a fiber and not in—for
example—a long glass laser rod results from the differ-
ence between the optical and vibrational modes in the
fiber and bulk cases.

A single-mode optical fiber is essentially a long, narrow
cylinder of fused silica down the axis of which a single
transverse mode of light can propagate, confined by a step
in the refractive index.> In such a structure, the interac-
tion of light and thermally excited vibrational modes is
very different from the bulk scattering described by
Mandel’shtam and Brillouin (MB).*> The thermal excita-
tions in a fiber are the eigenmodes of the cylindrical struc-
ture rather than the plane waves of the Brillouin theory,
and the acousto-optic interaction takes place in a confined
geometry that greatly weakens the usual Bragg condition.
As a result, the scattered light spectrum consists of dozens
of lines, each corresponding to a different cylinder mode
rather than the two lines of the MB theory. While light
scattering in fused silica has long been studied and the vi-
brational modes of an elastic cylinder is a classic problem
in mechanics, we are the first to our knowledge to detect
the resulting fine structure in the light scattering spec-
trum from an optical fiber.>°—° We have also quantita-
tively explained the frequencies, polarizations, and intensi-
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ties of the lines observed for a symmetrical fiber. The
presence of this scattered light may have widespread im-
plications in physics and fiber optics. )

Previous studies of Brillouin scattering in an optical
fiber have concentrated on backwards and right-angle
scattering and have employed interferometers of limited
resolution.® We have concentrated on forward scattering
where the scattered wave has the same transverse-mode
structure as the incident field and have employed optical
heterodyne detection to resolve the fine structure.!® The
Bragg scattering model would predict a zero-frequency
shift under these conditions, but since the acoustic modes
in a fiber are guided by the cylindrical structure, we find
numerous nonzero-frequency shifts in the guided
acoustic-wave Brillouin scattering (GAWBS) spectrum be-
tween 20 MHz and roughly 800 MHz. The linewidths
range down to 50 kHz. Roughly speaking, these modes
correspond to the radially and circumferentially propaga-
ting acoustical phonons which produce uniaxial strain or
dilatation at the core.” The resulting oscillatory strain
and density fluctuations cause phase and polarization
modulation of the confined optical field.

The vibrational modes of a cylinder are characterized
by a transverse displacement profile and a wave vector in
the direction parallel to the cylinder axis.® The transverse
profiles can be classified according to the character of
their motion as torsional, radial, longitudinal, flexural, or
mixtures of these motions. They are assigned mode num-
bers: n, which give their dependence on the angular coor-
dinate ¢, and m, which enumerates the modes of each
type and corresponds roughly to the number of vibration-
al nodes within the fiber. The modes responsible for for-
ward scattering light in the core are radial modes indepen-
dent of ¢ (Ry,,) or mixed torsional-radial modes varying
sinusoidally as 2¢ (TR,,,), the latter being doubly degen-
erate.’” A nearly infinite number of modes and a similar
number of nonzero mode frequencies exists for each value
of the axial wave vector g;;. This multiplicity of disper-
sion curves is a key difference between the bulk MB
scattering case and the present scattering by guided acous-
tic waves in an optical fiber. The frequencies detected in
our experiment correspond to axial wave vectors near
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g||=0. Only one branch of each of three types of
mode—torsional, longitudinal, and flexural—has zero fre-
quency at this point.

II. RESULTS—SYMMETRIC FIBERS

Polarized scattering results from the radial dilatation or
Ry,, modes which cause pure phase modulation. To
detect this effect, a single-mode fiber must be used as one
arm of a Mach-Zehnder interferometer as in Fig. 1. The
other arm of the interferometer transmits the local-
oscillator wave necessary for heterodyne detection.!® The
phase fronts, powers, and beam profiles of the two arms
are matched on the output beam splitter, and the phase of
the local oscillator adjusted to have a component in quad-
rature with the beam transmitted through the fiber. The
interferometer output is detected by a fast-silicon p-i-n
photodiode, then amplified and dispersed in a radio-
frequency spectrum analyzer. The best sensitivity is ob-
tained when the local oscillator also nearly cancels the
transmitted intensity. This condition minimizes the aver-
age current at the photodiode while maximizing the in-
cident intensity in the fiber.!! It is important that the
shot noise of the detection system be at least 3 dB above
the thermal noise. We were able to reach that condition
with 5 mW of light on the photodiode and 50 mW of
light in the optical fiber. The laser employed was a single
axial mode Kr* Spectra-Physics model No. 171 laser os-
cillating at 647 nm. The detector used in the polarized
scattering experiments was an EG&G FND-100 high-
speed photodiode.

