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Stimulated Brillouin scattering offers a broad range of applications, including lasers, sensors, and microwave photonics,
most of which require strong Brillouin gain within a narrow bandwidth. Here, we experimentally report the first
measurement of stimulated Brillouin scattering in silica optical nanofibers from both hybrid and surface acoustic waves.
Using a pump-probe technique in the radio-frequency domain, we measured a Brillouin gain as high as 15 m~'W~!
and linewidth to 16 MHz for the L03 hybrid acoustic mode near 9 GHz using a 990-nm diameter nanofiber. This gain is
65 times larger than the highest gain obtained in standard single-mode fibers. Additionally, we report a Brillouin gain
of up to 5 m~"W~! from surface acoustic waves around 5 GHz. We further demonstrate a nanofiber-based Brillouin
laser with a threshold of 350 mW. Our results create opportunities for advanced Brillouin-based applications utilizing

optical nanofibers.

I. INTRODUCTION

Tapered optical nanofibers (ONFs) are of great interest in
many areas of research, ranging from fundamental physics
to practical applications, due to their unique mechanical,
acoustic, and optical properties'. These highly tapered sub-
wavelength waveguides provide a wide evanescent optical
field, enabling a range of advanced applications, including
quantum technologies?, particle trapping?, highly-sensitive
optical sensing*>, high-resolution imaging®, precise optical
delay lines’®, and high Q factor micro-resonators®'?. Ad-
ditionally, the tight transverse confinement of light within
ONFs significantly enhances optical nonlinear processes, such
as four-wave mixing (FWM)!!, stimulated Raman scattering
(SRS)!'2, supercontinuum generation (SCG)'?, and stimulated
Brillouin scattering (SBS)'4-16. SBS, in particular, is cru-
cial in optical nanofibers as it promotes a variety of photon-
phonon interactions, resulting in a multi-peak Brillouin spec-
trum'#. Recently, stimulated intermodal Brillouin scattering
process in a silica nanofiber demonstrates an efficiency of
300 m~'W~! for an acoustic wave frequency of 204 MHz'”.
Unlike standard optical fibers, ONFs carry several acoustic
waves, including surface acoustic waves (SAWs) and hybrid
waves (HAWSs), which combine longitudinal and transverse
components, each generating its own distinct Brillouin res-
onance in a range from 5 GHz to 10 GHz'>. However, to
date, only spontaneous Brillouin scattering from these vari-
ous acoustic waves has been evidenced, thereby limiting the
potential applications.

In this paper, we report the observation of SBS from hy-
brid and surface acoustic waves in long, and ultra-low loss
silica optical nanofibers. We adapt a pump-probe experiment
in the radio-frequency (RF) domain to isolate and measure the
backward Brillouin gain for these close acoustic resonances.
Using this method, we quantify a Brillouin gain coefficient
gp=15m~'W~! for the LO3 hybrid wave, using a nanofiber
with a diameter of 990 nm, a length of 180 mm, and total
insertion losses as low as 0.2 dB. We also report peak gain
values for TR21 and LO1 Stokes signals backscattered from

SAWs, at 5m~!'W~! and 3.5m~'W~!, respectively, using a
shorter 100 mm-long nanofiber with a 740 nm diameter. These
measurements align closely with theoretical predictions, ac-
counting for the influence of nanofiber diameter variations.
Based on these results, we set up a Brillouin ring cavity based
on the 990-nm nanofiber and demonstrate a Brillouin laser ef-
fect with a threshold power of 385 mW, in quite good agree-
ment with theoretical predictions.

The paper is divided into four sections. Section II details
the experimental method for measuring Brillouin gain in the
RF domain. Section III presents the experimental measure-
ments of backward SBS gain in silica optical nanofibers for
both hybrid and surface acoustic waves. In Section IV, we
provide numerical gain calculations based on an electrostric-
tive model that accounts for diameter fluctuations along the
nanofiber. Finally, in Section V, we describe the nanofiber-
based Brillouin laser and show its performances.

