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Over the last decade, few-mode optical fibers have
taken an increasing role in space-division multiplexing
of optical telecommunication channels25,26, and they
have also found many sensing applications27. The
number of mode groups supported by the fiber can be
controlled through the dimensions and index contrast of
the core28,29. Few-mode fibers provide additional
degrees of freedom for Brillouin scattering interactions,
as the optical fields that take part in the process may be
guided in different spatial modes. Brillouin scattering
interactions through multiple guided optical modes
have been reported in photonic integrated wave-
guides30–32 and in thin tapered fibers33,34. Backward
Brillouin scattering interactions have been investigated
in standard few-mode fibers35,36, and they were used
towards strain and temperature sensing and for modal
dispersion analysis37. The forward effect has been stu-
died in standard, panda-type polarization-maintaining
fibers, in which the two polarization modes are non-
degenerate38. However, the difference in effective indi-
ces between the two principal states of the fiber is
comparatively small, in the fourth decimal point. In
addition, the guided acoustic modes of the panda-type
fiber cannot be solved analytically and do not maintain
regular azimuthal symmetries38. Forward Brillouin
scattering in standard few-mode fibers has yet to be
examined.
In this work, we report the analysis, calculations, and

experimental demonstration of forward Brillouin
scattering in a step-index few-mode fiber with stan-
dard cladding. The spectrum of forward Brillouin
scattering is formulated for the launch of each of the
optical fields involved in an arbitrary guided mode.
The experimental setup supported selective coupling
of light to the fundamental LP01 mode, the LP02 mode,
or the LP11 mode group of a few-mode fiber. The
results show that forward Brillouin scattering in the
LP02 mode reaches acoustic frequencies up to 1.8 GHz,
much higher than in the fundamental mode. The
measurements demonstrate the Brillouin stimulation
of additional classes of acoustic modes, with first-order
and fourth-order azimuthal symmetries, which are
inaccessible through the corresponding process in
single-mode fibers. Further, inter-modal interactions
between optical waves in the LP01 and LP02 modes
stimulate acoustic modes that are detuned from their
cut-off frequencies by a few MHz. Certain inter-modal
forward Brillouin interactions signify the transfer of
angular momentum quanta between the orbital
degrees of freedom of optical and acoustic waves39,40.
The results extend the formulation and scope of fiber
opto-mechanics beyond the single-mode regime, and
they may find applications in fiber lasers, sensing, and
quantum states manipulation.

Results
Analysis of forward Brillouin scattering in standard few-
mode fibers
Solutions to Maxwell’s equations in standard step-

index optical fibers are given by a discrete set of optical
modes, denoted by HEln and EHln [29]. The first integer
index l � 0 denotes the order of azimuthal symmetry of
a given solution, whereas the second integer n � 1
refers to the radial order. In the HEln modes the axial
component of the magnetic field is larger than that of
the electric field. The opposite is true for the EHln

modes. In both categories, the axial field components
are much smaller than the transverse ones. For l ¼ 0
the solutions are referred to as TE0n and TM0n modes,
in which the transverse vector profile of the electric
field is purely radial (for TM0n) or purely torsional
(for TE0n).
The exact modal solutions may be classified in groups

which share the same transverse radial profiles. These
mode groups are referred to as the linearly polarized
(LP) modes LPln [29]. Each LP0n group consists of the
HE1n mode only, and each LP1n group includes the TE0n,
TM0n and HE2n modes. For l � 2, each LPln group
consists of the HElþ1;n and EHl�1;n modes. The differ-
ences in the refractive indices among modes within the
same LP group are in the order of 10⁻⁵ refractive index
units (RIU), 2-3 orders of magnitude smaller than the
corresponding differences between different LP mode
groups. In the following we disregard the small differ-
ences between effective indices of modes in the same LP
group.
Let us denote the axial propagation constant of optical

modes group LPln as βln, and define: hcoreln ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21k

2
0 � β2ln

q

and hcladln ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2ln � n22k

2
0

q
. Here n1;2 are the refractive

indices of the uniform core and cladding, respectively, and
k0 is the vacuum wavenumber of incident light. Within
the weak guiding approximation, which is valid for stan-
dard fibers, the radial profile of the optical field in group
LPln is given by

Gln rð Þ ¼ Eln

J l hcoreln rð Þ
hcoreln J lþ1ðhcoreln aÞ r � a

Kl hcladln rð Þ
hcladln Klþ1ðhcladln aÞ r > a

8><
>:

ð1Þ

In Eq. (1), r is the radial transverse coordinate, a
denotes the core radius, J l is the Bessel function of the
first kind, order l, and Kl represents the modified Bessel
function of the second kind, order l. The factor Eln is a
normalization constant (see below). The normalized
transverse profiles of the electric field vectors in the
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Forward Brillouin scattering is an opto-mechanical effect in which two co-propagating optical fields couple with an
acoustic mode in a common medium. The effect has been studied in standard optical fibers since 1985, however
nearly all studies have been limited to the single optical mode regime. Forward Brillouin scattering in single-mode
fibers takes place through two classes of acoustic modes only: purely radial ones and modes of two-fold azimuthal
symmetry. Acoustic modes may only be stimulated at their cut-off frequencies, and the acoustic frequencies in
standard fibers are limited to 600 MHz. In this work, we extend the study of forward Brillouin scattering to few-mode
optical fibers through analysis, calculations, and experiment. Measurements are performed in a commercial, off-the-
shelf step-index fiber with standard cladding through three optical modes. We demonstrate for the first time the
stimulation of acoustic modes with first-order and fourth-order azimuthal symmetries. Acoustic frequencies up to
1.8 GHz are observed, and the acoustic modes are stimulated above their cut-off frequencies. Angular momentum is
transferred between the orbital degrees of freedom of the optical and acoustic waves. The results extend the
understanding and formulation of forward Brillouin scattering in optical fibers, and they may find applications in fiber
lasers, sensing, non-reciprocal propagation effects, and quantum states manipulation.

Introduction
Brillouin scattering is an opto-mechanical interaction

that couples between traveling optical and acoustic waves
in a common medium1–8. The phenomenon has been
studied in fibers for over 50 years1–8. Brillouin scattering
in standard fibers may take place in either the backward
or forward directions1–8. In backward interactions, two
counter-propagating optical field components may sti-
mulate a longitudinal acoustic mode that is guided in the
core of the fiber6–8. In forward Brillouin scattering, two
co-propagating optical fields couple with a predominantly
transverse acoustic mode that is guided by the entire
cladding cross-section1–5. Forward Brillouin scattering in
single-mode fibers has been formulated and reported in
19851. Interest in the effect has increased in recent years,
towards sensing of substances outside the boundaries of
standard cladding, where guided light does not
reach5,9–24. The decay rates of the acoustic modes in

forward Brillouin scattering interactions are affected by
the elastic boundary conditions at the edge of the clad-
ding, and their monitoring enables the analysis of sur-
rounding media5,9–24.
Most studies of forward Brillouin scattering in standard

fibers were carried out in the single-mode regime1–5. A
pair of optical fields in the fundamental, single mode may
only stimulate acoustic modes of two specific classes:
purely radial ones, and modes of two-fold azimuthal
symmetry1–5. Although the fiber cladding supports guided
acoustic modes of any integer order of azimuthal sym-
metry, other classes of acoustic modes cannot be
addressed through forward Brillouin scattering in single-
mode fibers. The efficiency of forward Brillouin scattering
scales with the spatial overlap between the transverse
profiles of the optical and acoustic modes involved1–5. In
standard single-mode fibers, that overlap is maximal for
acoustic modes of frequencies between 200-600 MHz1–5.
The effect diminishes strongly at higher acoustic fre-
quencies. Lastly, forward Brillouin stimulation of acoustic
modes in single-mode fibers is only possible at their cut-
off frequencies1–5. At that limit, the acoustic modes are
almost entirely transverse, and their axial wavenumbers
are vanishingly small1–5.
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Over the last decade, few-mode optical fibers have
taken an increasing role in space-division multiplexing
of optical telecommunication channels25,26, and they
have also found many sensing applications27. The
number of mode groups supported by the fiber can be
controlled through the dimensions and index contrast of
the core28,29. Few-mode fibers provide additional
degrees of freedom for Brillouin scattering interactions,
as the optical fields that take part in the process may be
guided in different spatial modes. Brillouin scattering
interactions through multiple guided optical modes
have been reported in photonic integrated wave-
guides30–32 and in thin tapered fibers33,34. Backward
Brillouin scattering interactions have been investigated
in standard few-mode fibers35,36, and they were used
towards strain and temperature sensing and for modal
dispersion analysis37. The forward effect has been stu-
died in standard, panda-type polarization-maintaining
fibers, in which the two polarization modes are non-
degenerate38. However, the difference in effective indi-
ces between the two principal states of the fiber is
comparatively small, in the fourth decimal point. In
addition, the guided acoustic modes of the panda-type
fiber cannot be solved analytically and do not maintain
regular azimuthal symmetries38. Forward Brillouin
scattering in standard few-mode fibers has yet to be
examined.
In this work, we report the analysis, calculations, and

experimental demonstration of forward Brillouin
scattering in a step-index few-mode fiber with stan-
dard cladding. The spectrum of forward Brillouin
scattering is formulated for the launch of each of the
optical fields involved in an arbitrary guided mode.
The experimental setup supported selective coupling
of light to the fundamental LP01 mode, the LP02 mode,
or the LP11 mode group of a few-mode fiber. The
results show that forward Brillouin scattering in the
LP02 mode reaches acoustic frequencies up to 1.8 GHz,
much higher than in the fundamental mode. The
measurements demonstrate the Brillouin stimulation
of additional classes of acoustic modes, with first-order
and fourth-order azimuthal symmetries, which are
inaccessible through the corresponding process in
single-mode fibers. Further, inter-modal interactions
between optical waves in the LP01 and LP02 modes
stimulate acoustic modes that are detuned from their
cut-off frequencies by a few MHz. Certain inter-modal
forward Brillouin interactions signify the transfer of
angular momentum quanta between the orbital
degrees of freedom of optical and acoustic waves39,40.
The results extend the formulation and scope of fiber
opto-mechanics beyond the single-mode regime, and
they may find applications in fiber lasers, sensing, and
quantum states manipulation.

Results
Analysis of forward Brillouin scattering in standard few-
mode fibers
Solutions to Maxwell’s equations in standard step-

index optical fibers are given by a discrete set of optical
modes, denoted by HEln and EHln [29]. The first integer
index l � 0 denotes the order of azimuthal symmetry of
a given solution, whereas the second integer n � 1
refers to the radial order. In the HEln modes the axial
component of the magnetic field is larger than that of
the electric field. The opposite is true for the EHln

modes. In both categories, the axial field components
are much smaller than the transverse ones. For l ¼ 0
the solutions are referred to as TE0n and TM0n modes,
in which the transverse vector profile of the electric
field is purely radial (for TM0n) or purely torsional
(for TE0n).
The exact modal solutions may be classified in groups

which share the same transverse radial profiles. These
mode groups are referred to as the linearly polarized
(LP) modes LPln [29]. Each LP0n group consists of the
HE1n mode only, and each LP1n group includes the TE0n,
TM0n and HE2n modes. For l � 2, each LPln group
consists of the HElþ1;n and EHl�1;n modes. The differ-
ences in the refractive indices among modes within the
same LP group are in the order of 10⁻⁵ refractive index
units (RIU), 2-3 orders of magnitude smaller than the
corresponding differences between different LP mode
groups. In the following we disregard the small differ-
ences between effective indices of modes in the same LP
group.
Let us denote the axial propagation constant of optical

modes group LPln as βln, and define: hcoreln ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n21k

2
0 � β2ln

q

and hcladln ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
β2ln � n22k

2
0

q
. Here n1;2 are the refractive

indices of the uniform core and cladding, respectively, and
k0 is the vacuum wavenumber of incident light. Within
the weak guiding approximation, which is valid for stan-
dard fibers, the radial profile of the optical field in group
LPln is given by

Gln rð Þ ¼ Eln

J l hcoreln rð Þ
hcoreln J lþ1ðhcoreln aÞ r � a

Kl hcladln rð Þ
hcladln Klþ1ðhcladln aÞ r > a

8><
>:

ð1Þ

In Eq. (1), r is the radial transverse coordinate, a
denotes the core radius, J l is the Bessel function of the
first kind, order l, and Kl represents the modified Bessel
function of the second kind, order l. The factor Eln is a
normalization constant (see below). The normalized
transverse profiles of the electric field vectors in the
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Introduction
Brillouin scattering is an opto-mechanical interaction

that couples between traveling optical and acoustic waves
in a common medium1–8. The phenomenon has been
studied in fibers for over 50 years1–8. Brillouin scattering
in standard fibers may take place in either the backward
or forward directions1–8. In backward interactions, two
counter-propagating optical field components may sti-
mulate a longitudinal acoustic mode that is guided in the
core of the fiber6–8. In forward Brillouin scattering, two
co-propagating optical fields couple with a predominantly
transverse acoustic mode that is guided by the entire
cladding cross-section1–5. Forward Brillouin scattering in
single-mode fibers has been formulated and reported in
19851. Interest in the effect has increased in recent years,
towards sensing of substances outside the boundaries of
standard cladding, where guided light does not
reach5,9–24. The decay rates of the acoustic modes in

forward Brillouin scattering interactions are affected by
the elastic boundary conditions at the edge of the clad-
ding, and their monitoring enables the analysis of sur-
rounding media5,9–24.
Most studies of forward Brillouin scattering in standard

fibers were carried out in the single-mode regime1–5. A
pair of optical fields in the fundamental, single mode may
only stimulate acoustic modes of two specific classes:
purely radial ones, and modes of two-fold azimuthal
symmetry1–5. Although the fiber cladding supports guided
acoustic modes of any integer order of azimuthal sym-
metry, other classes of acoustic modes cannot be
addressed through forward Brillouin scattering in single-
mode fibers. The efficiency of forward Brillouin scattering
scales with the spatial overlap between the transverse
profiles of the optical and acoustic modes involved1–5. In
standard single-mode fibers, that overlap is maximal for
acoustic modes of frequencies between 200-600 MHz1–5.
The effect diminishes strongly at higher acoustic fre-
quencies. Lastly, forward Brillouin stimulation of acoustic
modes in single-mode fibers is only possible at their cut-
off frequencies1–5. At that limit, the acoustic modes are
almost entirely transverse, and their axial wavenumbers
are vanishingly small1–5.
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index of optical mode 2 [38]. Since the difference in
effective indices between mode groups may reach the
second decimal point, the axial wavenumber of the
electro-strictive force driven by two distinct mode groups
may reach the order of 104 rad ×m−1. These values may
be within a single order of magnitude of the wavenumbers
of bulk acoustic waves of frequency Ω in silica. The large
differences in wavenumbers between intra-modal vs.

inter-modal scattering manifest in the forward Brillouin
spectra of the two settings, as discussed later in this
section.
The standard cladding of an optical fiber also serves as

an acoustic waveguide, supporting several categories of
guided acoustic modes42,43. Solutions to the elastic wave
equations for the boundary conditions of a bare fiber in
air are in the form of torsional-radial (TR) modes TRpm, in
which the transverse profiles of material displacement are
described by an integer azimuthal order p � 0 and an
integer radial order m � 1. Displacement in modes with
p ¼ 0 is either purely radial, (such modes are denoted by
R0m), or entirely torsional (in so-called T0m modes).
Unlike the optical modes discussed above, which are
highly confined to the core, the acoustic TR modes rele-
vant to forward Brillouin scattering span the entire cross-
section of the fiber cladding. (Note, however, that acoustic
modes guided by the core of standard fibers exist as well,
and so do optical cladding modes that span the entire
fiber cross-section. These categories of acoustic core
modes and optical cladding modes are not considered in
this work.)
Each TR-guided acoustic mode is characterized by a

cut-off frequency Ωpm, below which it may no longer
propagate in the axial direction. Close to their cut-offs,
the axial wavenumbers of the acoustic modes vanish
and their phase velocities in the axial direction
approach infinity. At that limit, both the material dis-
placement vectors and the wave vectors of the acoustic
modes are almost entirely transverse42,43. The cut-off
frequency Ωpm is given by the mth eigen-value of the
boundary conditions equation for a bare fiber cladding
in air1–5:

p2 � 1� 1
2Ψ

2 2 p2 � 1ð Þ Θp Ψð Þ � p
� ��Ψ2

Θp Φð Þ � p� 1 2p2 � 2 Θp Ψð Þ � p
� ��Ψ2

�����

����� ¼ 0

ð8Þ

Ψ ¼ Ωb
vL

;Φ ¼ Ωb
vS

;Θp ξð Þ ¼ ξJp�1 ξð Þ
Jp ξð Þ ð9Þ

Here vL;S are the velocities of dilatational and shear
acoustic waves in silica, respectively, and b denotes the
cladding radius. The normalized displacement profile of
mode TRpm is given by1–5

The coefficients Apm, Cpm are given by the elements of
the eigen-vector corresponding to the eigen-value Ωpm of
the boundary conditions equation44, and the normal-
ization constant Dpm is chosen so thatRR

~upm r;ϕð Þ�� ��2rdrdϕ ¼ 1. The units of ~upm are therefore
m−1. The prime superscript represents the derivative of a
function with respect to its argument.
The radial and azimuthal components of the normalized

displacement in Eq. (10) consist of two terms each. The
first term in each pair describes dilatational wave motion,
governed by velocity vL, whereas the second term in each
pair represents shear wave motion with velocity vS [44].
Every TRpm mode with p � 1 includes nonzero con-
tributions of both types of waves. The relative magnitudes
of the two contributions are proportional to Apm, Cpm. TR
modes may be broadly classified as either predominantly
dilatational, where Apm � Cpm, or shear-like, in cases
where Cpm � Apm [17,18,44]. Monitoring both classes of
TR modes extends sensing applications of forward Bril-
louin scattering44. The radial modes R0m are purely dila-
tational, whereas the T 0m modes are strictly shear waves.
The spacing between the cut-off frequencies Ωpm of TR
modes of the same order p that are primarily dilatational
is approximately vL= 2bð Þ, and the corresponding spacing
for shear-like modes equals approximately vS= 2bð Þ
[17,18]. While the classification of modes as either dila-
tational or shear-like is not complete, and the above fre-
quency spacings are not precise, they are nevertheless
useful in the study of forward Brillouin scattering
processes17,18,44.
Close to cut-off, the dispersion relations between axial

wavenumber K and frequency Ω of dilatational or shear-
dominated modes may be approximated by1–5

Ω�Ωpm �
v2L;S
2Ωpm

K2 ð11Þ

The detuning from cut-off may reach several MHz for
the K values of inter-modal forward Brillouin stimulation.