The data reported here was obtained using a 56-cm
length of FSV 6000-A single-mode fiber purchased from
Newport Research Corporation. This fiber has a particu-
larly simple internal structure, consisting of a 4.0+0.4 um
diameter core of germania-doped silica surrounded by a
125+3 um diameter cladding of pure synthetic silica.
The external divergence angle of the confined mode was
6.3° at 647 nm. The index of refraction of the core was
uniform and 0.003 larger than the cladding.!? As
delivered, the fiber was protected by a jacket of uv-cured
acrylate plastic which acted to damp the vibrational
modes somewhat and also induced strains and
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FIG. 1. Apparatus for detecting polarized guided acoustic-
wave Brillouin scattering. The device is a Mach-Zehnder inter-
ferometer with roughly 1 m of fiber in one arm. The output of
the interferometer is collected by an EG&G Corporation FND-
100 photodiode. The dc output of the diode is used to control
the phase of the reference arm of the interferometer by means of
a piezoelectric translator on one mirror. The high-frequency
output was amplified and dispersed by an electronic spectrum
analyzer. The electronic bandwidth of the system was 400
MHz, and the video averaging bandwidth of the spectrum
analyzer was typically 100 Hz.
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FIG. 2. Polarized guided acoustic-wave Brillouin spectrum
from an unjacketed 125-um nominal diameter single mode opti-
cal fiber. The spectrum was obtained using a Mach-Zehnder in-
terferometer and optical heterodyne detection as shown in Fig.
1. The vertical scale is logarithmic, and baseline drift due to the
frequency-dependent amplifier response has been subtracted off.
The electronic resolution was 1 MHz and the electronic band-
width of the detection system was 400 MHz. The major peaks
correspond to Ro,, modes and their frequencies appear in Table
I. Some minor peaks are due to modes of other symmetry, and
some are due to electronic pick up.

birefringence in the fiber. When the polymer jacket was
removed, the residual fiber birefringence was reduced to a
few percent and the light scattering spectrum consisted of
narrow lines as shown in Fig. 2. Baseline shift due to
frequency-dependent amplification was subtracted off
digitally. The spectrum clearly shows a rising series of
peaks, the spacings of which approach a constant interval
at high frequencies. This is consistent with the behavior
of the ¢-independent R,, modes described later.

The simple apparatus in Fig. 3 suffices to detect depo-
larized scattering which is due to the TR,,, modes. Ellip-
tically polarized light is coupled into the fiber core under
conditions where the polarization of the output is identi-
cal to the input. We found that a meter or so of unjacket-
ed fiber lying straight on a support fulfilled these:condi-
tions. A Glan-Thompson polarizer after the fiber rejects
the linear polarization corresponding to the major axis of
the input. The much weaker minor-axis polarization is
directed onto the photodiode and acts as a local oscillator
in heterodyne detection of the depolarized scattering of
light initially polarized along the major axis.!! Figure 4
shows the more complicated spectrum observed for this
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FIG. 3. Apparatus for detecting depolarized guided
acoustic-wave Brillouin scattering. The device is an ellipsometer
for the fiber with a high-frequency output. The Faraday rota-
tion isolator is needed to prevent reflections from the fiber de-
stabilizing the laser frequency. A variable wave plate similar to
a Babinet Soliel compensator produces the correct input polari-
zation to the fiber. The polarizer after the fiber rejects all but a
small fraction of the transmiitted light. The polarizer output is
collected by a Mitsubishi PL-1003 photodiode, the output of
which is amplified and dispersed by an electronic spectrum
analyzer. The electronic bandwidth of the system was 1 GHz,
and most spectra were taken with 300-Hz video bandwidth.
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FIG. 4. Depolarized guided acoustic-wave Brillouin spectrum
from the 125-uym nominal diameter fiber used for Fig. 1. The
polarization spectroscopy technique diagrammed in Fig. 3 was
used to provide the local oscillator. The electronic resolution
was 0.3 MHz below 400 MHz and 1 MHz above. The electronic
bandwidth was 1.0 GHz. The vertical scale is again logarithmic
and the amplifier response has been subtracted off. The baseline
corresponds to the shot noise level with 5 mW on the detector.
The frequencies of the major components appear in Table I and
agree with calculated TR,,, mode frequencies. The inset shows
the 104.6-MHz mode at a resolution of 10 kHz. The deviation
from a Lorentzian line shape results from small variations in the
fiber diameter.

polarization when the power coupled into the fiber core
was 200 mW and the power at the detector was 1—5 mW.

The inset of Fig. 4 shows one of the stronger lines,
which has a characteristic near-Lorentzian line shape. By
normalizing the power scattered by this mode in the for-
ward direction to the shot-noise power at the baseline, one
can calculate the scattering efficiency per unit length.!!
The experimental forward scattering efficiency is
np=(1.240.4)x 1072 cm~!. This is roughly two orders
of magnitude less than the efficiency of depolarized Bril-
louin scattering at 90° in bulk fused silica but as there are
roughly 30 strong modes present in a fiber, the total
scattering efficiency is comparable to the bulk case.?

We found that the presence or absence of a polymer
fiber jacket did not measurably alter the frequencies of the
cylinder-guided acoustic waves but did greatly alter the
linewidths observed in our spectra. This is to be expected
since the polymer jacket tends to dampen vibrations at the
circumference of the silica fiber. The linewidth of the
mode shown in the inset was 165 kHz full width at half
maximum (FWHM) in the unjacketed fiber and 1000 kHz
in an identical jacketed fiber.

III. THEORY AND DISCUSSION

The theory of the vibrational modes of a long cylinder

has been reviewed by Thurston and Sittig and Coquin.®’
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In a uniform cylinder, the frequencies of these modes de-
pend only upon the cylinder radius a, the velocity of long-
itudinal (dilatation) waves Vy, the velocity of transverse
(shear) waves Vg, and the wave vector along the cylinder
axis q). Our scattering is due to modes with g|;=0. All
branches of both Ry, and TR,,, series of modes have
nonzero frequency and little dispersion around g =0.
Each mode couples the incident and a forward scattered
photon thus giving a Stokes and anti-Stokes peak in the
light scattering spectrum for each mode, each of which
contributes to the amplitude of the single beat frequency
detected by the spectrum analyzer. The phase velocity for
these waves approaches infinity for g, ~0, while the
group velocity approaches zero. The transverse spatial
dependence of the modes and their resonant frequencies
can be determined by solving the differential equations
with the appropriate boundary conditions, and the radial
dependence of the displacements can be expressed in
terms of Bessel functions, J,,(z).

For the dilatational R,,, modes, the boundary condition
corresponding to the free fiber surface can be written as

(1—a®Jo(p)—a¥J,(»)=0, (»

where Q,,=(V;y,,)/a gives the frequency of the mth
mode, a=V,/V,, and p,, is the mth zero of Eq. (1).%7
For fused silica, V;=3740 m/sec and V;=5996 m/sec.?
For our nominal fiber radius of a=62.5 ,um,12 we calcu-
late ¥V;/2ma=15.3 MHz, and a=0.62. The best fit to ex-
perimental spectra was obtained for «=0.6203 and
Vy/2ma=14.801 MHz, leading to the calculated mode
frequencies in Table I.

The displacement of a point within the fiber by these
modes can be expressed in cylindrical coordinates as

Up (r)=Crpnd ymﬁ s Upm="Usp=0 2)

where Cpg,, is amplitude of a thermally excited low-
frequency vibration calculated from the equipartition
theorem.? The total vibrational energy for a single mode
in a fiber of length / and density p is

I o2 pa
En= [ [ [ 5p0nlUn()+ UG (N]rdrdodz , (3)

which must equal k7. For each R, mode, the thermally
excited amplitude is then

172
kT
Cpyp= | ——2
Rm WIPQ%HGZBR”’ ’ (4)
where
1
Bgym = fo I3 (mx)x dx (5

is the required radial integral.