~upm r;ϕð Þ ¼ Dpm Apm
Ωpm

vL
J 0p

Ωpm

vL
r

� �
þ p

r
CpmJp

Ωpm

vS
r

� �� �
cosðpϕÞ
sinðpϕÞ

� �
r̂þDpm

p
r
Apm;Jp

Ωpm

vL
r

� �
þ Cpm

Ωpm

vS
J 0p

Ωpm

vS
r

� �� � � sinðpϕÞ
cosðpϕÞ

� �
ϕ̂ ð10Þ
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guided optical core modes of the fiber are expressed as

~E
ðHEÞ
T ;ln ðr;ϕÞ ¼ Gl�1;n rð Þ cos lϕð Þ

sin lϕð Þ
� �

r̂ þ � sin lϕð Þ
cos lϕð Þ

� �
ϕ̂

� �

ð2Þ
~E
ðEHÞ
T ;ln ðr;ϕÞ ¼ Glþ1;n rð Þ cos lϕð Þ

sin lϕð Þ
� �

r̂

�

þ sin lϕð Þ
� cos lϕð Þ

� �
ϕ̂

� ð3Þ

The expressions in Eqs. (2) and (3) relate to the HEln

and EHln modes, respectively. In the above equations ϕ

denotes the transverse azimuthal coordinate and r̂, ϕ̂ are
unit vectors in the radial and azimuthal directions,
respectively. Each mode includes two spatially orthogonal
solutions, denoted in the curled brackets. The normal-
ization constants Eln in Eq. (1) are defined so that
RR

~E
HEð Þ; EHð Þ
T ;ln r;ϕð Þ

���
���
2
rdrdϕ ¼ 1. The units of Gln (and of

~E
HEð Þ; EHð Þ
T ;ln ) are m−1.

Consider two co-propagating optical fields of optical
frequencies ω1;2 ¼ ωp ± 1

2Ω, in spatial modes 1 and 2,
respectively,

~E1;2 r;ϕ; z; tð Þ ¼ A1;2 zð Þ~ET ;1;2ðr;ϕÞ exp jβ1;2z � jω1;2t
� �

þ c:c

ð4Þ

Here ωp is a central optical frequency, Ω denotes a
frequency detuning on the acoustic scale, A1;2 zð Þ repre-
sent scalar complex magnitudes in Volts that may vary
with axial position z, and t stands for time. β1;2 and ~ET1;2

are the propagation constants and normalized transverse
profiles of the two waves, according to their specific
modes. The electro-strictive stress tensor σ1;2 [N ×m−2]
associated with the two fields in spatial modes 1 and 2
includes components which propagate along the fiber axis
with the frequency difference Ω and an axial wavenumber
K ¼ β1 � β2. These components of the stress tensor are
given by41

In Eq. (5), p11; p12 and p44 ¼ 1
2 ðp11 � p12Þ are unitless

photoelastic parameters of silica, n0 � n1;2 is the refractive
index of silica, and c denotes the speed of light in vacuum.
P Ω; zð Þ ¼ 2ncε0A1 zð ÞA�2 zð Þ [W] refers to the beating
power between the two optical waves, where ε0 is the
vacuum permittivity. Lastly, Er;1;2 denote the radial

components of ~ET ;1;2, and Eϕ;1;2 are the corresponding
azimuthal components. The electro-strictive driving force
per unit volume ~F1;2 [N ×m−3], induced by the pair of
fields in modes 1 and 2, is derived from the stress tensor41:

~F1;2 r;ϕ; z; tð Þ ¼ � ∂σrr;1;2
∂r þ 1

r
∂σrϕ;1;2
∂ϕ þ 1

r σrr;1;2 � σϕϕ;1;2
� �h i

r̂

� ∂σrϕ;1;2
∂r þ 1

r
∂σϕϕ;1;2
∂ϕ þ 2

r σrϕ;1;2
h i

ϕ̂
ð6Þ

The expression may be rearranged as

~F1;2 r;ϕ; z; tð Þ ¼ 1
4n0c

~f 1;2 r;ϕð ÞP Ω; zð Þ exp jKz � jΩtð Þ þ c:c

ð7Þ

The vector ~f 1;2 r;ϕð Þ (units of m−3) contains the trans-
verse dependence of the electro-strictive force per unit
volume. Examination of Eq. (7) reveals that the electro-
strictive force per unit volume ~F propagates along the
fiber axis as a wave, whose magnitude scales with the
beating power P between the two optical fields. The fre-
quency of that wave equals the difference Ω between the
two optical frequencies, and its axial wavenumber K is the
difference between the two optical propagation constants.
Further, substitution of Eqs. (2) and (3) into Eqs. (5) and
(6) reveals that the electro-strictive force includes terms
with azimuthal orders l1 ± l2 only, where l1;2 are the azi-
muthal orders of the two optical fields. For example, when
both optical waves are guided in the fundamental mode
LP01 (l1;2 ¼ 1), the electro-strictive force per unit volume
consists of a radially symmetric term and a term of two-
fold azimuthal symmetry. Expressions for the specific case
are given in many references1–5. By contrast, if the optical
fields 1 and 2 propagate in arbitrary high-order modes,
the electro-strictive force may take up any integer order of
azimuthal symmetry.
The axial wavenumber of the electro-strictive force per

unit volume varies considerably between intra-modal
processes, in which the two optical fields propagate in the
same spatial mode, and inter-modal processes in which

the two modes are different. In the intra-modal case, K ¼
neff ;1Ω=c, where neff ;1 is the effective index of the common
optical mode. That wavenumber is very small, typically in
the order of 1–10 rad × m−1. By contrast, in inter-modal
interactions we find K ¼ neff ;1ðωp þ 1

2ΩÞ=c� neff ;2ðωp �
1
2ΩÞ=c � ðneff ;1 � neff ;2Þωp=c, where neff ;2 is the effective

σrr;1;2 r;ϕ; z; tð Þ
σϕϕ;1;2 r;ϕ; z; tð Þ
σrϕ;1;2 r;ϕ; z; tð Þ

0
B@

1
CA ¼ � 1

4n0c
n40

p11 p12 0

p12 p11 0

0 0 p44

0
B@

1
CA

Er;1 r;ϕð ÞEr;2 r;ϕð Þ
Eϕ;1 r;ϕð ÞEϕ;2 r;ϕð Þ

Er;1 r;ϕð ÞEϕ;2 r;ϕð Þ þ Eϕ;1 r;ϕð ÞEr;2 r;ϕð Þ

0
B@

1
CA ´ P Ω; zð Þ exp jKz � jΩtð Þ þ c:c ð5Þ
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index of optical mode 2 [38]. Since the difference in
effective indices between mode groups may reach the
second decimal point, the axial wavenumber of the
electro-strictive force driven by two distinct mode groups
may reach the order of 104 rad ×m−1. These values may
be within a single order of magnitude of the wavenumbers
of bulk acoustic waves of frequency Ω in silica. The large
differences in wavenumbers between intra-modal vs.

inter-modal scattering manifest in the forward Brillouin
spectra of the two settings, as discussed later in this
section.
The standard cladding of an optical fiber also serves as

an acoustic waveguide, supporting several categories of
guided acoustic modes42,43. Solutions to the elastic wave
equations for the boundary conditions of a bare fiber in
air are in the form of torsional-radial (TR) modes TRpm, in
which the transverse profiles of material displacement are
described by an integer azimuthal order p � 0 and an
integer radial order m � 1. Displacement in modes with
p ¼ 0 is either purely radial, (such modes are denoted by
R0m), or entirely torsional (in so-called T0m modes).
Unlike the optical modes discussed above, which are
highly confined to the core, the acoustic TR modes rele-
vant to forward Brillouin scattering span the entire cross-
section of the fiber cladding. (Note, however, that acoustic
modes guided by the core of standard fibers exist as well,
and so do optical cladding modes that span the entire
fiber cross-section. These categories of acoustic core
modes and optical cladding modes are not considered in
this work.)
Each TR-guided acoustic mode is characterized by a

cut-off frequency Ωpm, below which it may no longer
propagate in the axial direction. Close to their cut-offs,
the axial wavenumbers of the acoustic modes vanish
and their phase velocities in the axial direction
approach infinity. At that limit, both the material dis-
placement vectors and the wave vectors of the acoustic
modes are almost entirely transverse42,43. The cut-off
frequency Ωpm is given by the mth eigen-value of the
boundary conditions equation for a bare fiber cladding
in air1–5:

p2 � 1� 1
2Ψ

2 2 p2 � 1ð Þ Θp Ψð Þ � p
� ��Ψ2

Θp Φð Þ � p� 1 2p2 � 2 Θp Ψð Þ � p
� ��Ψ2

�����

����� ¼ 0

ð8Þ

Ψ ¼ Ωb
vL

;Φ ¼ Ωb
vS

;Θp ξð Þ ¼ ξJp�1 ξð Þ
Jp ξð Þ ð9Þ

Here vL;S are the velocities of dilatational and shear
acoustic waves in silica, respectively, and b denotes the
cladding radius. The normalized displacement profile of
mode TRpm is given by1–5

The coefficients Apm, Cpm are given by the elements of
the eigen-vector corresponding to the eigen-value Ωpm of
the boundary conditions equation44, and the normal-
ization constant Dpm is chosen so thatRR

~upm r;ϕð Þ�� ��2rdrdϕ ¼ 1. The units of ~upm are therefore
m−1. The prime superscript represents the derivative of a
function with respect to its argument.
The radial and azimuthal components of the normalized

displacement in Eq. (10) consist of two terms each. The
first term in each pair describes dilatational wave motion,
governed by velocity vL, whereas the second term in each
pair represents shear wave motion with velocity vS [44].
Every TRpm mode with p � 1 includes nonzero con-
tributions of both types of waves. The relative magnitudes
of the two contributions are proportional to Apm, Cpm. TR
modes may be broadly classified as either predominantly
dilatational, where Apm � Cpm, or shear-like, in cases
where Cpm � Apm [17,18,44]. Monitoring both classes of
TR modes extends sensing applications of forward Bril-
louin scattering44. The radial modes R0m are purely dila-
tational, whereas the T 0m modes are strictly shear waves.
The spacing between the cut-off frequencies Ωpm of TR
modes of the same order p that are primarily dilatational
is approximately vL= 2bð Þ, and the corresponding spacing
for shear-like modes equals approximately vS= 2bð Þ
[17,18]. While the classification of modes as either dila-
tational or shear-like is not complete, and the above fre-
quency spacings are not precise, they are nevertheless
useful in the study of forward Brillouin scattering
processes17,18,44.
Close to cut-off, the dispersion relations between axial

wavenumber K and frequency Ω of dilatational or shear-
dominated modes may be approximated by1–5

Ω�Ωpm �
v2L;S
2Ωpm

K2 ð11Þ

The detuning from cut-off may reach several MHz for
the K values of inter-modal forward Brillouin stimulation.

~upm r;ϕð Þ ¼ Dpm Apm
Ωpm

vL
J 0p

Ωpm

vL
r

� �
þ p

r
CpmJp

Ωpm

vS
r

� �� �
cosðpϕÞ
sinðpϕÞ

� �
r̂þDpm

p
r
Apm;Jp

Ωpm

vL
r

� �
þ Cpm

Ωpm

vS
J 0p

Ωpm

vS
r

� �� � � sinðpϕÞ
cosðpϕÞ

� �
ϕ̂ ð10Þ
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guided optical core modes of the fiber are expressed as

~E
ðHEÞ
T ;ln ðr;ϕÞ ¼ Gl�1;n rð Þ cos lϕð Þ

sin lϕð Þ
� �

r̂ þ � sin lϕð Þ
cos lϕð Þ

� �
ϕ̂

� �

ð2Þ
~E
ðEHÞ
T ;ln ðr;ϕÞ ¼ Glþ1;n rð Þ cos lϕð Þ

sin lϕð Þ
� �

r̂

�

þ sin lϕð Þ
� cos lϕð Þ

� �
ϕ̂

� ð3Þ

The expressions in Eqs. (2) and (3) relate to the HEln

and EHln modes, respectively. In the above equations ϕ

denotes the transverse azimuthal coordinate and r̂, ϕ̂ are
unit vectors in the radial and azimuthal directions,
respectively. Each mode includes two spatially orthogonal
solutions, denoted in the curled brackets. The normal-
ization constants Eln in Eq. (1) are defined so that
RR

~E
HEð Þ; EHð Þ
T ;ln r;ϕð Þ

���
���
2
rdrdϕ ¼ 1. The units of Gln (and of

~E
HEð Þ; EHð Þ
T ;ln ) are m−1.

Consider two co-propagating optical fields of optical
frequencies ω1;2 ¼ ωp ± 1

2Ω, in spatial modes 1 and 2,
respectively,

~E1;2 r;ϕ; z; tð Þ ¼ A1;2 zð Þ~ET ;1;2ðr;ϕÞ exp jβ1;2z � jω1;2t
� �

þ c:c

ð4Þ

Here ωp is a central optical frequency, Ω denotes a
frequency detuning on the acoustic scale, A1;2 zð Þ repre-
sent scalar complex magnitudes in Volts that may vary
with axial position z, and t stands for time. β1;2 and ~ET1;2

are the propagation constants and normalized transverse
profiles of the two waves, according to their specific
modes. The electro-strictive stress tensor σ1;2 [N ×m−2]
associated with the two fields in spatial modes 1 and 2
includes components which propagate along the fiber axis
with the frequency difference Ω and an axial wavenumber
K ¼ β1 � β2. These components of the stress tensor are
given by41

In Eq. (5), p11; p12 and p44 ¼ 1
2 ðp11 � p12Þ are unitless

photoelastic parameters of silica, n0 � n1;2 is the refractive
index of silica, and c denotes the speed of light in vacuum.
P Ω; zð Þ ¼ 2ncε0A1 zð ÞA�2 zð Þ [W] refers to the beating
power between the two optical waves, where ε0 is the
vacuum permittivity. Lastly, Er;1;2 denote the radial

components of ~ET ;1;2, and Eϕ;1;2 are the corresponding
azimuthal components. The electro-strictive driving force
per unit volume ~F1;2 [N ×m−3], induced by the pair of
fields in modes 1 and 2, is derived from the stress tensor41:

~F1;2 r;ϕ; z; tð Þ ¼ � ∂σrr;1;2
∂r þ 1

r
∂σrϕ;1;2
∂ϕ þ 1

r σrr;1;2 � σϕϕ;1;2
� �h i

r̂

� ∂σrϕ;1;2
∂r þ 1

r
∂σϕϕ;1;2
∂ϕ þ 2

r σrϕ;1;2
h i

ϕ̂
ð6Þ

The expression may be rearranged as

~F1;2 r;ϕ; z; tð Þ ¼ 1
4n0c

~f 1;2 r;ϕð ÞP Ω; zð Þ exp jKz � jΩtð Þ þ c:c

ð7Þ

The vector ~f 1;2 r;ϕð Þ (units of m−3) contains the trans-
verse dependence of the electro-strictive force per unit
volume. Examination of Eq. (7) reveals that the electro-
strictive force per unit volume ~F propagates along the
fiber axis as a wave, whose magnitude scales with the
beating power P between the two optical fields. The fre-
quency of that wave equals the difference Ω between the
two optical frequencies, and its axial wavenumber K is the
difference between the two optical propagation constants.
Further, substitution of Eqs. (2) and (3) into Eqs. (5) and
(6) reveals that the electro-strictive force includes terms
with azimuthal orders l1 ± l2 only, where l1;2 are the azi-
muthal orders of the two optical fields. For example, when
both optical waves are guided in the fundamental mode
LP01 (l1;2 ¼ 1), the electro-strictive force per unit volume
consists of a radially symmetric term and a term of two-
fold azimuthal symmetry. Expressions for the specific case
are given in many references1–5. By contrast, if the optical
fields 1 and 2 propagate in arbitrary high-order modes,
the electro-strictive force may take up any integer order of
azimuthal symmetry.
The axial wavenumber of the electro-strictive force per

unit volume varies considerably between intra-modal
processes, in which the two optical fields propagate in the
same spatial mode, and inter-modal processes in which

the two modes are different. In the intra-modal case, K ¼
neff ;1Ω=c, where neff ;1 is the effective index of the common
optical mode. That wavenumber is very small, typically in
the order of 1–10 rad × m−1. By contrast, in inter-modal
interactions we find K ¼ neff ;1ðωp þ 1