The light scattering efficiency can be calculated from
the radial and azimuthal strain at the core using the
known strain-optic coefficients of fused silica. For g =0
modes, the nonvanishing strain components are
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TABLE 1. Observed polarized and depolarized scattering frequencies compared to calculated R, and TR,, frequencies for

a=64.47 um; V;/V;=0.6203 and V;=5996.0 m/s.

Polarized frequencies Depolarized frequencies
Observed Calculated Ry, Observed Calculated TR,,, Observed Calculated TR, Observed Calculated TR,
(MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz) (MHz)
29.72 29.67 21.52 21.52 405.76 406.50 684.53
79.62 79.57 38.20 38.15 410.26 685.52 685.85
127.20 126.75 68.41 68.41 425.05 425.05 699.11
135.13 TR,,, 79.23 78.89 439.32 713.62
173.44 173.56 104.58 104.58 452.59 731.97 732.13
220.32 220.23 122.88 454.32 454.30 742.49
267.31 266.84 135.14 134.97 468.41 771.30
313.68 313.87 163.41 163.27 482.72 482.75 778.54 778.68
360.47 360.37 171.57 171.41 499.24 499.53 800.18
407.29 406.87 192.97 193.81 511.62 511.66 825.21 825.13
453.60 453.37 218.23 217.80 540.23 540.43 829.07
499.87 222.66 223.31 545.56 546.13 857.87
546.69 546.37 251.33 251.60 555.07 872.16 871.68
592.77 592.87 265.50 265.22 569.61 569.35 886.73
. 280.39 280.67 583.50 915.52
308.72 309.24 591.99 592.54 918.77 918.24
312.81 313.61 598.51 598.26 944.42
338.32 338.40 627.43 627.04 964.91 964.69
359.15 359.82 638.93 639.12 973.28
367.27 367.39 641.44 1002.11
396.21 396.11 656.06 655.92 1011.21
au, where the mode radius w can be estimated from the diver-
Spr= ar gence angle or the core radius. Phase-modulation theory
U | oU then implies that two sidebands are created, shifted by the
S4p= AR S 2 , (6) vibrational mode frequency +Q,,, and that the forward
r r 0¢ scattering efficiency for each sideband is

"= o T ar  r

For the R, modes the nonvanishing strain components
become

1 Ym? Yy Ymt
Srr:CRm 7"1 Z '——::— 2 a ’
(7)
1 Ym?
— _J E—
Se¢ CRmr i

The resulting scalar change in the index of refraction at a
point at radius 7 inside the fiber is

n3(P11+P12)
2

where P;;=0.121 and P,=0.270 are the strain-optic
coefficients for fused quartz!3 and » is the refractive in-
dex. The phase shift of the light propagating down the
core can be estimated by averaging the refractive index
perturbation An(r) over the mode profile of the guided
optical wave E (r) ~(1/mw?)e —r/®"

An(r)= [S/ () +Sge(r)], (8)

=212 [ An(IE(Irdr ©)

2

2
- -1, (10)

J](e) ! lz‘

J0(€)

£
2

Nr=

where the inverse of the fiber length / is required for di-
mensional consistency.'* The profile of the guided optical
mode can be approximated by a Gaussian function with a
mode radius w roughly 30 times less than the radius of
the fiber a. The Bessel functions in Eq. (7) can then be
approximated by their lowest nonvanishing term in r for
modes which satisfy the condition y,, /7 <<a/w. This
holds for the first ten or so Rg,, modes. The index per-
turbation and scattering efficiency then become

n* Py +P13)Crm¥m

A = , 11
n(r) 2 (11)
nSw*kT (P +P1y)?
nr= 2 22 (12)
32mwcpVia“Brpy,

For the strong polarized R, mode at 127 MHz, these
calculations imply a total forward scattering efficiency
Nr=4.4X10""2 cm~!, in approximate agreement with
the value implied by our observations.

The depolarized TR,,, modes are more complex. The
boundary condition of zero traction at the fiber surface
implies the characteristic equation:
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[(3—y2/2),(ap)] [(6—y2/2)T,(p)—3pJ3(»)]
[Jolay)—apJslay)] [(2—y2/2),)+yJ5(0)]

= .

(13)

where the mode frequencies are Q,, =V,y,,/a.%” The re-
sults appear in Table I. Clearly, the agreement with the
measured mode frequencies is excellent for both polarized

I

2 Ym? 2 aymr
=A—— — [—4 J
u(r/a) Al(r/a)J2 a 2\ (r/a)"?
2 aym,r 2 Ym?
u¢(r/a)—A2(r/a)J2 a YWr/a)?| a
with

Ay =(6—p2)W,(ay,,) ,

Ay =(6—y2 /203 (Ym)—39mT3(Im) .
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and depolarized modes. The TR,,, modes are doubly de-
generate; the isoclines can be at 0° and 90° or at +45°. The
displacements corresponding to the 0°—90° modes are

U,(r,¢)=Crp,u,(r/a)cos(2¢) ,

The amplitudes corresponding to thermal excitation can again be calculated from Eq. (3):

KT 172

wlpQ;,a’T,,

Tm =

where the relevant radial integral is

T’” = fol {[ur(Z)]2+[u¢(Z)]2}z dz .

All three elements of the strain tensor given in Eq. (6) are nonzero for the TR,,, modes:

S __CTm A —2 aymr Saym aymr
" a N1 (r/a2"?| a (r/a)"®| a
2 Ym? 2m Ym?

Ay | —E—u, [P | g,
G e (r/a)"* | a

Crm 2 Ay, ¥ Y aymr

Spp=—m J J

¢ [ | (r/a??| a (r/a)? | a

-2 Ym? Vm Ym?

A Pl

AN | a (r/a) | a

S CTm A 4 aymr _ 4a.Vm aym,r
7 a N (r/a2?| a (r/a)"®| a
—4 Ym? 4y, Yt

A J : Jy |2

+A (r/a)? | a (r/a)"’ | a

The calculation of the polarization and phase shift of
the light propagating down the core is very similar to, but
more complex than, that for the Ry, modes. Approxi-
mating the Bessel functions by their small r expansions
results in a major simplification which is again appropri-
ate for y,,/m<<a/w. The leading terms in the aniso-
tropic index of refraction perturbation are then
2

Im (A;—a24,)(P;;—Py,) .

2

(18)

(14a)
Uy(r,¢)=Crpuy(r/a)sin(2¢) ,
where
aYm?
——ame3 a ]
(14b)
Ym?
—me3 - ] ’
(14c¢)
(15)
(16)
+(aym)J, m?
]COSW’) s (17a)
]005(2‘15) , (17b)
—y2ds |20 }sin(Zqﬁ). (17¢)

Light propagating with linear polarization at ¢ =45° en-
counters anisotropic perturbations which cause unequal
phase shifts for components projected on the ¢=0° and
¢=90° axes. Polarization components are created along
¢ = —45° that are frequency up shifted and down shifted
by the vibrational mode.!*> The fraction depolarized in
this way by the index perturbations is

n%w?*kT(Ay —a?A4,)A Py —P,)?
64mcpV2a’T,, '

Nr= (19)
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FIG. 5. Depolarized GAWBS spectrum of an Hitachi 6315 fiber complete with polymer jacket. The overall vertical scale is 12 dB,

the resolution is 300 kHz and the video bandwidth 300 Hz.

For the TR,s mode at 105 MHz, Eq. (19) predicts a
scattering efficiency of 1.4X107'2 cm~! for forward
scattering in satisfactory agreement with our measured
value of (1.2+0.4)x107'2 cm~!. Equation (19) also
correctly predicts the pattern of relative peak intensities in
Fig. 4.