2ΩÞ=c� neff ;2ðωp �
1
2ΩÞ=c � ðneff ;1 � neff ;2Þωp=c, where neff ;2 is the effective

σrr;1;2 r;ϕ; z; tð Þ
σϕϕ;1;2 r;ϕ; z; tð Þ
σrϕ;1;2 r;ϕ; z; tð Þ

0
B@

1
CA ¼ � 1

4n0c
n40

p11 p12 0

p12 p11 0

0 0 p44

0
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0
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mode 1, fulfillment of the frequency requirement guar-
antees that the wavenumbers condition is met as well.
Since βi ¼ neff ;1ωi=c, i ¼ 1¼ 4, whenever ω3 � ω4 ¼
±Ω ¼ ± ω1 � ω2ð Þ, we automatically obtain also β3 �
β4 ¼ ± β1 � β2ð Þ ¼ ±K . This property holds as long as
chromatic dispersion remains negligible. It suggests that
intra-modal forward Brillouin scattering would couple a
third, input optical signal wave with both its sidebands,
spectrally detuned by ±Ω, regardless of its optical fre-
quency. The coupling may take the form of phase mod-
ulation, polarization rotation, or both, depending on the
choice of acoustic mode and the state of polarization of
the optical signal wave1–5,39.
The requirement for wavenumber matching is markedly

different in the case of inter-modal scattering, in which
the acoustic wave is stimulated by optical fields in distinct
spatial modes 1 and 2. Let us denote the optical fre-
quencies ω3;4 as ωs ± 1

2Ω, where ωs is their average.
Wavenumber matching in photoelastic coupling between
~E3;4 is reached when neff ;3 � neff ;4

� �
ωs=c ¼ ± neff ;1�

�
neff ;2Þωp=c ¼ ±K . Here neff ;3 and neff ;4 denote the effec-
tive indices in modes 3 and 4, respectively. Wavenumber
matching for photoelastic scattering in the inter-modal
process is guaranteed between the two initial stimulating
waves ~E1;2, as ωs ¼ ωp, neff ;3 ¼ neff ;1 and neff ;4 ¼ neff ;2. In
that case the forward Brillouin interaction is in the sti-
mulated regime, with the same pair of optical waves used
to both generate the acoustic wave and to monitor its
induced scattering of light. Forward stimulated Brillouin
scattering results in the amplification of the lower-
frequency optical field, at the expense of the higher-
frequency one1–5. If the pair of modes 3 and 4 differs from
the pair of modes 1 and 2, the wavenumbers for photo-
elastic coupling between ~E3;4 might only be matched for
specific frequencies ωs, if at all.
The photoelastic coupling between a pair of optical

waves and a given acoustic mode scales with the three-
way overlap integral between the transverse profiles of the
dielectric perturbations and the two optical modes
involved1–5:

QðPEÞ3;4;pm ¼
R2π
0

Rb
0
μrr;pmEr;3Er;4 þ μϕϕ;pmEϕ;3Eϕ;4

h

þ μrϕ;pm Er;3Eϕ;4 þ Eϕ;3Er;4
� �i

rdrdϕ

ð21Þ

Here Er;3 and Er;4 denote the radial components of
~ET ;3;4, respectively, and Eϕ;3, Eϕ;4 are the corresponding
azimuthal components. One may show that when optical
modes 1 and 3 are the same, and so are modes 2 and 4, the
overlap integrals of electro-strictive stimulation and
photoelastic coupling (Eqs. (13) and (21)) become equal:
QðESÞ1;2;pm ¼ QðPEÞ1;2;pm ([41], see Appendix). We denote that
overlap integral below as Q1;2;pm. The spatial overlap

vanishes unless the azimuthal order p of the acoustic
mode equals l3 ± l4, where l3;4 are the azimuthal orders of
optical modes 3 and 4, respectively.
The forward Brillouin scattering gain coefficient

γ1;2;pm Ωð Þ, between a pair of optical modes 1 and 2 and an
acoustic mode TRpm, is given by5,45

γ1;2;pm Ωð Þ ¼ j
k0Q2

1;2;pm

8n20cρ0ΓpmΩ
Rð Þ
pm

1

1� 2j
Ω�Ω Rð Þ

pm

Γpm

¼ jγ 0ð Þ
1;2;pm

1

1� 2j
Ω�Ω Rð Þ

pm

Γpm

ð22Þ

Here k0 is the vacuum wavenumber at optical frequency
ωp, ρ0 is the density of silica, and Γpm denotes the line-
width (or decay rate) of mode TRpm. That linewidth
depends on the mechanical impedance of media outside
the cladding, and its monitoring provides the basis for
forward Brillouin fiber sensing9. For bare fibers in air, the
linewidths are determined by acoustic dissipation in silica
and by inhomogeneities in the cladding radius, and scale
quadratically with acoustic frequency46. Typical values in
bare standard single-mode fibers range between tens to
hundreds of kHz.
The frequency Ω Rð Þ

pm of maximum forward Brillouin
interaction is given by Eq. (11):

Ω Rð Þ
pm � Ωpm þ

v2L;S
2Ωpm

K 2 � Ωpm þ
k20v

2
L;S

2Ωpm
neff;1 � neff ;2
� �2 ð23Þ

The latter approximate equality in Eq. (23) refers to
inter-modal scattering, in which the detuning from cut-off
is inversely proportional to the acoustic frequency. The
resonance frequency Ω Rð Þ

pm practically reduces to the cut-
off frequency Ωpm for intra-modal forward Brillouin
scattering processes. The velocities vL;S apply to acoustic
modes that are dominated by their dilatational or shear
components, respectively.
The units of the gain coefficient γ1;2;pm Ωð Þ are W−1 ×

m−1. It takes up its maximum magnitude on resonance:

γ 0ð Þ
1;2;pm ¼

k0
8n20cρ0

Q2
1;2;pm

ΓpmΩ
Rð Þ
pm

ð24Þ

Typical γ 0ð Þ
1;1;0m values for radial acoustic modes in

standard, bare single-mode fibers reach the order of
10W−1 × m−1 [5]. These values are an order of magni-
tude weaker than those of backward Brillouin scattering
in the same fiber, in which the acoustic waves are con-
fined to the core in larger overlap with the optical
mode6–8. Calculations of forward Brillouin scattering
spectra for a specific few-mode fiber used in this work are
presented next.
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The electro-strictive force per unit volume may sti-
mulate the propagation of guided acoustic modes of the
same frequency Ω and wavenumber K . The displace-
ment in [m] of the stimulated acoustic wave can be
expressed as

U
*

pm r;ϕ; z; tð Þ ¼ bpm Ω; zð Þ~upm r;ϕð Þ exp jKz � jΩtð Þ þ c:c

ð12Þ

Here bpm Ω; zð Þ [m2] denotes a modal magnitude which
is frequency dependent and may also vary with axial
position. The acoustic wave magnitude scales with the
beating power between the optical fields P Ω; zð Þ, and with
the spatial overlap integral between the transverse profiles
of the electro-strictive force per unit volume and the
acoustic mode displacement1–5:

QðESÞ1;2;pm ¼
Z2π

0

Zb

0

~upm r;ϕð Þ �~f 1;2 r;ϕð Þrdrdϕ ð13Þ

The spatial overlap integral depends on the choices of
the optical modes 1 and 2 and of the acoustic mode TRpm.
The overlap vanishes when the azimuthal orders of ~upm
and~f 1;2 do not match. Consequently, the azimuthal order
p of the stimulated acoustic mode must equal l1 ± l2.
Referring again to the specific case of two optical fields in
the fundamental mode in which l1;2 ¼ 1, we find that only
acoustic modes with p ¼ 0; 2 may be excited through
forward Brillouin interactions: R0m, T0m, or TR2m. Fur-
ther, the azimuthally independent component of ~f 1;1 in
single-mode fiber is entirely in the r̂ direction1–5. There-
fore the R0m acoustic modes are observed in forward
Brillouin scattering in single-mode fibers, but the T0m

are not.
By contrast, forward Brillouin interactions in few-mode

fibers, with one or both optical fields propagating in
optical modes with l≠1, may result in the stimulation of
additional classes of guided acoustic modes with different
azimuthal symmetries. For example, the LP1;1 group
contains modes with l ¼ 0 and l ¼ 2. Electro-strictive
stimulation through optical modes within that group may
generate acoustic waves with azimuthal orders p ¼ 0; 2; 4.
Inter-modal interactions between optical fields in the
LP0;1 mode and the LP1;1 group might stimulate acoustic
modes with p ¼ 1 or p ¼ 3.
Material displacement in the stimulated acoustic mode

is associated with symmetric strain in the form of a
unitless tensor Spm:

Spm r;ϕ; z; tð Þ ¼ bpm Ω; zð Þspm r;ϕð Þ exp jKz � jΩtð Þ þ c:c

ð14Þ

The elements of the symmetric normalized strain tensor
spm r;ϕð Þ, in units of m−2, are defined as42,43

srr;pm r;ϕð Þ ¼ ∂ur;pm r;ϕð Þ
∂r

ð15Þ

sϕϕ;pm r;ϕð Þ ¼ ur;pm r;ϕð Þ
r

þ 1
r
∂uϕ;pm r;ϕð Þ

∂ϕ
ð16Þ

srϕ;pm r;ϕð Þ ¼ 1
2

1
r
∂ur;pm r;ϕð Þ

∂ϕ
þ ∂uϕ;pm r;ϕð Þ

∂r
� uϕ;pm r;ϕð Þ

r

� �

ð17Þ

In the above relations, ur;pm and uϕ;pm denote the radial
and azimuthal components of the normalized displace-
ment vector, respectively (see Eq. (10)). Strain in the fiber
medium gives rise to photoelastic perturbations to the
dielectric tensor1–5,41:

Δεpm r;ϕ; z; tð Þ ¼ bpm Ω; zð Þμpm r;ϕð Þ exp jKz � jΩtð Þ þ c:c

ð18Þ
where the elements of the transverse dependence tensor
μpm are of the form1–5,41

μrr;pm r;ϕð Þ
μϕϕ;pm r;ϕð Þ
μrϕ;pm r;ϕð Þ

0
B@

1
CA ¼ �n40

p11 p12 0

p12 p11 0

0 0 p44

0
B@

1
CA

srr;pm r;ϕð Þ
sϕϕ;pm r;ϕð Þ
2srϕ;pm r;ϕð Þ

0
B@

1
CA

ð19Þ

The perturbations to the dielectric tensor propagate
along the fiber as a wave of frequency Ω and wavenumber
K . The perturbations scale with the modal displacement
magnitude bpm Ω; zð Þ, and hence also with the beating
power between the two stimulating optical fields, P Ω; zð Þ
[1-5].
The acoustically induced dielectric perturbation may

couple light between a pair of optical fields, ~E3;4, propa-
gating in optical modes 3 and 4:

~E3;4 r;ϕ; z; tð Þ ¼ A3;4 zð Þ~ET ;3;4ðr;ϕÞ exp jβ3;4z � jω3;4t
� �

þ c:c

ð20Þ
Here A3;4 are the scalar complex magnitudes of the two

fields [V], β3;4 are their propagation constants in their
respective modes,~ET ;3;4 are the corresponding normalized
transverse profiles of the two modes, and ω3;4 are their
respective optical frequencies. Effective coupling requires
matching in frequency and wavenumber between the pair
of optical fields and the photoelastic perturbations: The
difference in frequencies ω3 � ω4 should equal the
acoustic frequency ±Ω. The difference in wavenumbers
β3 � β4 must equal ±K . In intra-modal processes, where
all four optical waves involved propagate in the same
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mode 1, fulfillment of the frequency requirement guar-
antees that the wavenumbers condition is met as well.
Since βi ¼ neff ;1ωi=c, i ¼ 1¼ 4, whenever ω3 � ω4 ¼
±Ω ¼ ± ω1 � ω2ð Þ, we automatically obtain also β3 �
β4 ¼ ± β1 � β2ð Þ ¼ ±K . This property holds as long as
chromatic dispersion remains negligible. It suggests that
intra-modal forward Brillouin scattering would couple a
third, input optical signal wave with both its sidebands,
spectrally detuned by ±Ω, regardless of its optical fre-
quency. The coupling may take the form of phase mod-
ulation, polarization rotation, or both, depending on the
choice of acoustic mode and the state of polarization of
the optical signal wave1–5,39.
The requirement for wavenumber matching is markedly

different in the case of inter-modal scattering, in which
the acoustic wave is stimulated by optical fields in distinct
spatial modes 1 and 2. Let us denote the optical fre-
quencies ω3;4 as ωs ± 1

2Ω, where ωs is their average.
Wavenumber matching in photoelastic coupling between
~E3;4 is reached when neff ;3 � neff ;4

� �
ωs=c ¼ ± neff ;1�

�
neff ;2Þωp=c ¼ ±K . Here neff ;3 and neff ;4 denote the effec-
tive indices in modes 3 and 4, respectively. Wavenumber
matching for photoelastic scattering in the inter-modal
process is guaranteed between the two initial stimulating
waves ~E1;2, as ωs ¼ ωp, neff ;3 ¼ neff ;1 and neff ;4 ¼ neff ;2. In
that case the forward Brillouin interaction is in the sti-
mulated regime, with the same pair of optical waves used
to both generate the acoustic wave and to monitor its
induced scattering of light. Forward stimulated Brillouin
scattering results in the amplification of the lower-
frequency optical field, at the expense of the higher-
frequency one1–5. If the pair of modes 3 and 4 differs from
the pair of modes 1 and 2, the wavenumbers for photo-
elastic coupling between ~E3;4 might only be matched for
specific frequencies ωs, if at all.
The photoelastic coupling between a pair of optical

waves and a given acoustic mode scales with the three-
way overlap integral between the transverse profiles of the
dielectric perturbations and the two optical modes
involved1–5:

QðPEÞ3;4;pm ¼
R2π
0

Rb
0
μrr;pmEr;3Er;4 þ μϕϕ;pmEϕ;3Eϕ;4

h

þ μrϕ;pm Er;3Eϕ;4 þ Eϕ;3Er;4
� �i

rdrdϕ

ð21Þ

Here Er;3 and Er;4 denote the radial components of
~ET ;3;4, respectively, and Eϕ;3, Eϕ;4 are the corresponding
azimuthal components. One may show that when optical
modes 1 and 3 are the same, and so are modes 2 and 4, the
overlap integrals of electro-strictive stimulation and
photoelastic coupling (Eqs. (13) and (21)) become equal:
QðESÞ1;2;pm ¼ QðPEÞ1;2;pm ([41], see Appendix). We denote that
overlap integral below as Q1;2;pm. The spatial overlap

vanishes unless the azimuthal order p of the acoustic
mode equals l3 ± l4, where l3;4 are the azimuthal orders of
optical modes 3 and 4, respectively.
The forward Brillouin scattering gain coefficient

γ1;2;pm Ωð Þ, between a pair of optical modes 1 and 2 and an
acoustic mode TRpm, is given by5,45

γ1;2;pm Ωð Þ ¼ j
k0Q2

1;2;pm

8n20cρ0ΓpmΩ
Rð Þ
pm

1

1� 2j
Ω�Ω Rð Þ

pm

Γpm

¼ jγ 0ð Þ
1;2;pm

1

1� 2j
Ω�Ω Rð Þ

pm

Γpm

ð22Þ

Here k0 is the vacuum wavenumber at optical frequency
ωp, ρ0 is the density of silica, and Γpm denotes the line-
width (or decay rate) of mode TRpm. That linewidth
depends on the mechanical impedance of media outside
the cladding, and its monitoring provides the basis for
forward Brillouin fiber sensing9. For bare fibers in air, the
linewidths are determined by acoustic dissipation in silica
and by inhomogeneities in the cladding radius, and scale
quadratically with acoustic frequency46. Typical values in
bare standard single-mode fibers range between tens to
hundreds of kHz.
The frequency Ω Rð Þ

pm of maximum forward Brillouin
interaction is given by Eq. (11):

Ω Rð Þ
pm � Ωpm þ

v2L;S
2Ωpm

K 2 � Ωpm þ
k20v

2
L;S

2Ωpm
neff;1 � neff ;2
� �2 ð23Þ

The latter approximate equality in Eq. (23) refers to
inter-modal scattering, in which the detuning from cut-off
is inversely proportional to the acoustic frequency. The
resonance frequency Ω Rð Þ

pm practically reduces to the cut-
off frequency Ωpm for intra-modal forward Brillouin
scattering processes. The velocities vL;S apply to acoustic
modes that are dominated by their dilatational or shear
components, respectively.
The units of the gain coefficient γ1;2;pm Ωð Þ are W−1 ×

m−1. It takes up its maximum magnitude on resonance:

γ 0ð Þ
1;2;pm ¼

k0
8n20cρ0

Q2
1;2;pm

ΓpmΩ
Rð Þ
pm

ð24Þ

Typical γ 0ð Þ
1;1;0m values for radial acoustic modes in

standard, bare single-mode fibers reach the order of
10W−1 × m−1 [5]. These values are an order of magni-
tude weaker than those of backward Brillouin scattering
in the same fiber, in which the acoustic waves are con-
fined to the core in larger overlap with the optical
mode6–8. Calculations of forward Brillouin scattering
spectra for a specific few-mode fiber used in this work are
presented next.
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The electro-strictive force per unit volume may sti-
mulate the propagation of guided acoustic modes of the
same frequency Ω and wavenumber K . The displace-
ment in [m] of the stimulated acoustic wave can be
expressed as