The modes with frequency shifts above roughly 300
MHz do not fulfill our y,, /7 <<a /w condition. The radi-
al dependence of the index of refraction perturbation of
these modes varies across the core. When y,w/a~m, a
node will exist within the region sampled by the transmit-
ted light beam, giving rise to a partial cancellation of the
phase shifting effect of the vibration. One should note
that the scattering efficiencies of Egs. (12) and (19) in-
crease roughly as , until this cancellation occurs.
Beyond that point, one would expect that the light scatter-
ing due to high-frequency modes would drop off with in-
creasing frequency, and such is the observed result. Even
so, thermally excited guided acoustic-wave scattering is
observed up to the maximum frequency of our detection
system, and the frequencies of most of these modes can be
accounted for by our theory. One would expect that the
different acoustical parameters of the core material and
the effects of strain and other inhomogeneities in the clad-
ding structure would perturb individual high-frequency
modes in characteristic ways. Low-frequency modes, on
the other hand, would be perturbed less and more uni-
formly because the characteristic radii of the core and the
perturbations are then smaller than the radii of the nodes.
While we have detected perturbations of this sort, we have
made no attempt to explain them quantitatively. Modes
with nodes inside the core region would also tend to
scatter light out of the guided optical mode, further
reducing the detected heterodyne signal.

IV. RESULTS—NONAXISYMMETRIC FIBERS

We have also studied symmetrical fibers with overall
diameter different than the FSV fiber and fibers with el-

liptical cores or nonaxisymmetric stress patterns which-

preserve polarization.!®~!® The symmetric fibers show

scattering spectra similar to Figs. 2 and 4 but with the fre-
quency scale altered by the ratio of fiber diameters.
Fibers with aluminum metal jackets show somewhat more
complex patterns because of the good acoustical coupling
between the silica fiber and the jacket.!®

The nonaxisymmetric fibers show considerably more
complex scattering spectra. Figure 5 shows the depolar-
ized spectrum of the Hitachi 6315 fiber as it is delivered.
This fiber has the same overall diameter as the FSV fiber,
but the polymer jacket damps the vibrational modes quite
well, leading to the large linewidths observed. Within the
frequency precision possible with such linewidths, there is
little difference between the modes of such a fiber and the
FSV fiber. Figures 6 and 7 show the polarized and depo-
larized spectra of an Hitachi 6315 fiber from which the
polymer jacket has been removed. At low frequencies, the
patterns are quite similar to Figs. 2 and 4, but fine split-
tings can be observed in the depolarized spectrum begin-
ning at about 100 MHz.

The TR,,, modes in a symmetric fiber are doubly de-
generate; the vibration patterns of the two degenerate
modes are rotated by 45° with respect to one another. The
nonsymmetric strain patterns caused by the structure and
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FIG. 6. Polarized GAWBS spectrum from an Hitachi 6315
fiber without its polymer jacket. The conditions are similar to
those in Fig. 2, and the differences in the spectra reflect the
differences in fiber structures. The resolution is 1 MHz.
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FIG. 7. Depolarized GAWBS spectrum from an unjacketed
Hitachi 6315 fiber with the incident polarization along the fast
or slow axis of the fiber. The spectrum is similar to that in Fig.
4; the differences reflect the more complex internal structure of
this fiber which has an elliptical region in the cladding with a
different composition. The resolution is 1 MHz.

composition of the cladding of a polarization preserving
fiber and the noncylindrical interfaces within the cladding
lifts this degeneracy, introduces a new splitting and
creates a polarization selection rule. The GAWBS modes
which scatter light from the fast to the slow polarization
directions (and vice versa) create strain at the core at an
angle of 45° to the fast and slow polarizations. These
modes are one of the two sets of TR,,, modes of the fiber.
The other set creates strain along the linear polarization
directions and thus cannot be detected by polarization
techniques when the incident light propagating through
the fiber remains linearly polarized. If, however, the po-
larization incident on the fiber excites both the fast and
slow modes equally, the light polarization within the fiber
will oscillate between linear, circular, and elliptical states.
The linear polarization, for example, will be at 45° to the
strain direction of the second set of TR,,, modes, and
thus can be depolarized by these vibrations. Similar con-
siderations apply to the other polarization states occurring
at other locations in the fiber.

0 ) 100 200

Signal Power (relative units)

09560 300 200
Frequency Shift (MHz)

FIG. 8. Additional depolarized GAWBS peaks that appear
when the incident polarization has both fast and slow com-
ponents. The spectrum was obtained by digitally subtracting
traces similar to Fig. 7 from corresponding traces taken in the
other polarization condition. Some of the high-frequency peaks
seem related to polarized GAWBS modes. Resolution is ‘300
kHz for frequencies below 200 MHz, 1 MHz above.