U
*

pm r;ϕ; z; tð Þ ¼ bpm Ω; zð Þ~upm r;ϕð Þ exp jKz � jΩtð Þ þ c:c

ð12Þ

Here bpm Ω; zð Þ [m2] denotes a modal magnitude which
is frequency dependent and may also vary with axial
position. The acoustic wave magnitude scales with the
beating power between the optical fields P Ω; zð Þ, and with
the spatial overlap integral between the transverse profiles
of the electro-strictive force per unit volume and the
acoustic mode displacement1–5:

QðESÞ1;2;pm ¼
Z2π

0

Zb

0

~upm r;ϕð Þ �~f 1;2 r;ϕð Þrdrdϕ ð13Þ

The spatial overlap integral depends on the choices of
the optical modes 1 and 2 and of the acoustic mode TRpm.
The overlap vanishes when the azimuthal orders of ~upm
and~f 1;2 do not match. Consequently, the azimuthal order
p of the stimulated acoustic mode must equal l1 ± l2.
Referring again to the specific case of two optical fields in
the fundamental mode in which l1;2 ¼ 1, we find that only
acoustic modes with p ¼ 0; 2 may be excited through
forward Brillouin interactions: R0m, T0m, or TR2m. Fur-
ther, the azimuthally independent component of ~f 1;1 in
single-mode fiber is entirely in the r̂ direction1–5. There-
fore the R0m acoustic modes are observed in forward
Brillouin scattering in single-mode fibers, but the T0m

are not.
By contrast, forward Brillouin interactions in few-mode

fibers, with one or both optical fields propagating in
optical modes with l≠1, may result in the stimulation of
additional classes of guided acoustic modes with different
azimuthal symmetries. For example, the LP1;1 group
contains modes with l ¼ 0 and l ¼ 2. Electro-strictive
stimulation through optical modes within that group may
generate acoustic waves with azimuthal orders p ¼ 0; 2; 4.
Inter-modal interactions between optical fields in the
LP0;1 mode and the LP1;1 group might stimulate acoustic
modes with p ¼ 1 or p ¼ 3.
Material displacement in the stimulated acoustic mode

is associated with symmetric strain in the form of a
unitless tensor Spm:

Spm r;ϕ; z; tð Þ ¼ bpm Ω; zð Þspm r;ϕð Þ exp jKz � jΩtð Þ þ c:c

ð14Þ

The elements of the symmetric normalized strain tensor
spm r;ϕð Þ, in units of m−2, are defined as42,43

srr;pm r;ϕð Þ ¼ ∂ur;pm r;ϕð Þ
∂r

ð15Þ

sϕϕ;pm r;ϕð Þ ¼ ur;pm r;ϕð Þ
r

þ 1
r
∂uϕ;pm r;ϕð Þ

∂ϕ
ð16Þ

srϕ;pm r;ϕð Þ ¼ 1
2

1
r
∂ur;pm r;ϕð Þ

∂ϕ
þ ∂uϕ;pm r;ϕð Þ

∂r
� uϕ;pm r;ϕð Þ

r

� �

ð17Þ

In the above relations, ur;pm and uϕ;pm denote the radial
and azimuthal components of the normalized displace-
ment vector, respectively (see Eq. (10)). Strain in the fiber
medium gives rise to photoelastic perturbations to the
dielectric tensor1–5,41:

Δεpm r;ϕ; z; tð Þ ¼ bpm Ω; zð Þμpm r;ϕð Þ exp jKz � jΩtð Þ þ c:c

ð18Þ
where the elements of the transverse dependence tensor
μpm are of the form1–5,41

μrr;pm r;ϕð Þ
μϕϕ;pm r;ϕð Þ
μrϕ;pm r;ϕð Þ

0
B@

1
CA ¼ �n40

p11 p12 0

p12 p11 0

0 0 p44

0
B@

1
CA

srr;pm r;ϕð Þ
sϕϕ;pm r;ϕð Þ
2srϕ;pm r;ϕð Þ

0
B@

1
CA

ð19Þ

The perturbations to the dielectric tensor propagate
along the fiber as a wave of frequency Ω and wavenumber
K . The perturbations scale with the modal displacement
magnitude bpm Ω; zð Þ, and hence also with the beating
power between the two stimulating optical fields, P Ω; zð Þ
[1-5].
The acoustically induced dielectric perturbation may

couple light between a pair of optical fields, ~E3;4, propa-
gating in optical modes 3 and 4:

~E3;4 r;ϕ; z; tð Þ ¼ A3;4 zð Þ~ET ;3;4ðr;ϕÞ exp jβ3;4z � jω3;4t
� �

þ c:c

ð20Þ
Here A3;4 are the scalar complex magnitudes of the two

fields [V], β3;4 are their propagation constants in their
respective modes,~ET ;3;4 are the corresponding normalized
transverse profiles of the two modes, and ω3;4 are their
respective optical frequencies. Effective coupling requires
matching in frequency and wavenumber between the pair
of optical fields and the photoelastic perturbations: The
difference in frequencies ω3 � ω4 should equal the
acoustic frequency ±Ω. The difference in wavenumbers
β3 � β4 must equal ±K . In intra-modal processes, where
all four optical waves involved propagate in the same
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better match with those of the optical mode LP02. The
dilatational modes, noted by a larger frequency spacing of
approximately vL= 2bð Þ, become dominant beyond 1 GHz
frequency.
Figure 3 shows the calculated spectra of inter-modal

forward Brillouin scattering between the LP01 and LP02

modes. In this figure, the imaginary part of the gain
coefficient ImfγLP01;LP02;pm Ωð Þg is plotted, rather than its
absolute value as in Figs. 1 and 2, since the experimental
procedure for the characterization of inter-modal scat-
tering processes measures the imaginary part directly5,
(see Methods Section). Here too, only the R0m and TR2m

acoustic modes may be stimulated. Figure 3a presents the
ImfγLP01;LP02;0m Ωð Þg spectrum, and ImfγLP01;LP02;2m Ωð Þg

is plotted in Fig. 3b. Both spectra differ from those of the
intra-modal scattering processes through the same
acoustic modes, as shown in Fig. 1 and Fig. 2. The inter-
modal scattering spectrum through the TR2m modes is
dominated by shear modes up to 700MHz frequency and
by dilatational modes above that frequency.
Figure 4 presents calculated spectra of forward Brillouin

scattering interactions driven by optical fields in the LP11

mode group. The group consists of the TE01, TM01 and
HE21 exact modal solutions. The experimental setup only
allows for the coupling of light to all three modes toge-
ther, and it does not separate between them. Figure 4a
presents the jγLP11;LP11;0m Ωð Þj forward Brillouin scattering
spectrum through the radial R0m acoustic modes. The
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Fig. 3 Calculated opto-mechanical gain coefficients Im γ Ω=2πð Þf g in a few-mode fiber. a Inter-modal forward Brillouin scattering between one
optical wave in the LP01 mode and another in the LP02 mode, through radial acoustic modes R0m . b Same as panel a, with torsional-radial acoustic
modes of two-fold azimuthal symmetry TR2m
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Fig. 2 Calculated opto-mechanical spectra γ Ω=2πð Þj j in a few-mode fiber. a Intra-modal forward Brillouin scattering between two optical waves
in the LP02 mode, through radial acoustic modes R0m . b Same as panel a, with torsional-radial acoustic modes of two-fold azimuthal symmetry TR2m
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Numerical calculations of forward Brillouin scattering
spectra in a few-mode fiber
The forward Brillouin scattering gain coefficients were

calculated for the parameters of the few-mode fiber used
in experiments (see the section Experimental Results).
The fiber has a standard cladding of pure silica with radius
b of 62.8 µm and refractive index n2 of 1.445 RIU. The
uniform core of the fiber has a radius a of 4.8 µm, with a
refractive index n1 = 1.461 RIU. The V parameter of the
fiber at a vacuum wavelength of 1550 nm is 4.196, and it
supports the LP01 and LP02 modes and the LP11 and LP21

mode groups. The mode multiplexers used in our
experiments supported the selective coupling of light to
the LP01 mode, LP02 mode, and LP11 group only, hence
the LP21 mode group was not considered further. The
effective indices for the LP01 mode, LP02 mode, and LP11

mode group are 1.458, 1.446, and 1.453 RIU, respectively.
The differences between the effective indices of the three
constituent modes of the LP11 group are below 5 × 10−⁵
RIU. In the following calculations, the fiber was assumed
to be uncoated with air outside the cladding. The modal
linewidths Γpm were fitted based on experiments5 (see the
section Experimental Results).
Figure 1a presents the calculated opto-mechanical

spectrum γLP01;LP01;0m Ωð Þ
���

��� of intra-modal forward Bril-
louin scattering between two optical waves in the funda-
mental LP01 mode, through the radial acoustic modes
R0m. Figure 1b shows the corresponding spectrum
jγLP01;LP01;2m Ωð Þj for the same optical mode and the TR2m

acoustic modes. Both spectra are very similar to those of
the corresponding processes in standard single-mode
fibers1–5. Forward Brillouin scattering through the R0m

modes is stronger, with γ 0ð Þ
LP01;LP01;0m reaching 20W−1 ×

km−1 at frequencies near 300MHz, compared with
maximum values of 2.5–3W−1 × km−1 for the TR2m

modes. Similar values have been calculated and observed
for single-mode fibers39. The peak magnitudes
γ 0ð Þ
LP01;LP01;0m decrease monotonously beyond 300MHz

frequency. The radial modes are purely dilatational, with
regular spacing between their resonance frequencies
(Fig. 1a). The spectrum of Fig. 1b consists of both pre-
dominantly dilatational and shear-like TR2m acoustic
modes, with overall irregular spacing between
peaks17,18,44. The jγLP01;LP01;2m Ωð Þj spectrum also
decreases considerably beyond acoustic frequencies of
500MHz. At higher frequencies, the radial dependence
of the material displacement profile ~upm changes sign
within the spatial extent of the fundamental optical mode,
and the spatial overlap integral largely cancels out.
Figure 2 presents the opto-mechanical spectra of intra-

modal forward Brillouin scattering in the LP02 mode. R0m

and TR2m acoustic modes are considered in Fig. 2a, b,
respectively. The peaks of the radial modes spectrum
jγLP02;LP02;0m Ωð Þj reach a maximum at 300MHz and
decrease by nearly two orders of magnitude towards
600MHz. The peak magnitudes γ 0ð Þ

LP02;LP02;0m increase
again towards acoustic frequencies of 1.2 GHz. Compared
with the fundamental LP01 mode, the radial profiles of the
displacement vectors of a high-frequency acoustic modes
match better with the higher-order LP02 mode, leading to
more efficient Brillouin stimulation. The jγLP02;LP02;2m Ωð Þj
spectrum of Fig. 2b consists again of dilatational as well as
shear TR2m modes. In the 500–900MHz range, the
spectrum is dominated by the shear modes, identified by
the closer spacing vS= 2bð Þ between adjacent peaks. In that
frequency range, the radial profiles of the shear modes

0 200 400 600 800 1000 1200

Frequency [MHz]

101
O

pt
o-

m
ec

ha
ni

ca
l s

pe
ct

ru
m

 [W
–1

km
–1

]

0 200 400 600 800 1000 1200

Frequency [MHz]

a b

100

10–1

O
pt

o-
m

ec
ha

ni
ca

l s
pe

ct
ru

m
 [W

–1
km

–1
]

100

10–1

10–2

Fig. 1 Calculated opto-mechanical spectra γ Ω=2πð Þj j in a few-mode fiber. a Intra-modal forward Brillouin scattering between two optical waves
in the fundamental LP01 mode, through radial acoustic modes R0m . b Same as panel a, with torsional-radial acoustic modes of two-fold azimuthal
symmetry TR2m
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better match with those of the optical mode LP02. The
dilatational modes, noted by a larger frequency spacing of
approximately vL= 2bð Þ, become dominant beyond 1 GHz
frequency.
Figure 3 shows the calculated spectra of inter-modal

forward Brillouin scattering between the LP01 and LP02

modes. In this figure, the imaginary part of the gain
coefficient ImfγLP01;LP02;pm Ωð Þg is plotted, rather than its
absolute value as in Figs. 1 and 2, since the experimental
procedure for the characterization of inter-modal scat-
tering processes measures the imaginary part directly5,
(see Methods Section). Here too, only the R0m and TR2m

acoustic modes may be stimulated. Figure 3a presents the
ImfγLP01;LP02;0m Ωð Þg spectrum, and ImfγLP01;LP02;2m Ωð Þg

is plotted in Fig. 3b. Both spectra differ from those of the
intra-modal scattering processes through the same
acoustic modes, as shown in Fig. 1 and Fig. 2. The inter-
modal scattering spectrum through the TR2m modes is
dominated by shear modes up to 700MHz frequency and
by dilatational modes above that frequency.
Figure 4 presents calculated spectra of forward Brillouin

scattering interactions driven by optical fields in the LP11

mode group. The group consists of the TE01, TM01 and
HE21 exact modal solutions. The experimental setup only
allows for the coupling of light to all three modes toge-
ther, and it does not separate between them. Figure 4a
presents the jγLP11;LP11;0m Ωð Þj forward Brillouin scattering
spectrum through the radial R0m acoustic modes. The
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Fig. 3 Calculated opto-mechanical gain coefficients Im γ Ω=2πð Þf g in a few-mode fiber. a Inter-modal forward Brillouin scattering between one
optical wave in the LP01 mode and another in the LP02 mode, through radial acoustic modes R0m . b Same as panel a, with torsional-radial acoustic
modes of two-fold azimuthal symmetry TR2m
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Fig. 2 Calculated opto-mechanical spectra γ Ω=2πð Þj j in a few-mode fiber. a Intra-modal forward Brillouin scattering between two optical waves
in the LP02 mode, through radial acoustic modes R0m . b Same as panel a, with torsional-radial acoustic modes of two-fold azimuthal symmetry TR2m
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Numerical calculations of forward Brillouin scattering
spectra in a few-mode fiber
The forward Brillouin scattering gain coefficients were

calculated for the parameters of the few-mode fiber used
in experiments (see the section Experimental Results).
The fiber has a standard cladding of pure silica with radius
b of 62.8 µm and refractive index n2 of 1.445 RIU. The
uniform core of the fiber has a radius a of 4.8 µm, with a
refractive index n1 = 1.461 RIU. The V parameter of the
fiber at a vacuum wavelength of 1550 nm is 4.196, and it
supports the LP01 and LP02 modes and the LP11 and LP21

mode groups. The mode multiplexers used in our
experiments supported the selective coupling of light to
the LP01 mode, LP02 mode, and LP11 group only, hence
the LP21 mode group was not considered further. The
effective indices for the LP01 mode, LP02 mode, and LP11

mode group are 1.458, 1.446, and 1.453 RIU, respectively.
The differences between the effective indices of the three
constituent modes of the LP11 group are below 5 × 10−⁵
RIU. In the following calculations, the fiber was assumed
to be uncoated with air outside the cladding. The modal
linewidths Γpm were fitted based on experiments5 (see the
section Experimental Results).
Figure 1a presents the calculated opto-mechanical

spectrum γLP01;LP01;0m Ωð Þ
���

��� of intra-modal forward Bril-
louin scattering between two optical waves in the funda-
mental LP01 mode, through the radial acoustic modes
R0m. Figure 1b shows the corresponding spectrum
jγLP01;LP01;2m Ωð Þj for the same optical mode and the TR2m

acoustic modes. Both spectra are very similar to those of
the corresponding processes in standard single-mode
fibers1–5. Forward Brillouin scattering through the R0m

modes is stronger, with γ 0ð Þ
LP01;LP01;0m reaching 20W−1 ×

km−1 at frequencies near 300MHz, compared with
maximum values of 2.5–3W−1 × km−1 for the TR2m

modes. Similar values have been calculated and observed
for single-mode fibers39. The peak magnitudes
γ 0ð Þ
LP01;LP01;0m decrease monotonously beyond 300MHz

frequency. The radial modes are purely dilatational, with
regular spacing between their resonance frequencies
(Fig. 1a). The spectrum of Fig. 1b consists of both pre-
dominantly dilatational and shear-like TR2m acoustic
modes, with overall irregular spacing between
peaks17,18,44. The jγLP01;LP01;2m Ωð Þj spectrum also
decreases considerably beyond acoustic frequencies of
500MHz. At higher frequencies, the radial dependence
of the material displacement profile ~upm changes sign
within the spatial extent of the fundamental optical mode,
and the spatial overlap integral largely cancels out.
Figure 2 presents the opto-mechanical spectra of intra-

modal forward Brillouin scattering in the LP02 mode. R0m

and TR2m acoustic modes are considered in Fig. 2a, b,
respectively. The peaks of the radial modes spectrum
jγLP02;LP02;0m Ωð Þj reach a maximum at 300MHz and
decrease by nearly two orders of magnitude towards
600MHz. The peak magnitudes γ 0ð Þ

LP02;LP02;0m increase
again towards acoustic frequencies of 1.2 GHz. Compared
with the fundamental LP01 mode, the radial profiles of the
displacement vectors of a high-frequency acoustic modes
match better with the higher-order LP02 mode, leading to
more efficient Brillouin stimulation. The jγLP02;LP02;2m Ωð Þj
spectrum of Fig. 2b consists again of dilatational as well as
shear TR2m modes. In the 500–900MHz range, the
spectrum is dominated by the shear modes, identified by
the closer spacing vS= 2bð Þ between adjacent peaks. In that
frequency range, the radial profiles of the shear modes
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Fig. 1 Calculated opto-mechanical spectra γ Ω=2πð Þj j in a few-mode fiber. a Intra-modal forward Brillouin scattering between two optical waves
in the fundamental LP01 mode, through radial acoustic modes R0m . b Same as panel a, with torsional-radial acoustic modes of two-fold azimuthal
symmetry TR2m
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spectrum of TR1m modes is dominated by the dilatational
ones.