R. M. SHELBY, M. D. LEVENSON, AND P. W. BAYER 31

To detect this second set of TR,,, modes, one thus
must excite the fast and slow polarizations of the fiber
equally with the incident light, and use a variable wave
plate and polarizer to reject a large fraction of the
transmitted light. This light will be in some elliptical po-
larization at the output end of the fiber, but will remain
constant if the temperature or strain of the fiber does not
vary. The light transmitted by the polarizer is again in-
cident upon a photodiode and the beating signals
dispersed by the spectrum analyzer. The resulting spec-
trum is similar to Fig. 7, containing peaks due to both sets
of TR,,, modes. Our spectrum analyzer allows digital
subtraction of one spectrum from another. The peaks
that appear only when the incident radiation propagates
in both the fast and slow modes remain after the subtrac-
tion. Such a difference spectrum appears in Fig. 8. The
fact that fewer peaks appear in this trace than in Fig. 7
indicates that the splittings of the two sets of TR,,
modes are small for most modes of the Hitachi 6315 fiber.

The fine structure of the depolarized GAWBS spec-
trum of this fiber is better illustrated in Fig. 9, which
shows the region of TR,s modes. With the incident radi-
ation mostly in the fast polarization in the fiber, and the
detected light in the slow polarization, the two peaks in
the top trace of Fig. 9 appear. When the incident and
detected polarizations were shifted to excite one linear
combination of fast and slow and to detect the orthogonal
combination, the additional peaks in the bottom trace of

A

fe——
10 MHz

FIG. 9. Variation in the TR,s components due to the polari-
zation selection rule in Hitachi 6315 fiber. The top figure shows
the peaks appearing near 103 MHz when the incident light was
mostly polarized along one fiber axis. The lower trace shows
the same region when the incident light has mixed polarization.
The two outermost peaks have increased in intensity with
respect to the two inner peaks. The resolution was 300 kHz, the
video bandwidth was 300 Hz, and the overall vertical scale 12
dB for each figure.
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TABLE II. Polarized scattering frequencies for Hitachi 6315
fiber (MHz).

29.05 132.8 214.6 304.4
65.79 160.9 218.0 337.3
77.80 166.3 251.2 380.8
83.15 172.8 262.9 391.4
101.8 186.6 276.5 396.3
123.9 189.9 293.6
128.7 208.6 298.6

Fig. 9 appeared. The line shapes of the individual modes
are not symmetric in this fiber, but have longer wings on
the low-frequency side. Figure 10 shows the two frequen-
cy components of the TR,s mode accessed with linear po-
larization. A similar trace with a baseline produced by a
tungsten light yielding the same electronic current showed
that the noise level fell to the shot noise level away from
the peaks when the optical power at the detector was 5
mW.

Birefringent fibers support two orthogonally polarized
optical modes with different phase velocities, called the
slow and fast modes. Scattering from one to the other re-
quires a wave-vector change Akg=(n;—ngslw/c =7u/lg
even when no frequency shift occurs. The effective in-
dices of refraction for the fast and slow waves are ny and
ng, respectively, and parameter I, is the beat length of the
fiber which equals 5 mm for the Hitachi 6315. If the
scattering from the fast to the slow modes is due to guid-
ed acoustic waves, the axial wave vector of the acoustic
mode must be nonzero for such fibers. Away from
q),=0, the dispersion curves for the guided acoustic
modes need not be flat. The scattered frequency is slight-
ly larger than that at zero wave vector. The GAWBS
wave at wave vector g has frequency

QZQO+/‘q2 ’

where the parameter u defines the curvature of the disper-
sion curve at zero wave vector. Thus the frequency shift
in the scattered light has magnitude

Q=Qo+uAk} .