Experimental results
Figure 6a shows the measured normalized spectrum
jγLP01;LP01;0m Ωð Þj2 of intra-modal forward Brillouin scat-
tering in the fundamental LP01 mode of a few-mode fiber,
through the radial acoustic modes R0m. For the details of
the experimental setup and protocols, see the Methods
section. The fiber under test was 5 meters long, and it was
stripped off its protective polymer coating to enhance
forward Brillouin scattering9. The parameters of the fiber
were the same as those used above for calculations. The

corresponding calculated spectrum is plotted as well (see
Fig. 1a). The agreement between experiment and calcu-
lations is very good. The spectrum is very similar to that
of forward Brillouin scattering through the same acoustic
modes in single-mode fibers1–5, as expected. The line-
widths of the spectral peaks increase with frequency, from
100 kHz width for the 80MHz peak up to about 1MHz
width at the resonance frequency of 700MHz. The line-
widths are broader than previously observed in uncoated
single-mode fibers, and they scale linearly with acoustic
frequency. Such scaling suggests broadening due to
nonuniformity of the cladding diameter along the fiber
under test46. Figure 6b presents the normalized measured
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Fig. 5 Calculated opto-mechanical gain coefficients Im γ Ω=2πð Þf g in a few-mode fiber. a Inter-modal forward Brillouin scattering between one
optical wave in the LP01 mode and another in the LP11 mode group, through torsional-radial acoustic modes TR1m of first-order azimuthal symmetry.
b Same as panel a, with torsional-radial acoustic modes of three-fold azimuthal symmetry TR3m
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Fig. 6 Measured (solid, blue) and calculated (dashed, red) normalized spectra γLP01;LP01;pm Ωð Þ
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2
of intra-modal forward Brillouin scattering

in the fundamental LP01 mode of a few-mode fiber. a Radial acoustic modes R0m . b Torsional-radial modes. The spectrum consists of the TR2m
modes only
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spectrum includes contributions of intra-modal scattering
in each of the three modes within the LP11 mode group.
The radio frequency phases of the three contributions
may vary. In the example shown here, the mean value of
the three terms is presented. Differences between the
acoustic resonance frequencies of the three contributions
are much smaller than the modal linewidths and cannot
be observed. The spectrum extends towards higher fre-
quencies than those of the corresponding process in the
fundamental LP01 mode (Fig. 1a). The frequencies range is
similar to that of the intra-modal scattering in the LP02

mode (Fig. 2a). The forward Brillouin scattering spectrum
jγLP11;LP11;2m Ωð Þj for TR2m acoustic modes is shown in
Fig. 4b. The spectrum differs from those of TR2m stimu-
lated by other optical modes combinations, as presented
earlier. It is dominated by dilatational modes above
acoustic frequencies of 800MHz.
Optical waves within the LP11 modes group can sti-

mulate additional classes of acoustic modes, beyond the
R0m and TR2m groups discussed thus far. Figure 4c shows
the spectrum jγLP11;LP11;4m Ωð Þj of forward Brillouin scat-
tering through the four-fold symmetric TR4m acoustic
modes. These modes can be driven by two pump fields in
the HE21 optical mode within the LP11 group. This class
of acoustic modes cannot be observed in forward Brillouin
scattering over single-mode fibers. Shear modes within
the TR4m category dominate the spectrum up to 700MHz,
giving way to dilatational modes at higher frequencies.
The cut-off frequencies Ω4m of the TR4m modes are

similar to those of the TR2m modes. However, the Ω4m

frequencies are consistently lower than the corresponding
Ω2m values by 2π × 1-2MHz. These offsets are used to
identify peaks associated with the TR4m modes in
experimental measurements (see the section Experi-
mental Results).
Inter-modal forward Brillouin scattering between one

optical field in the TE01 mode and another in the TM01

mode within the LP11 group can stimulate purely tor-
sional T0m acoustic modes as well. The calculated spec-
trum is shown in Fig. 4d. The process couples optical
power between the TE01 and TM01 components within
the LP11 mode group. The cut-off frequencies of the T0m

modes are higher than those of adjacent TR2m modes by
2π × 1-2MHz. The peak magnitudes of the opto-
mechanical stimulation of T0m modes are highest near
500MHz frequency. Material displacement in the T0m

modes includes shear wave motion only.
Lastly, Fig. 5 shows the calculated spectra of inter-

modal forward Brillouin scattering between one optical
wave in the fundamental LP01 mode and another in the
LP11 modes group. The process involves the stimulation
of the TR1m acoustic modes of first-order azimuthal
symmetry (panel a), and the three-fold symmetric TR3m

modes (Fig. 5b). Both classes of modes are inaccessible to
forward Brillouin scattering in single-mode fibers. The
peak magnitudes of ImfγLP01;LP11;1m Ωð Þg; corresponding
to the TR1m modes, are four times stronger than those of
ImfγLP01;LP11;3m Ωð Þg, representing the TR3m modes. The
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spectrum of TR1m modes is dominated by the dilatational
ones.

Experimental results
Figure 6a shows the measured normalized spectrum
jγLP01;LP01;0m Ωð Þj2 of intra-modal forward Brillouin scat-
tering in the fundamental LP01 mode of a few-mode fiber,
through the radial acoustic modes R0m. For the details of
the experimental setup and protocols, see the Methods
section. The fiber under test was 5 meters long, and it was
stripped off its protective polymer coating to enhance
forward Brillouin scattering9. The parameters of the fiber
were the same as those used above for calculations. The

corresponding calculated spectrum is plotted as well (see
Fig. 1a). The agreement between experiment and calcu-
lations is very good. The spectrum is very similar to that
of forward Brillouin scattering through the same acoustic
modes in single-mode fibers1–5, as expected. The line-
widths of the spectral peaks increase with frequency, from
100 kHz width for the 80MHz peak up to about 1MHz
width at the resonance frequency of 700MHz. The line-
widths are broader than previously observed in uncoated
single-mode fibers, and they scale linearly with acoustic
frequency. Such scaling suggests broadening due to
nonuniformity of the cladding diameter along the fiber
under test46. Figure 6b presents the normalized measured
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Fig. 5 Calculated opto-mechanical gain coefficients Im γ Ω=2πð Þf g in a few-mode fiber. a Inter-modal forward Brillouin scattering between one
optical wave in the LP01 mode and another in the LP11 mode group, through torsional-radial acoustic modes TR1m of first-order azimuthal symmetry.
b Same as panel a, with torsional-radial acoustic modes of three-fold azimuthal symmetry TR3m
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Fig. 6 Measured (solid, blue) and calculated (dashed, red) normalized spectra γLP01;LP01;pm Ωð Þ
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of intra-modal forward Brillouin scattering

in the fundamental LP01 mode of a few-mode fiber. a Radial acoustic modes R0m . b Torsional-radial modes. The spectrum consists of the TR2m
modes only
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spectrum includes contributions of intra-modal scattering
in each of the three modes within the LP11 mode group.
The radio frequency phases of the three contributions
may vary. In the example shown here, the mean value of
the three terms is presented. Differences between the
acoustic resonance frequencies of the three contributions
are much smaller than the modal linewidths and cannot
be observed. The spectrum extends towards higher fre-
quencies than those of the corresponding process in the
fundamental LP01 mode (Fig. 1a). The frequencies range is
similar to that of the intra-modal scattering in the LP02

mode (Fig. 2a). The forward Brillouin scattering spectrum
jγLP11;LP11;2m Ωð Þj for TR2m acoustic modes is shown in
Fig. 4b. The spectrum differs from those of TR2m stimu-
lated by other optical modes combinations, as presented
earlier. It is dominated by dilatational modes above
acoustic frequencies of 800MHz.
Optical waves within the LP11 modes group can sti-

mulate additional classes of acoustic modes, beyond the
R0m and TR2m groups discussed thus far. Figure 4c shows
the spectrum jγLP11;LP11;4m Ωð Þj of forward Brillouin scat-
tering through the four-fold symmetric TR4m acoustic
modes. These modes can be driven by two pump fields in
the HE21 optical mode within the LP11 group. This class
of acoustic modes cannot be observed in forward Brillouin
scattering over single-mode fibers. Shear modes within
the TR4m category dominate the spectrum up to 700MHz,
giving way to dilatational modes at higher frequencies.
The cut-off frequencies Ω4m of the TR4m modes are

similar to those of the TR2m modes. However, the Ω4m

frequencies are consistently lower than the corresponding
Ω2m values by 2π × 1-2MHz. These offsets are used to
identify peaks associated with the TR4m modes in
experimental measurements (see the section Experi-
mental Results).
Inter-modal forward Brillouin scattering between one

optical field in the TE01 mode and another in the TM01

mode within the LP11 group can stimulate purely tor-
sional T0m acoustic modes as well. The calculated spec-
trum is shown in Fig. 4d. The process couples optical
power between the TE01 and TM01 components within
the LP11 mode group. The cut-off frequencies of the T0m

modes are higher than those of adjacent TR2m modes by
2π × 1-2MHz. The peak magnitudes of the opto-
mechanical stimulation of T0m modes are highest near
500MHz frequency. Material displacement in the T0m

modes includes shear wave motion only.
Lastly, Fig. 5 shows the calculated spectra of inter-

modal forward Brillouin scattering between one optical
wave in the fundamental LP01 mode and another in the
LP11 modes group. The process involves the stimulation
of the TR1m acoustic modes of first-order azimuthal
symmetry (panel a), and the three-fold symmetric TR3m

modes (Fig. 5b). Both classes of modes are inaccessible to
forward Brillouin scattering in single-mode fibers. The
peak magnitudes of ImfγLP01;LP11;1m Ωð Þg; corresponding
to the TR1m modes, are four times stronger than those of
ImfγLP01;LP11;3m Ωð Þg, representing the TR3m modes. The
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Fig. 4 Calculated opto-mechanical spectra γ Ω=2πð Þj j in a few-mode fiber. a Forward Brillouin scattering between optical waves within the LP11
mode group, through radial acoustic modes R0m . b Same as panel a, with torsional-radial acoustic modes of two-fold azimuthal symmetry TR2m .
c Same as panel a, with torsional-radial acoustic modes of four-fold azimuthal symmetry TR4m . d Same as panel a, with purely torsional acoustic
modes T 0m
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torsional-radial modes for intra-modal forward Brillouin
scattering in the LP01 and LP02 modes (see Fig. 9). Two
examples of pairs of peaks are shown in Fig. 9b, c, and
many other pairs were observed in the frequencies range
of 200–400MHz. The results signify the first observation
of the TR4m class of modes in forward Brillouin scattering
in fibers.
Calculations also predict the stimulation of purely tor-

sional T0m acoustic modes by one field component in the
TE01 mode and another in the TM01 mode within the
LP11 group (see Fig. 4d). Such stimulation would be
accompanied by the coupling of optical power between
the two components and may lead to polarization rotation
of the combined LP11 polarized field. The cut-off fre-
quencies of the T0m acoustic modes are higher than those
of adjacent TR2m modes by 2π × 1-2MHz (as opposed to
the cut-of frequencies of the TR4m; which are lower than
those of the TR2m modes by comparable offsets). We were
unable to resolve the stimulation of T0m acoustic modes
in our measurements. The division of the input field
among the three constituent modes of the LP11 group is
not controlled. The magnitudes of the launched TE01 and
TM01 field components might have been too weak, and
the polarization rotation induced by the T0m modes might
have been too small to be identified alongside the much
stronger response of adjacent TR2m modes.
The measured normalized coupling coefficient

Im γ Ωð Þf g of inter-modal forward Brillouin scattering
between the LP01 optical mode and the LP11 mode group

is presented in Fig. 10. For the experimental setup and
protocols for measuring inter-modal scattering, see
Methods Section. The spectrum consists of stimulated
TR1m acoustic modes of first-order azimuthal symmetry.

20
0
40
0
60
0
80
0
10
00
12
00

Frequency [MHz]

Measurement
Simulation

25
4
25
6

25
8

26
0

26
2

26
4

Frequency [MHz]

0

0.2

0.4

0.6

0.8

1

28
5
28
6
28
7
28
8
28
9
29
0
29
1
29
2
29

3
29
4

Frequency [MHz]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 LP11 

LP01 TR2m

a b c100

10–2

10–1

LP11 

LP01 TR2m

N
or
m
al
iz
ed

 |�
O
M
|2

N
or
m
al
iz
ed

 |�
O
M
|2

N
or
m
al
iz
ed

 |�
O
M
|2

Fig. 9 Observation of four-fold symmetric torsional-radial acoustic modes. a Measured (solid, blue) and calculated (dashed, red) normalized
spectra of intra-modal forward Brillouin scattering in the LP11 modes group of a few-mode fiber, through torsional-radial acoustic modes. The
spectrum is dominated by the TR2m modes. b, c Magnified views of the experimental trace of panel (a) (blue), alongside the measured, normalized
torsional-radial modes spectrum of intra-modal scattering in the LP01 mode (red, repeated from Fig. 6b as a reference). The torsional-radial acoustic
modes spectrum following stimulation through the LP11 modes group exhibits secondary peaks, which do not appear in the corresponding LP01
process. The frequencies of the secondary peaks are lower than those of the primary ones by 1–2 MHz. The secondary peaks represent the
stimulation of TR4m acoustic modes. Two examples of pairs of peaks are shown in the figure, however many others were observed
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Fig. 10 Observation of torsional radial acoustic modes of first-
order azimuthal symmetry. Solid blue—measured normalized gain
coefficient of inter-modal forward stimulated Brillouin scattering
between one optical wave in the fundamental LP01 mode and
another in the LP11 mode group. Dashed red—calculated normalized
gain coefficient Im γLP01; LP11; 1mf g of inter-modal forward Brillouin
scattering between the two optical modes through the TR1m acoustic
modes. Agreement with experiment is very good. The weaker
stimulation of TR3m modes, suggested by the analysis, was not
observed in the measurements
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and calculated spectra of intra-modal scattering in the
fundamental optical mode through torsional-radial
acoustic modes. The spectrum consists of two-fold sym-
metric TR2m acoustic modes only. Here too, the experi-
mental results agree with calculations and with known
results in single-mode fibers1–5. Both dilatational and
shear modes are observed. Note that the forward Brillouin
scattering spectra through radial and torsional-radial
modes are acquired using different detection schemes
(see Methods). Therefore, the comparison between
spectra in absolute scales is not provided. For experi-
mental comparison between radial and torsional-radial
modes excitation, see earlier works39.
Figure 7 shows the measured and calculated normalized

spectra of intra-modal forward Brillouin scattering in the
higher-order LP02 mode. Here too, the process takes place
through R0m (panel a) and TR2m acoustic modes (panel b).
Modes of both categories are observed up to a frequency
of 1.8 GHz, much higher than those of corresponding
intra-modal scattering in the fundamental mode. The
peak magnitudes of the dilatational R0m modes pass
through a local minimum at acoustic frequencies near
800MHz, due to poor spatial overlap with the optical
mode. The TR2m modes spectrum at that frequency range
is dominated by the shear modes, identified by their closer
spectral spacing, which exhibit better spatial overlap with
the optical mode. The dilatational modes dominate the
TR2m spectrum beyond 1.1 GHz frequency. The experi-
mental observations are in good agreement with
calculations.
Next, the normalized spectra of forward Brillouin scat-

tering between two optical fields in the LP11 group are
presented. Figure 8 shows the spectrum of scattering
through the radial R0m modes, jγLP11;LP11;0m Ωð Þj2. The

measurements meet expectations. Figure 9a shows the
corresponding spectra for torsional radial modes. The
spectrum is dominated by the two-fold symmetric TR2m

modes, and it matches well with calculations. This time,
however, many of the spectral peaks corresponding to the
TR2m modes are accompanied by adjacent secondary
peaks, at frequencies that are 1–2MHz lower. The sec-
ondary set of peaks represents the stimulation of the four-
fold symmetric TR4m modes. The observed frequency
separation matches the difference between calculated cut-
off frequencies Ω2m �Ω4mð Þ=2π. The TR4m acoustic
modes are driven by optical fields in the HE21 component
of the LP11 group. They do not appear in the spectra of
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Fig. 7 Measured (solid, blue) and calculated (dashed, red) normalized spectra γLP02;LP02;pm Ωð Þ�� ��2 of intra-modal forward Brillouin scattering
in the LP02 mode of a few-mode fiber. a Radial acoustic modes R0m . b Torsional-radial modes. The spectrum consists of the TR2m modes only
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Fig. 8 Measured (solid, blue) and calculated (dashed, red) normalized

spectra γLP11;LP11;0m Ωð Þ�� ��2 of intra-modal forward Brillouin scattering in
the LP11 modes group of a few-mode fiber, through the radial
acoustic modes R0m
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torsional-radial modes for intra-modal forward Brillouin
scattering in the LP01 and LP02 modes (see Fig. 9). Two
examples of pairs of peaks are shown in Fig. 9b, c, and
many other pairs were observed in the frequencies range
of 200–400MHz. The results signify the first observation
of the TR4m class of modes in forward Brillouin scattering
in fibers.
Calculations also predict the stimulation of purely tor-

sional T0m acoustic modes by one field component in the
TE01 mode and another in the TM01 mode within the
LP11 group (see Fig. 4d). Such stimulation would be
accompanied by the coupling of optical power between
the two components and may lead to polarization rotation
of the combined LP11 polarized field. The cut-off fre-
quencies of the T0m acoustic modes are higher than those
of adjacent TR2m modes by 2π × 1-2MHz (as opposed to
the cut-of frequencies of the TR4m; which are lower than
those of the TR2m modes by comparable offsets). We were
unable to resolve the stimulation of T0m acoustic modes
in our measurements. The division of the input field
among the three constituent modes of the LP11 group is
not controlled. The magnitudes of the launched TE01 and
TM01 field components might have been too weak, and
the polarization rotation induced by the T0m modes might
have been too small to be identified alongside the much
stronger response of adjacent TR2m modes.
The measured normalized coupling coefficient

Im γ Ωð Þf g of inter-modal forward Brillouin scattering
between the LP01 optical mode and the LP11 mode group

is presented in Fig. 10. For the experimental setup and
protocols for measuring inter-modal scattering, see
Methods Section. The spectrum consists of stimulated
TR1m acoustic modes of first-order azimuthal symmetry.
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Fig. 9 Observation of four-fold symmetric torsional-radial acoustic modes. a Measured (solid, blue) and calculated (dashed, red) normalized
spectra of intra-modal forward Brillouin scattering in the LP11 modes group of a few-mode fiber, through torsional-radial acoustic modes. The
spectrum is dominated by the TR2m modes. b, c Magnified views of the experimental trace of panel (a) (blue), alongside the measured, normalized
torsional-radial modes spectrum of intra-modal scattering in the LP01 mode (red, repeated from Fig. 6b as a reference). The torsional-radial acoustic
modes spectrum following stimulation through the LP11 modes group exhibits secondary peaks, which do not appear in the corresponding LP01
process. The frequencies of the secondary peaks are lower than those of the primary ones by 1–2 MHz. The secondary peaks represent the
stimulation of TR4m acoustic modes. Two examples of pairs of peaks are shown in the figure, however many others were observed
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Fig. 10 Observation of torsional radial acoustic modes of first-
order azimuthal symmetry. Solid blue—measured normalized gain
coefficient of inter-modal forward stimulated Brillouin scattering
between one optical wave in the fundamental LP01 mode and
another in the LP11 mode group. Dashed red—calculated normalized
gain coefficient Im γLP01; LP11; 1mf g of inter-modal forward Brillouin
scattering between the two optical modes through the TR1m acoustic
modes. Agreement with experiment is very good. The weaker
stimulation of TR3m modes, suggested by the analysis, was not
observed in the measurements
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and calculated spectra of intra-modal scattering in the
fundamental optical mode through torsional-radial
acoustic modes. The spectrum consists of two-fold sym-
metric TR2m acoustic modes only. Here too, the experi-
mental results agree with calculations and with known
results in single-mode fibers1–5. Both dilatational and
shear modes are observed. Note that the forward Brillouin
scattering spectra through radial and torsional-radial
modes are acquired using different detection schemes
(see Methods). Therefore, the comparison between
spectra in absolute scales is not provided. For experi-
mental comparison between radial and torsional-radial
modes excitation, see earlier works39.
Figure 7 shows the measured and calculated normalized

spectra of intra-modal forward Brillouin scattering in the
higher-order LP02 mode. Here too, the process takes place
through R0m (panel a) and TR2m acoustic modes (panel b).
Modes of both categories are observed up to a frequency
of 1.8 GHz, much higher than those of corresponding
intra-modal scattering in the fundamental mode. The
peak magnitudes of the dilatational R0m modes pass
through a local minimum at acoustic frequencies near
800MHz, due to poor spatial overlap with the optical
mode. The TR2m modes spectrum at that frequency range
is dominated by the shear modes, identified by their closer
spectral spacing, which exhibit better spatial overlap with
the optical mode. The dilatational modes dominate the
TR2m spectrum beyond 1.1 GHz frequency. The experi-
mental observations are in good agreement with
calculations.
Next, the normalized spectra of forward Brillouin scat-

tering between two optical fields in the LP11 group are
presented. Figure 8 shows the spectrum of scattering
through the radial R0m modes, jγLP11;LP11;0m Ωð Þj2. The

measurements meet expectations. Figure 9a shows the
corresponding spectra for torsional radial modes. The
spectrum is dominated by the two-fold symmetric TR2m

modes, and it matches well with calculations. This time,
however, many of the spectral peaks corresponding to the
TR2m modes are accompanied by adjacent secondary
peaks, at frequencies that are 1–2MHz lower. The sec-
ondary set of peaks represents the stimulation of the four-
fold symmetric TR4m modes. The observed frequency
separation matches the difference between calculated cut-
off frequencies Ω2m �Ω4mð Þ=2π. The TR4m acoustic
modes are driven by optical fields in the HE21 component
of the LP11 group. They do not appear in the spectra of
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TR1m and TR4m modes has been demonstrated
experimentally.
The forward Brillouin scattering spectra of the few-

mode fiber extend to higher acoustic frequencies than in
standard single-mode fibers: resonance frequencies up to
1.8 GHz were observed in the measurements. Further,
inter-modal stimulation in the few-mode fiber may excite
acoustic modes a few MHz above their cut-off fre-
quencies. The acoustic modes, in this case, may take up
axial wavenumbers in the order of 104 rad ×m−1. Such
large wavenumbers can lead to non-reciprocal coupling of
counter-propagating signal waves between spatial optical
modes and to narrowband optical isolation, as shown in
polarization maintaining fibers and photonic integrated
circuits38,47. The effect of media outside the cladding on
the acoustic linewidth may differ among classes of
modes44. Addressing additional mode groups may
enhance the application of forward Brillouin scattering in
fiber sensing17,18,44. The elastic properties of media under
test may also vary with acoustic frequency. The extension
of forward Brillouin scattering towards higher acoustic
frequencies over few-mode fibers would enable broader
characterization of acoustic dispersion.
Inter-modal forward Brillouin scattering is associated

with the amplification of one input optical field at the
expense of another1–5. This amplification mechanism has

been the basis for a forward Brillouin laser over polar-
ization maintaining fiber48, and may support similar lasing
in few-mode fiber as well. The gain bandwidth of forward
Brillouin scattering is extremely narrow, only 100 kHz in
bare fibers, hence forward Brillouin lasers can become
extremely coherent. The boundary conditions of acoustic
modes make forward Brillouin fiber lasers highly sensitive
to their environment48. Compared with polarization
maintaining fibers, the few-mode fibers provide greater
freedom for the choice of modes and the design of for-
ward Brillouin lasers.
Both the optical and acoustic waves used in this work

can carry angular momenta in their orbital degree of
freedom39,40. The forward Brillouin scattering interac-
tions through specific choices of modes signify the
exchange of orbital angular momentum quanta between
the optical and mechanical domains. These interactions
may potentially serve towards the manipulation of quan-
tum states at cryogenic temperatures.
While the reported characterization of forward Brillouin

scattering in the few-mode fiber under test has been
rather extensive, it is by no means exhaustive. Even with
the three-mode fiber available to us, there are many
additional possible combinations for the allocation of
input fields to specific modes. For example, two intra-
modal scattering processes can be coupled through a
common acoustic mode: A pair of pump waves in a
common optical mode 1 would stimulate the acoustic
wave through a first intra-modal process, and a signal
wave in optical mode 2 would be scattered by the same
acoustic wave in a second intra-modal process. We have
successfully demonstrated such coupling between intra-
modal forward Brillouin scattering processes in
polarization-maintaining fibers38, and their exploration
over few-mode fibers remains for future study.
In this work, we were not able to resolve the simulation

of TR3m acoustic modes alongside the TR1m ones in an
inter-modal forward Brillouin scattering process, even
though our analysis suggests that these modes should
have been observed. The difficulty may have to do with
the limited signal-to-noise ratio of the inter-modal mea-
surements protocol. The signal-to-noise ratio may be
improved using longer, uncoated fibers. Another limita-
tion stems from the small separation between the cut-off
frequencies of the TR1m and TR3m modes. The spectra of
the TR3m modes might be overshadowed by adjacent,
stronger peaks due to TR1m modes. We also could not
observe the stimulation of the T0m acoustic modes by
optical fields within the LP11 mode group. The monitor-
ing of forward Brillouin scattering within the LP11 group
relies on polarization rotation. It is possible that the
rotation associated with the coupling of light between the
TE01 and TM01 field components within the LP11 group
was too weak to be detected. The identification of the T0m
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Forward Brillouin scattering through this set of acoustic
modes is also observed for the first time in this work.
Like the TR4m modes seen in Fig. 9, the TR1m set of
modes cannot be stimulated in single mode fibers. The
cut-off frequencies Ω1m of these modes differ from Ω0m

or Ω2m by tens of MHz, hence the observed peaks are
distinct. The R0m and TR2m acoustic modes were not
stimulated in this experiment, as expected. The spec-
trum is dominated by dilatational modes, although shear
modes are observed as well at acoustic frequencies
below 600MHz.
Our analysis suggests that the inter-modal scattering

process would also excite the TR3m class of acoustic
modes. However, the opto-mechanical coefficients for the
stimulation of these modes are considerably smaller than
those of the TR1m modes (see Fig. 5), and the cut-off
frequencies Ω1m and Ω3m of the two classes differ by only
2π × 1–2MHz. We were unable to resolve the stimulation
of TR3m modes in our experiments, and their study
remains for future work.
The normalized spectrum of inter-modal forward Bril-

louin scattering between the LP01 and LP02 optical modes
is presented in Fig. 11a. The measured response consists
of the R0m and TR2m acoustic modes, and it agrees well
with expectations. Careful comparison between the
response of Fig. 11a and the spectra of R0m and TR2m

modes obtained through intra-modal scattering reveals a
significant difference. The resonance frequencies Ω Rð Þ

0m and
Ω Rð Þ

2m of the inter-modal scattering spectrum are con-
sistently higher than those observed through intra-modal
scattering. Examples are shown in Fig. 11b, c. The dif-
ference is due to the larger axial wavenumber K of inter-
modal electro-strictive stimulation (see earlier analysis).
Figure 12 plots the difference ΔΩ between the inter-
modal and intra-modal resonance frequencies, as a
function of Ω. The difference is inversely proportional to
Ω, and it follows the prediction of Eq. (23). The difference
ΔΩ is larger for dilatational acoustic modes, due to their
higher velocity.

Discussion
This work extended the study of forward Brillouin

scattering in standard, uniform-cladding fibers to the
multi-optical mode regime, through analysis, calcula-
tions, and experiment. The process supports many
possible combinations of intra-modal and inter-modal
scattering. Unlike polarization maintaining or photonic
crystal fibers, the forward Brillouin scattering spectra in
the few-mode fiber are calculated analytically. Acoustic
modes of arbitrary azimuthal orders can be stimulated in
the few-mode fiber, as opposed to the R0m and TR2m

modes only in single-mode fibers. The stimulation of
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TR1m and TR4m modes has been demonstrated
experimentally.
The forward Brillouin scattering spectra of the few-

mode fiber extend to higher acoustic frequencies than in
standard single-mode fibers: resonance frequencies up to
1.8 GHz were observed in the measurements. Further,
inter-modal stimulation in the few-mode fiber may excite
acoustic modes a few MHz above their cut-off fre-
quencies. The acoustic modes, in this case, may take up
axial wavenumbers in the order of 104 rad ×m−1. Such
large wavenumbers can lead to non-reciprocal coupling of
counter-propagating signal waves between spatial optical
modes and to narrowband optical isolation, as shown in
polarization maintaining fibers and photonic integrated
circuits38,47. The effect of media outside the cladding on
the acoustic linewidth may differ among classes of
modes44. Addressing additional mode groups may
enhance the application of forward Brillouin scattering in
fiber sensing17,18,44. The elastic properties of media under
test may also vary with acoustic frequency. The extension
of forward Brillouin scattering towards higher acoustic
frequencies over few-mode fibers would enable broader
characterization of acoustic dispersion.
Inter-modal forward Brillouin scattering is associated

with the amplification of one input optical field at the
expense of another1–5. This amplification mechanism has

been the basis for a forward Brillouin laser over polar-
ization maintaining fiber48, and may support similar lasing
in few-mode fiber as well. The gain bandwidth of forward
Brillouin scattering is extremely narrow, only 100 kHz in
bare fibers, hence forward Brillouin lasers can become
extremely coherent. The boundary conditions of acoustic
modes make forward Brillouin fiber lasers highly sensitive
to their environment48. Compared with polarization
maintaining fibers, the few-mode fibers provide greater
freedom for the choice of modes and the design of for-
ward Brillouin lasers.
Both the optical and acoustic waves used in this work

can carry angular momenta in their orbital degree of
freedom39,40. The forward Brillouin scattering interac-
tions through specific choices of modes signify the
exchange of orbital angular momentum quanta between
the optical and mechanical domains. These interactions
may potentially serve towards the manipulation of quan-
tum states at cryogenic temperatures.
While the reported characterization of forward Brillouin

scattering in the few-mode fiber under test has been
rather extensive, it is by no means exhaustive. Even with
the three-mode fiber available to us, there are many
additional possible combinations for the allocation of
input fields to specific modes. For example, two intra-
modal scattering processes can be coupled through a
common acoustic mode: A pair of pump waves in a
common optical mode 1 would stimulate the acoustic
wave through a first intra-modal process, and a signal
wave in optical mode 2 would be scattered by the same
acoustic wave in a second intra-modal process. We have
successfully demonstrated such coupling between intra-
modal forward Brillouin scattering processes in
polarization-maintaining fibers38, and their exploration
over few-mode fibers remains for future study.
In this work, we were not able to resolve the simulation

of TR3m acoustic modes alongside the TR1m ones in an
inter-modal forward Brillouin scattering process, even
though our analysis suggests that these modes should
have been observed. The difficulty may have to do with
the limited signal-to-noise ratio of the inter-modal mea-
surements protocol. The signal-to-noise ratio may be
improved using longer, uncoated fibers. Another limita-
tion stems from the small separation between the cut-off
frequencies of the TR1m and TR3m modes. The spectra of
the TR3m modes might be overshadowed by adjacent,
stronger peaks due to TR1m modes. We also could not
observe the stimulation of the T0m acoustic modes by
optical fields within the LP11 mode group. The monitor-
ing of forward Brillouin scattering within the LP11 group
relies on polarization rotation. It is possible that the
rotation associated with the coupling of light between the
TE01 and TM01 field components within the LP11 group
was too weak to be detected. The identification of the T0m
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proportional to frequency, and they are larger for the dilatational
modes due to their higher acoustic velocity
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Forward Brillouin scattering through this set of acoustic
modes is also observed for the first time in this work.
Like the TR4m modes seen in Fig. 9, the TR1m set of
modes cannot be stimulated in single mode fibers. The
cut-off frequencies Ω1m of these modes differ from Ω0m

or Ω2m by tens of MHz, hence the observed peaks are
distinct. The R0m and TR2m acoustic modes were not
stimulated in this experiment, as expected. The spec-
trum is dominated by dilatational modes, although shear
modes are observed as well at acoustic frequencies
below 600MHz.
Our analysis suggests that the inter-modal scattering

process would also excite the TR3m class of acoustic
modes. However, the opto-mechanical coefficients for the
stimulation of these modes are considerably smaller than
those of the TR1m modes (see Fig. 5), and the cut-off
frequencies Ω1m and Ω3m of the two classes differ by only
2π × 1–2MHz. We were unable to resolve the stimulation
of TR3m modes in our experiments, and their study
remains for future work.
The normalized spectrum of inter-modal forward Bril-

louin scattering between the LP01 and LP02 optical modes
is presented in Fig. 11a. The measured response consists
of the R0m and TR2m acoustic modes, and it agrees well
with expectations. Careful comparison between the
response of Fig. 11a and the spectra of R0m and TR2m

modes obtained through intra-modal scattering reveals a
significant difference. The resonance frequencies Ω Rð Þ

0m and
Ω Rð Þ

2m of the inter-modal scattering spectrum are con-
sistently higher than those observed through intra-modal
scattering. Examples are shown in Fig. 11b, c. The dif-
ference is due to the larger axial wavenumber K of inter-
modal electro-strictive stimulation (see earlier analysis).
Figure 12 plots the difference ΔΩ between the inter-
modal and intra-modal resonance frequencies, as a
function of Ω. The difference is inversely proportional to
Ω, and it follows the prediction of Eq. (23). The difference
ΔΩ is larger for dilatational acoustic modes, due to their
higher velocity.