The asymmetries in the Hitachi 6315 fiber also couple
modes of different symmetry to one another and further
complicate the light scattering spectra, especially at large
frequency shift. We have not attempted to analyze the

fe—= 1 MHz

FIG. 10. Line shapes of the TR,s components seen with near
linear polarized incident light. The triangular line shape is
characteristic of this fiber. The vertical scale is again 12 dB
overall, the resolution was 30 kHz, and the video bandwidth was
10 Hz.

observed peak frequencies, but we have measured them
quite accurately using the frequency counter in our spec-
trum analyzer. The frequencies of the polarized modes
and the modes responsible for depolarized scattering of
fast or slow wave incident light appear in Tables II and
III. Table IV shows the additional peaks that appear in
the depolarized spectrum when the incident light has
mixed polarization.

There are now a wide variety of designs for polarization
preserving fibers, and we expect that the details of the
GAWBS spectra will be different for each type of fiber.
These differences may not be observable for fibers with
highly damping polymer jackets, but should appear when
the jacket is removed. It may be possible to use these
spectra to analyze the internal structure of an unknown
fiber once a sufficient theoretical understanding of the
perturbations has been developed.

V. CONCLUSION

In conclusion, we have shown that thermally excited
guided acoustic modes cause phase modulation and depo-
larization of light guided by a single-mode optical fiber.
The resultant light scattering can be detected by optical
heterodyne techniques in forward scattering, and the fre-
quency shifts of the scattered light are in quantitative
agreement with a simple theory. The observed intensities
appear consistent with the predictions of our thermal ex-

TABLE III. Depolarized scattering frequencies for Hitachi 6315 fiber with a linear polarized in-

cident wave (MHz).

20.38 162.33 232.8
38.79 168.55 249.3
66.59 181.30 259.7
80.64 191.9 263.4
102.99 205.7 277.5
105.31 209.5 284.3
130.43 213.4 305.4
134.38 214.8 309.7
154.39 221.8 311.3

337.3 398.1 479.3
340.2 400.6 485.8
347.5 415.1 493.9
352.7 421.3 508.0
362.3 428.7 522.5
365.2 430.5 538.4
378.5 442.1 559.0
392.8 451.4 565.4
394.1 467.23 572.4
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TABLE IV. Depolarized scattering peaks occurring only for mixed incident polarization for the Hi-

tachi 6315 fiber (MHz).

65.73 161.2 208.6 238.4 272.3 310.0 357.7
79.61 172.7 214.7 241.4 276.3 317.2 369.3
101.9 186.9 215.6 246.7 290.7 329.1 384.7
129.8 189.7 217.4 251.2 298.6 333.3 392.1
133.3 190.5 219.3 265.1 304.2 337.4 395.8

citation model. The linewidths of the various frequency
components increase with frequency and are dependent on
the acoustical characteristics of the material used to
sheathe the silica fiber. While this study has focused on
modes with near-zero wave vector along the fiber axis,
corresponding modes exist with nonzero axial wave vec-
tor, and these too should be capable of scattering light. In
particular, modes with g =4mn /A cause backscattering
of the incident radiation with a frequency shift of Q,,
~4mnVy/A. The linewidth of the observed backward
Brillouin scattering is roughly 145 MHz in a fiber, which
is less than the splitting observed here.®!® On the basis of
our analysis, one would predict that a pattern of splittings
similar to that reported here should be detectable in the
backscattering case.

This light scattering phenomenon constitutes a ther-
mal-noise source within all optical fibers and might ulti-
mately be significant in communications and sensor appli-
cations of these devices. In particular, attempts to use op-
tical fibers to generate or transmit squeezed states of radi-
ation must avoid conditions where the thermal noise due

to these guided acoustic waves exceeds the residual quan-
tum noise.'® The noise source is quite weak; even with a
scattering efficiency of 4.4 1072 cm~! for a 100-MHz
mode and a scattering efficiency that increases with mode
frequency for 30 or so modes, the total noise power pro-
duced by a kilometer of fiber is only 6.6X10~° of the
transmitted power. The loss in such a fiber is 96% of the
incident power. Averaged over the bandwidth of the
fiber, the fractional noise level is 110~ Hz~!'km~.
Even so, this noise source must be considered carefully in
the design of optically heterodyne detected fiber optic sys-
tems, especially if an optical fiber is to be used to transmit
the local oscillator to a detector.
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