Discussion
This work extended the study of forward Brillouin

scattering in standard, uniform-cladding fibers to the
multi-optical mode regime, through analysis, calcula-
tions, and experiment. The process supports many
possible combinations of intra-modal and inter-modal
scattering. Unlike polarization maintaining or photonic
crystal fibers, the forward Brillouin scattering spectra in
the few-mode fiber are calculated analytically. Acoustic
modes of arbitrary azimuthal orders can be stimulated in
the few-mode fiber, as opposed to the R0m and TR2m

modes only in single-mode fibers. The stimulation of
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The frequency response of the forward Brillouin scat-
tering process under test was estimated by the ratio
H Ωð Þ ¼ S Ωð Þ=Pp Ωð Þ [5,49]. The polarization of the
pump wave was scrambled during data acquisition at
hundreds of kHz rates. In that manner, the contributions
of all TR modes to the photoelastic modulation were
canceled out of the collected data39. The measured
response H Ωð Þ was affected by the intra-modal forward
Brillouin scattering through the radial modes R0m only.
The signal wave at the output of the optical bandpass

filter was split into a second detection channel which was
based on a polarizer. A polarization controller was used to
align the signal state of polarization to 50% transmission
of optical power to the polarizer output. Photoelastic
polarization rotation of the signal wave was converted to
intensity modulation at the polarizer output1,10,44. Polar-
ization rotation takes place through torsional-radial
modes of all orders, but not through radial modes39.
The output signal was routed to an identical photo-
receiver and the detected voltage was analyzed by the
vector network analyzer using the same settings. The
transfer function H Ωð Þ ¼ S Ωð Þ=Pp Ωð Þ of radio-
frequency voltage in this case is related to the intra-
modal forward Brillouin scattering through all TRpm

modes, of all azimuthal orders39. The polarization of the
pump wave was not scrambled when using this detection
channel. Since the radial and torsional-radial modes
spectra are detected through different channels, the direct
comparison between the absolute magnitudes of their
excitation is not supported by the setup.
In addition to forward Brillouin scattering, the pump

wave also induced phase modulation and polarization
rotation of the signal via the Kerr effect50. The response of
the Kerr effect is that of an immediate impulse, whereas
that of photoelastic modulation extends over micro-
seconds scale. The contribution of the Kerr effect may be
effectively removed from the measurements using time
gating, which eliminates the first few nanoseconds of the
response49. Such gating is often performed by a syn-
chronized optical switch within the experimental test-
bed49. Alternatively, when the output signal is acquired in
the time domain, gating can be implemented through
offline processing9,50. In this work, the forward Brillouin
scattering processes were monitored in the frequency
domain, and time gating could not be implemented
directly. Instead, the inverse-Fourier transform of the
complex-valued H Ωð Þ was calculated offline to obtain
the corresponding time-domain impulse response h tð Þ.
The impulse response was then gated to remove the
contribution of the Kerr effect, and the Fourier trans-
form eH Ωð Þ of the gated eh tð Þ was calculated for further
data analysis. The obtained eH Ωð Þ is proportional to the
intra-modal forward Brillouin scattering coefficient

γ1;1;pm Ωð Þ, through either the radial or the torsional-
radial modes.
Figure 13b presents a schematic illustration of the setup

for characterization of inter-modal forward Brillouin
scattering in the same few-mode fiber38,51. Light from a
laser diode source of 1550 nm wavelength was split into
two paths. Light in the upper branch passed through a
single-sideband electro-optic modulator, driven by vol-
tage of variable radio frequency Ω from the output port of
a microwave generator. The optical frequency of the
upper branch wave was thereby offset by Ω. The light
wave was then intensity-modulated in an electro-optic
Mach-Zehnder modulator, driven by a voltage of fre-
quency f 1 = 200 kHz from one output port of a dual-
channel lock-in amplifier. The modulated wave was
amplified to an average optical power of 0.1W and
launched to the few-mode fiber through one input port of
the mode-division multiplexer.
The optical wave at the lower branch was intensity

modulated at frequency f 2 = 503 kHz in a second electro-
optic Mach-Zehnder modulator, driven by voltage from a
second output port of the lock-in amplifier. The lower
branch wave was amplified to 0.5W average power and
launched through the fiber under test through a second,
different port of the mode division multiplexer. Inter-
modal forward Brillouin scattering may lead to the cou-
pling of optical power between the two input waves,
depending on their frequency offset Ω. Such coupling
manifests in intensity modulation of both waves at fre-
quencies f 1 ± f 2 [38,51].
Light from one of the output ports of the second mode

division multiplexer, located at the far end of the fiber
under test, was detected using a photo-receiver of 20 GHz
bandwidth. The detected voltage was analyzed at the
input port of the lock-in amplifier, and the magnitude of
the f 1 þ f 2 frequency component was monitored. That
component is proportional to the coupling coefficient of
inter-modal forward Brillouin scattering, Im γ Ωð Þf g [38].
The coupling of power may take place through all
acoustic modes, radial and torsional-radial alike. Note that
the Kerr effect does not induce coupling of optical power
between the two fields, and its removal was not required
as part of this protocol.
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acoustic mode is also challenging due to the presence of
adjacent, stronger peaks associated with the TR2m modes
category. The stimulation of the T0m and TR3m will be
revisited in future work.
In summary, the study of forward Brillouin scattering in

standard few-mode fibers extends the fundamental
understanding and formulation of the effect, reaches
higher acoustic frequencies and additional modal sym-
metries, and may find applications in fiber sensing, fiber
lasing, non-reciprocal propagation, and quantum
technologies.

Materials and methods
Figure 13a illustrates the experimental setup for the

characterization of intra-modal forward Brillouin scat-
tering in a few-mode fiber5,10,44,49. A laser diode of
1550 nm wavelength was the source of pump optical
waves used to stimulate forward Brillouin scattering in the
fiber. Pump light passed through an electro-optic intensity
modulator, driven by a sine wave voltage of variable radio
frequency Ω from the output port of an electrical vector
network analyzer. The modulator was biased at quad-
rature. The modulated pump wave was amplified in an
erbium-doped fiber amplifier to an average optical power
of 0.2–0.4W and launched to one of the three input ports
of a first mode-division multiplexer. In some of the
measurements, a polarization scrambler was used in the
pump branch. The magnitude of the pump power mod-
ulation Pp Ωð Þ was calibrated for each radio frequency.
The mode multiplexer coupled the input pump wave to

either the fundamental LP01 mode, the LP02 mode, or the
LP11 mode group. The few-mode fiber under test (SK
Photonics FMF) was 5 m long, and its parameters were
specified in the description of numerical calculations. The
fiber was stripped off its protective polymer coating to

enhance forward Brillouin scattering. The coating was
removed through mechanical stripping and overnight
immersion in acetone for the removal of residues. The
output end of the fiber under test was connected to a
second mode division multiplexer which separated the
LP01 mode, the LP02 mode, and the LP11 group into three
different physical output ports. An optical bandpass filter
blocked the pump wave at the mode multiplexer output.
A continuous-wave signal from a second laser diode was

used for monitoring the stimulated acoustic waves
through photoelastic scattering. The signal wavelength
was 1532 nm and its optical power was 2 mW. The signal
wave was coupled with the modulated pump and laun-
ched into the same input port of the mode division
multiplexer. The stimulated acoustic waves imprinted
phase modulation and/or polarization rotation at radio
frequency Ω on the co-propagating signal wave5. The
optical bandpass filter at the fiber under test output was
adjusted to transmit the signal wave.
The output signal was analyzed through two detection

channels. In one channel, the output signal was connected
through a directional coupler to form a Sagnac inter-
ferometer loop49. Photoelastic phase modulation of the
signal wave was converted to an intensity reading at the
loop output49. Polarization controllers were used to
maximize the output intensity modulation49. The output
signal wave was detected by a photo-receiver of 1.6 GHz
bandwidth, and the obtained voltage was connected to the
input port of the electrical vector network analyzer. The
analyzer measured the transfer function S Ωð Þ of radio
frequency voltage between the modulation of the optical
pump wave and that of the detected signal wave. Traces
were acquired with frequency steps of 10–20 kHz and an
intermediate frequency bandwidth of 100 kHz and were
averaged over 200 repetitions.
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The frequency response of the forward Brillouin scat-
tering process under test was estimated by the ratio
H Ωð Þ ¼ S Ωð Þ=Pp Ωð Þ [5,49]. The polarization of the
pump wave was scrambled during data acquisition at
hundreds of kHz rates. In that manner, the contributions
of all TR modes to the photoelastic modulation were
canceled out of the collected data39. The measured
response H Ωð Þ was affected by the intra-modal forward
Brillouin scattering through the radial modes R0m only.
The signal wave at the output of the optical bandpass

filter was split into a second detection channel which was
based on a polarizer. A polarization controller was used to
align the signal state of polarization to 50% transmission
of optical power to the polarizer output. Photoelastic
polarization rotation of the signal wave was converted to
intensity modulation at the polarizer output1,10,44. Polar-
ization rotation takes place through torsional-radial
modes of all orders, but not through radial modes39.
The output signal was routed to an identical photo-
receiver and the detected voltage was analyzed by the
vector network analyzer using the same settings. The
transfer function H Ωð Þ ¼ S Ωð Þ=Pp Ωð Þ of radio-
frequency voltage in this case is related to the intra-
modal forward Brillouin scattering through all TRpm

modes, of all azimuthal orders39. The polarization of the
pump wave was not scrambled when using this detection
channel. Since the radial and torsional-radial modes
spectra are detected through different channels, the direct
comparison between the absolute magnitudes of their
excitation is not supported by the setup.
In addition to forward Brillouin scattering, the pump

wave also induced phase modulation and polarization
rotation of the signal via the Kerr effect50. The response of
the Kerr effect is that of an immediate impulse, whereas
that of photoelastic modulation extends over micro-
seconds scale. The contribution of the Kerr effect may be
effectively removed from the measurements using time
gating, which eliminates the first few nanoseconds of the
response49. Such gating is often performed by a syn-
chronized optical switch within the experimental test-
bed49. Alternatively, when the output signal is acquired in
the time domain, gating can be implemented through
offline processing9,50. In this work, the forward Brillouin
scattering processes were monitored in the frequency
domain, and time gating could not be implemented
directly. Instead, the inverse-Fourier transform of the
complex-valued H Ωð Þ was calculated offline to obtain
the corresponding time-domain impulse response h tð Þ.
The impulse response was then gated to remove the
contribution of the Kerr effect, and the Fourier trans-
form eH Ωð Þ of the gated eh tð Þ was calculated for further
data analysis. The obtained eH Ωð Þ is proportional to the
intra-modal forward Brillouin scattering coefficient

γ1;1;pm Ωð Þ, through either the radial or the torsional-
radial modes.
Figure 13b presents a schematic illustration of the setup

for characterization of inter-modal forward Brillouin
scattering in the same few-mode fiber38,51. Light from a
laser diode source of 1550 nm wavelength was split into
two paths. Light in the upper branch passed through a
single-sideband electro-optic modulator, driven by vol-
tage of variable radio frequency Ω from the output port of
a microwave generator. The optical frequency of the
upper branch wave was thereby offset by Ω. The light
wave was then intensity-modulated in an electro-optic
Mach-Zehnder modulator, driven by a voltage of fre-
quency f 1 = 200 kHz from one output port of a dual-
channel lock-in amplifier. The modulated wave was
amplified to an average optical power of 0.1W and
launched to the few-mode fiber through one input port of
the mode-division multiplexer.
The optical wave at the lower branch was intensity

modulated at frequency f 2 = 503 kHz in a second electro-
optic Mach-Zehnder modulator, driven by voltage from a
second output port of the lock-in amplifier. The lower
branch wave was amplified to 0.5W average power and
launched through the fiber under test through a second,
different port of the mode division multiplexer. Inter-
modal forward Brillouin scattering may lead to the cou-
pling of optical power between the two input waves,
depending on their frequency offset Ω. Such coupling
manifests in intensity modulation of both waves at fre-
quencies f 1 ± f 2 [38,51].
Light from one of the output ports of the second mode

division multiplexer, located at the far end of the fiber
under test, was detected using a photo-receiver of 20 GHz
bandwidth. The detected voltage was analyzed at the
input port of the lock-in amplifier, and the magnitude of
the f 1 þ f 2 frequency component was monitored. That
component is proportional to the coupling coefficient of
inter-modal forward Brillouin scattering, Im γ Ωð Þf g [38].
The coupling of power may take place through all
acoustic modes, radial and torsional-radial alike. Note that
the Kerr effect does not induce coupling of optical power
between the two fields, and its removal was not required
as part of this protocol.
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acoustic mode is also challenging due to the presence of
adjacent, stronger peaks associated with the TR2m modes
category. The stimulation of the T0m and TR3m will be
revisited in future work.
In summary, the study of forward Brillouin scattering in

standard few-mode fibers extends the fundamental
understanding and formulation of the effect, reaches
higher acoustic frequencies and additional modal sym-
metries, and may find applications in fiber sensing, fiber
lasing, non-reciprocal propagation, and quantum
technologies.

Materials and methods
Figure 13a illustrates the experimental setup for the

characterization of intra-modal forward Brillouin scat-
tering in a few-mode fiber5,10,44,49. A laser diode of
1550 nm wavelength was the source of pump optical
waves used to stimulate forward Brillouin scattering in the
fiber. Pump light passed through an electro-optic intensity
modulator, driven by a sine wave voltage of variable radio
frequency Ω from the output port of an electrical vector
network analyzer. The modulator was biased at quad-
rature. The modulated pump wave was amplified in an
erbium-doped fiber amplifier to an average optical power
of 0.2–0.4W and launched to one of the three input ports
of a first mode-division multiplexer. In some of the
measurements, a polarization scrambler was used in the
pump branch. The magnitude of the pump power mod-
ulation Pp Ωð Þ was calibrated for each radio frequency.
The mode multiplexer coupled the input pump wave to

either the fundamental LP01 mode, the LP02 mode, or the
LP11 mode group. The few-mode fiber under test (SK
Photonics FMF) was 5 m long, and its parameters were
specified in the description of numerical calculations. The
fiber was stripped off its protective polymer coating to

enhance forward Brillouin scattering. The coating was
removed through mechanical stripping and overnight
immersion in acetone for the removal of residues. The
output end of the fiber under test was connected to a
second mode division multiplexer which separated the
LP01 mode, the LP02 mode, and the LP11 group into three
different physical output ports. An optical bandpass filter
blocked the pump wave at the mode multiplexer output.
A continuous-wave signal from a second laser diode was

used for monitoring the stimulated acoustic waves
through photoelastic scattering. The signal wavelength
was 1532 nm and its optical power was 2 mW. The signal
wave was coupled with the modulated pump and laun-
ched into the same input port of the mode division
multiplexer. The stimulated acoustic waves imprinted
phase modulation and/or polarization rotation at radio
frequency Ω on the co-propagating signal wave5. The
optical bandpass filter at the fiber under test output was
adjusted to transmit the signal wave.
The output signal was analyzed through two detection

channels. In one channel, the output signal was connected
through a directional coupler to form a Sagnac inter-
ferometer loop49. Photoelastic phase modulation of the
signal wave was converted to an intensity reading at the
loop output49. Polarization controllers were used to
maximize the output intensity modulation49. The output
signal wave was detected by a photo-receiver of 1.6 GHz
bandwidth, and the obtained voltage was connected to the
input port of the electrical vector network analyzer. The
analyzer measured the transfer function S Ωð Þ of radio
frequency voltage between the modulation of the optical
pump wave and that of the detected signal wave. Traces
were acquired with frequency steps of 10–20 kHz and an
intermediate frequency bandwidth of 100 kHz and were
averaged over 200 repetitions.
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TRpm is given by (see Eq. (21)):

QðPEÞ1;2;pm ¼
Z Z X

i;j

μT ;ij;pmIij;1;2ds ðA16Þ

This integrand can be rearranged in the following form
X
i;j

μT ;ij;pmIij;1;2 ¼ �n40
X
i;j

X
k;l

pT ;ijklskl;pmIij;1;2

¼ �n40
X
i;j;k;l

pT ;ijklI ij;1;2
∂

∂l
uk;pm

ðA17Þ
With a change of indices i0 ¼ k; j0 ¼ l; k 0 ¼ i; l0 ¼ j, we

obtain

X
i;j

μT ;ij;pmIij;1;2 ¼ �n40
X

k0;l0;i0;j0
pT ;k0l0i0j0Ik 0l0;1;2

∂

∂j0 ui0;pm ðA18Þ

(The prime superscripts are omitted hereunder). The
tensor pT is symmetric, hence pT ;klij ¼ pT ;ijkl. The pho-
toelastic overlap integral is therefore brought to the fol-
lowing form

QðPEÞ1;2;pm ¼ �n40
X
i;j;k;l

Z Z
pT ;ijklIkl;1;2

∂

∂j
ui;pmds ðA19Þ

Expressing once again the summation with respect to
index j in a direct form, we obtain

QðPEÞ1;2;pm ¼ �n40
X
i;k;l

Z Z
pT ;ixklIkl;1;2

∂

∂x
ui;pm þ pT ;iyklIkl;1;2

∂

∂y
ui;pm

� �
ds

ðA20Þ

Integration in parts yields:

QðPEÞ1;2;pm ¼ n40
X
i;k;l

Z Z
pT ;ixklui;pm

∂

∂x
Ikl;1;2 þ pT ;iyklui;pm

∂

∂y
Ikl;1;2

� �
ds

�n40
X
i;k;l

I

L
pT ;ixklui;pmIkl;1;2dyþ

I
L
pT ;iyklui;pmIkl;1;2dx

� �

ðA21Þ

The first two terms in Eq. (A21) equal QðESÞ1;2;pm (see Eq.
A(11)). The last two terms are integrals carried out over
the outer circumference of the cladding cross-section. At
the cladding edge, Ikl;1;2 ¼ 0. These two terms therefore
vanish, and we obtain

QðPEÞ1;2;pm ¼ QðESÞ1;2;pm ðA22Þ

Received: 22 November 2024 Revised: 22 April 2025 Accepted: 24 April
2025

References
1. Shelby, R. M., Levenson, M. D. & Bayer, P. W. Guided acoustic-wave Brillouin

scattering. Phys. Rev. B 31, 5244–5252 (1985).
2. Biryukov, A. S., Sukharev, M. E. & Dianov, E. M. Excitation of sound waves upon

propagation of laser pulses in optical fibres. Quantum Electron. 32, 765–775
(2002).

3. Russell, P. S. J., Culverhouse, D. & Farahi, F. Experimental observation of forward
stimulated Brillouin scattering in dual-mode single-core fibre. Electron. Lett. 26,
1195–1196 (1990).

4. Russell, P. S. J., Culverhouse, D. & Farahi, F. Theory of forward stimulated
Brillouin scattering in dual-mode single-core fibers. IEEE J. Quantum Electron.
27, 836–842 (1991).

5. Zadok, A. et al. Forward Brillouin Scattering in Standard Optical Fibers (Springer,
2022).

6. Ippen, E. P. & Stolen, R. H. Stimulated Brillouin scattering in optical fibers. Appl.
Phys. Lett. 21, 539–541 (1972).

7. Nikles, M., Thevenaz, L. & Robert, P. A. Brillouin gain spectrum characterization
in single-mode optical fibers. J. Lightwave Technol. 15, 1842–1851 (1997).

8. Kobyakov, A., Sauer, M. & Chowdhury, D. Stimulated Brillouin scattering in
optical fibers. Adv. Opt. Photonics 2, 1–59 (2010).

9. Antman, Y. et al. Optomechanical sensing of liquids outside standard fibers
using forward stimulated Brillouin scattering. Optica 3, 510–516 (2016).

10. Hayashi, N. et al. Experimental study on depolarized GAWBS spectrum for
optomechanical sensing of liquids outside standard fibers. Opt. Express 25,
2239–2244 (2017).

11. Chow, D. M. et al. Distributed forward Brillouin sensor based on local light
phase recovery. Nat. Commun. 9, 2990 (2018).

12. Chow, D. M. & Thévenaz, L. Forward Brillouin scattering acoustic impedance
sensor using thin polyimide-coated fiber. Opt. Lett. 43, 5467–5470 (2018).

13. Bashan, G. et al. Optomechanical time-domain reflectometry. Nat. Commun. 9,
2991 (2018).

14. Diamandi, H. H. et al. Distributed opto-mechanical analysis of liquids outside
standard fibers coated with polyimide. APL Photonics 4, 016105 (2019).

15. Diamandi, H. H. et al. Forward stimulated Brillouin scattering analysis of optical
fibers coatings. J. Lightwave Technol. 39, 1800–1807 (2021).

16. London, Y. et al. Opto-mechanical fiber sensing of gamma radiation. J.
Lightwave Technol. 39, 6637–6645 (2021).

17. Sánchez, L. A. et al. High accuracy measurement of Poisson’s ratio of optical
fibers and its temperature dependence using forward-stimulated Brillouin
scattering. Opt. Express 30, 42–52 (2022).

18. Sánchez, L. A. et al. Recent advances in forward Brillouin scattering: sensor
applications. Sensors 23, 318 (2022).

19. Hua, Z. J. et al. Non-destructive and distributed measurement of optical fiber
diameter with nanometer resolution based on coherent forward stimulated
Brillouin scattering. Light.: Adv. Manuf. 2, 25 (2021).

20. Yang, G. J. et al. Simultaneous sensing of temperature and strain with
enhanced performance using forward Brillouin scattering in highly nonlinear
fiber. Opt. Lett. 48, 3611–3614 (2023).

21. Zeng, K. Y. et al. High-sensitivity acoustic impedance sensing based on for-
ward Brillouin scattering in a highly nonlinear fiber. Opt. Express 31, 8595–8609
(2023).

22. Li, T. F. et al. 3-mm recognition capability of forward stimulated Brillouin
scattering measurement by Brillouin selective sideband amplification. J.
Lightwave Technol. 42, 898–906 (2024).

23. Li, T. F. et al. Forward Brillouin scattering for bubble and flow interruption
detection toward microscale liquid systems. J. Lightwave Technol. 43, 354–361,
https://doi.org/10.1109/JLT.2024.3445167 (2025).

24. Sánchez, L. A. et al. Forward Brillouin scattering spectroscopy in optical fibers
with whispering-gallery modes. Adv. Optical Mater. 12, 2301629 (2024).

25. Yaman, F. et al. Long distance transmission in few-mode fibers. Opt. Express 18,
13250–13257 (2010).

26. Kitayama, K. I. & Diamantopoulos, N. P. Few-mode optical fibers: original
motivation and recent progress. IEEE Commun. Mag. 55, 163–169 (2017).

27. Li, A. et al. Few-mode fiber based optical sensors. Opt. Express 23, 1139–1150
(2015).

28. Snyder, A. W. & Young, W. R. Modes of optical waveguides. J. Optical Soc. Am.
68, 297–309 (1978).

29. Snyder, A. W. & Love, J. D. Optical Waveguide Theory (Springer, 1983).
30. Kittlaus, E. A., Otterstrom, N. T. & Rakich, P. T. On-chip inter-modal Brillouin

scattering. Nat. Commun. 8, 15819 (2017).
31. Otterstrom, N. T. et al. A silicon Brillouin laser. Science 360, 1113–1116 (2018).

Layosh et al. Light: Science & Applications ���������(2025)�14:242� Page 18 of 19

Appendix A
Spatial overlap integrals of electro-strictive stimu-

lation and photoelastic scattering
In this Appendix, we show that the two overlap integrals

used in our analysis, that of electro-strictive stimulation
and that of photoelastic scattering, are identical. The
derivation is detailed in Cartesian coordinates for con-
venience, but it holds for any choice of coordinates
system.
Let us denote the normalized transvers profiles of

optical modes 1 and 2 as ~ET1;2 x; yð Þ [m−1], where x and y
are the Cartesian coordinates in the transverse plane.
Each profile consists of two components:

~ET1;2 x; yð Þ ¼ Ex1;2 x; yð Þx̂þEy1;2 x; yð Þŷ ðA1Þ

Here x̂ and ŷ denote the unit vectors in the x and y
directions, respectively. We define next the tensor I1;2 of
cross-products between normalized field components.
The elements of this tensor are

Iij;1;2 ¼ Ei1Ej2 ðA2Þ

where i; j may equal x or y. Next, we may express the
normalized transverse dependence of the electro-strictive
stress tensor as follows41 (see Eq. (5)):

eσT1;2 ¼ �n40pT : I1;2 ðA3Þ

Here, the : symbol denotes the tensor product, and pT is
the transverse sub-set of the fourth-rank photo-elastic
tensor p of the silica fiber. The dimensions of pT are
2 × 2 × 2× 2. eσT is a 2 × 2 tensor, whose elements can be
explicitly written as

eσTij;1;2 ¼ �n40
X
k;l

pT ;ijklIkl;1;2 ðA4Þ

Here k; l also scan over x or y. The transverse profile of
the electro-strictive force per unit volume is given by (see
Eq. (6) and Eq. (7)):

~f 1;2 ¼ �∇ � eσT1;2 ðA5Þ

f i;1;2 ¼ �
X
j

∂

∂j
eσTij;1;2 ðA6Þ

The normalized profile of material displacement [m−1]
in mode TRpm can expressed as

~upm x; yð Þ ¼ ux;pm x; yð Þx̂þuy;pm x; yð Þŷ ðA7Þ

The spatial overlap integral of electro-strictive stimu-
lation through optical modes 1 and 2 and acoustic mode

TRpm equals:

QðESÞ1;2;pm ¼
Z Z X

i

f i;1;2ui;pmds ðA8Þ

where ds is an infinitesimal area element in the transverse
plane. We may write

X
i

f i;1;2ui;pm ¼ �
X
i

X
j

∂

∂j
eσTij;1;2ui;pm

¼ n40
X
i

X
j

∂

∂j

X
k;l

pT ;ijklIkl;1;2

 !
ui;pm ¼ n40

X
i;j;k;l

pT ;ijklui;pm
∂

∂j
Ikl;1;2

ðA9Þ

Leading to

QðESÞpm ¼ n40

Z Z X
i;j;k;l

pT ;ijklui;pm
∂

∂j
Ikl;1;2

 !
ds ðA10Þ

In Eq. (A9) we assume that the tensor pT is constant
across the silica fiber, and neglect small scale differences
between core and cladding. Expressing the summation
over j ¼ x; y explicitly, and moving the summation out-
side the integral, we obtain

QðESÞ1;2;pm ¼ n40
X
i;k;l

Z Z
pT ;ixklui;pm

∂

∂x
Ikl;1;2 þ pT ;iyklui;pm

∂

∂y
Ikl;1;2

� �
ds

ðA11Þ

Next, we address the spatial overlap integral of photo-
elastic scattering. The normalized strain associated with
the material displacement is a 2 × 2 tensor:

spm ¼ ∇~upm ðA12Þ

With elements:

sij;pm ¼ ∂

∂j
ui;pm ðA13Þ

Strain leads to photoelastic perturbations in the
dielectric tensor of the fiber. The transverse dependence
of the perturbations is in the form of a tensor μT ;pm [41]:

μT ;pm ¼ �n40pT : spm ðA14Þ

μT ;ij;pm ¼ �n40
X
k;l

pT ;ijklskl;pm ðA15Þ

The spatial overlap integral of photoelastic scattering
between optical modes 1 and 2 through acoustic mode
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TRpm is given by (see Eq. (21)):

QðPEÞ1;2;pm ¼
Z Z X

i;j

μT ;ij;pmIij;1;2ds ðA16Þ

This integrand can be rearranged in the following form
X
i;j

μT ;ij;pmIij;1;2 ¼ �n40
X
i;j

X
k;l

pT ;ijklskl;pmIij;1;2

¼ �n40
X
i;j;k;l

pT ;ijklI ij;1;2
∂

∂l
uk;pm

ðA17Þ
With a change of indices i0 ¼ k; j0 ¼ l; k 0 ¼ i; l0 ¼ j, we

obtain

X
i;j

μT ;ij;pmIij;1;2 ¼ �n40
X

k0;l0;i0;j0
pT ;k0l0i0j0Ik 0l0;1;2

∂

∂j0 ui0;pm ðA18Þ

(The prime superscripts are omitted hereunder). The
tensor pT is symmetric, hence pT ;klij ¼ pT ;ijkl. The pho-
toelastic overlap integral is therefore brought to the fol-
lowing form

QðPEÞ1;2;pm ¼ �n40
X
i;j;k;l

Z Z
pT ;ijklIkl;1;2

∂

∂j
ui;pmds ðA19Þ

Expressing once again the summation with respect to
index j in a direct form, we obtain

QðPEÞ1;2;pm ¼ �n40
X
i;k;l

Z Z
pT ;ixklIkl;1;2

∂

∂x
ui;pm þ pT ;iyklIkl;1;2

∂

∂y
ui;pm

� �
ds

ðA20Þ

Integration in parts yields:

QðPEÞ1;2;pm ¼ n40
X
i;k;l

Z Z
pT ;ixklui;pm

∂

∂x
Ikl;1;2 þ pT ;iyklui;pm

∂

∂y
Ikl;1;2

� �
ds

�n40
X
i;k;l

I

L
pT ;ixklui;pmIkl;1;2dyþ

I
L
pT ;iyklui;pmIkl;1;2dx

� �

ðA21Þ

The first two terms in Eq. (A21) equal QðESÞ1;2;pm (see Eq.
A(11)). The last two terms are integrals carried out over
the outer circumference of the cladding cross-section. At
the cladding edge, Ikl;1;2 ¼ 0. These two terms therefore
vanish, and we obtain

QðPEÞ1;2;pm ¼ QðESÞ1;2;pm ðA22Þ
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Appendix A
Spatial overlap integrals of electro-strictive stimu-

lation and photoelastic scattering
In this Appendix, we show that the two overlap integrals

used in our analysis, that of electro-strictive stimulation
and that of photoelastic scattering, are identical. The
derivation is detailed in Cartesian coordinates for con-
venience, but it holds for any choice of coordinates
system.
Let us denote the normalized transvers profiles of

optical modes 1 and 2 as ~ET1;2 x; yð Þ [m−1], where x and y
are the Cartesian coordinates in the transverse plane.
Each profile consists of two components:

~ET1;2 x; yð Þ ¼ Ex1;2 x; yð Þx̂þEy1;2 x; yð Þŷ ðA1Þ

Here x̂ and ŷ denote the unit vectors in the x and y
directions, respectively. We define next the tensor I1;2 of
cross-products between normalized field components.
The elements of this tensor are

Iij;1;2 ¼ Ei1Ej2 ðA2Þ

where i; j may equal x or y. Next, we may express the
normalized transverse dependence of the electro-strictive
stress tensor as follows41 (see Eq. (5)):

eσT1;2 ¼ �n40pT : I1;2 ðA3Þ

Here, the : symbol denotes the tensor product, and pT is
the transverse sub-set of the fourth-rank photo-elastic
tensor p of the silica fiber. The dimensions of pT are
2 × 2 × 2× 2. eσT is a 2 × 2 tensor, whose elements can be
explicitly written as

eσTij;1;2 ¼ �n40
X
k;l

pT ;ijklIkl;1;2 ðA4Þ

Here k; l also scan over x or y. The transverse profile of
the electro-strictive force per unit volume is given by (see
Eq. (6) and Eq. (7)):

~f 1;2 ¼ �∇ � eσT1;2 ðA5Þ

f i;1;2 ¼ �
X
j

∂

∂j
eσTij;1;2 ðA6Þ

The normalized profile of material displacement [m−1]
in mode TRpm can expressed as

~upm x; yð Þ ¼ ux;pm x; yð Þx̂þuy;pm x; yð Þŷ ðA7Þ

The spatial overlap integral of electro-strictive stimu-
lation through optical modes 1 and 2 and acoustic mode

TRpm equals:

QðESÞ1;2;pm ¼
Z Z X

i

f i;1;2ui;pmds ðA8Þ

where ds is an infinitesimal area element in the transverse
plane. We may write

X
i

f i;1;2ui;pm ¼ �
X
i

X
j

∂

∂j
eσTij;1;2ui;pm

¼ n40
X
i

X
j

∂

∂j

X
k;l

pT ;ijklIkl;1;2

 !
ui;pm ¼ n40

X
i;j;k;l

pT ;ijklui;pm
∂

∂j
Ikl;1;2

ðA9Þ

Leading to

QðESÞpm ¼ n40

Z Z X
i;j;k;l

pT ;ijklui;pm
∂

∂j
Ikl;1;2

 !
ds ðA10Þ

In Eq. (A9) we assume that the tensor pT is constant
across the silica fiber, and neglect small scale differences
between core and cladding. Expressing the summation
over j ¼ x; y explicitly, and moving the summation out-
side the integral, we obtain

QðESÞ1;2;pm ¼ n40
X
i;k;l

Z Z
pT ;ixklui;pm

∂

∂x
Ikl;1;2 þ pT ;iyklui;pm

∂

∂y
Ikl;1;2

� �
ds

ðA11Þ

Next, we address the spatial overlap integral of photo-
elastic scattering. The normalized strain associated with
the material displacement is a 2 × 2 tensor:

spm ¼ ∇~upm ðA12Þ

With elements:

sij;pm ¼ ∂

∂j
ui;pm ðA13Þ

Strain leads to photoelastic perturbations in the
dielectric tensor of the fiber. The transverse dependence
of the perturbations is in the form of a tensor μT ;pm [41]:

μT ;pm ¼ �n40pT : spm ðA14Þ

μT ;ij;pm ¼ �n40
X
k;l

pT ;ijklskl;pm ðA15Þ

The spatial overlap integral of photoelastic scattering
between optical modes 1 and 2 through acoustic mode
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Chip-to-chip photonic quantum teleportation over
optical fibers of 12.3 km
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Abstract
Quantum teleportation is a crucial function in quantum networks. The implementation of photonic quantum
teleportation could be highly simplified by quantum photonic circuits. To extend chip-to-chip teleportation distance,
more effort is needed on both chip design and system implementation. In this work, we demonstrate a time-bin-
based chip-to-chip photonic quantum teleportation over optical fibers under the scenario of a star-topology quantum
network. Three quantum photonic circuits are designed and fabricated on a single chip, each serving specific
functions: heralded single-photon generation at the user node, entangled photon pair generation and BSM at the
relay node, and projective measurement of the teleported photons at the central node. The unbalanced
Mach–Zehnder interferometers (UMZI) for time-bin encoding in these quantum photonic circuits are optimized to
reduce insertion losses and suppress noise photons generated on the chip. Besides, an active feedback system is
employed to suppress the impact of fiber length fluctuation between the circuits, achieving a stable quantum
interference for the BSM in the relay node. As a result, a photonic quantum teleportation over optical fibers of 12.3 km
is achieved based on these quantum photonic circuits, showing the potential of chip integration for the development
of quantum networks.

Introduction
Quantum teleportation transfers quantum states

through pre-established entanglement, providing a way to
deliver quantum information without transmitting its
physical carrier. Since it was proposed in 19931, quantum
teleportation has been realized in various quantum sys-
tems2–7. Photons, as “flying” qubits, are good carriers of
quantum information to achieve long-distance quantum
teleportation. The photonic quantum teleportation has
been demonstrated over indoor fiber spools of 102 km8,
metropolitan fiber cables9–13, and free space between
satellite and ground14. Quantum teleportation is an
essential function in the quantum network with a star

topology9. In this network, a central node serves as a
quantum information processor, and many user nodes
send their quantum information to the central node as
input for quantum information processing. If the central
node is far from the users, quantum information of the
users can be carried by photons and transmitted by low-
loss optical channels such as optical fibers. However,
directly transmitting photons is impractical in some sce-
narios. For instance, if optical channels to the central node
for quantum information transmission are scarce in an
area, it is uneconomical, or even impossible, for each user
in that area to transmit photons directly. Besides, if the
wavelength of the photons (for instance, near 780 nm
photons generated by atomic ensemble quantum mem-
ories15,16) does not meet the requirements of the optical
channels (such as the telecommunication band used for
low-loss transmission in optical fibers), the distance of
directly transmitting photons would also be limited. In
such scenarios, a quantum relay configuration17,18 can be
employed to realize quantum information transmission.
In this configuration, the user node only needs to send
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