Il. EXPERIMENTAL METHOD AND SETUP

The Brillouin gain of an optical waveguide is commonly
assessed by determining the gg small coefficient, expressed in
m~'W~!. Several methods exist to measure this gain. One
common optical method, based on a pump-probe technique,
involves detecting the amplification of the probe wave when
a continuous pump wave. with increasing power, is injected
in the opposite direction'®. This method is widely used for its
accuracy and ease of application, providing a direct measure
of the gain in dB and subsequently in then m~'W~!. How-
ever, this approach is not well suited for determining the Bril-
louin gain in optical nanofibers (ONFs), as these exhibit many
acoustic waves. Coupled with the high thermal sensitivity of
ONFs, this measurement would require tunable narrow fil-
ters to discriminate the contribution of each signal to the total
backscattered power. To address similar challenges in pho-
tonic integrated circuits (PICs), new RF methods for gp eval-
uation from the radio-frequency (RF) domain have recently
been established'”?°. Among these, accurate gain measure-
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FIG. 1. Brillouin gain measurement in silica optical nanofibers using a pump-probe configuration. (a) Schemes of the various steps
involved in shaping the probe and pump frequencies (I-IV). I Laser center frequency ay. II Laser frequency shifting at wsop = wo+80MHz
using an acousto-optic modulator (AOM). III Sidebands generation at @Ws0p + WEopr using an electro-optic modulator (EOM). IV Probe
amplification by Brillouin scattering. Probe frequency @, coincides with the nanofiber Brillouin Stokes frequency @sokes = @p — @,
where wg is the acoustic frequency. Subject to polarization-matching, the pump energy is transferred to the probe as @),ype scans the Stokes
resonance. (b) Experimental SBS set-up based on heterodyne detection. C1,2,3: directional couplers, AOM: Acousto-optic modulator, EOM:
Electro-optic modulator, Iso: Isolator, PC: Polarization controllers, EDFA: Erbium-Doped Fiber Amplifier, ONF: Optical nanofiber, RF Amp:
radio-frequency amplifier, ESA: Electrical spectrum analyzer. Note that RBW =2 MHz and VBW = 20 kHz.

ment has been demonstrated in the RF domain using a vector
network analyzer (VNA)20,

In our study, we used heterodyne detection on electrical do-
main for Brillouin gain measurement. Additionally, our pro-
cedure ensures the small Brillouin gain approximation, main-
taining low optical probe power, and facilitating measure-
ments within the non-depleted stimulated regime.

The experimental setup is depicted in Fig. 1. As a pump
laser, we use a 1550-nm narrow-linewidth continuous-wave
(CW) distributed-feedback fiber laser at frequency denoted @y
(step 1)/ This laser is then split into two channels using a fiber
coupler (C1). The lower channel is used as a local oscillator
(LO), while the upper is used for the probe and the pump us-
ing a second coupler (C2). The lower path after C2, which
serves as the Brillouin pump, is amplified with an Erbium-
doped fiber amplifier (EDFA) up to Pp = 23.4 dBm. This
pump is then transmitted to the nanofiber through an opti-
cal circulator, triggering spontaneous Brillouin backscattering
at frequency ®g;ores- The upper path of C2 is used to shape
the probe signal. An acousto-optic modulator (AOM) first
shifts the probe frequency to Wsop = o + 80 MHz (step 1I).
An electro-optic modulator (EOM) then generates small side-
bands at frequencies Waopr = @ronr (step IID). As a result, after
passing through an isolator (ISO) and a polarization controller

(PC), the probe enters the ONF in the counter-propagating di-
rection with a frequency ®pope = Dsiokes = Daom — Opom-
When polarization is well aligned, the pump energy is trans-
ferred to the probe as the Stokes frequency is swept by the RF
generator (step IV). Using the AOM offers dual advantages.
First, it triggers the Stokes process without stimulating the
anti-Stokes process. Second, it allows us to remove all par-
asitic non-optical signals from the RF generator, which could
otherwise interfere with the measurements and be detected by
the fast photodiode.

After the Brillouin interaction, the amplified probe is di-
rected through circulator port 2 to port 3, where it is combined
with the LO using a third coupler (C3). A polarization con-
troller (PC) is introduced in the LO path to optimize RF beat
signal onto the photo-detector. We use a fast balanced photo-
detector (Bandwidth equal to 43 GHz) to improve the RF sig-
nal, which is further amplified using an RF amplifier and fi-
nally detected using an electrical spectrum analyzer (ESA).
Direct measurement of probe amplification through Brillouin
scattering is performed from the ESA. In this setup, maintain-
ing the optical power of the probe close to that of a sponta-
neously backscattered Stokes signal (typically —40 dBm) is
crucial. This not only prevents detector saturation but also en-
sures reliable probe linear amplification measurement on the
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FIG. 2. Experimental Brillouin gain spectra for two silica

nanofibers. (a) Nanofiber 1: L = 180 mm, & = 990nm. The ob-
served Stokes resonance is associated with the 103 acoustic wave at
vp = 9.37 GHz. The experimental data are depicted by blue crosses
and fitted with a Lorentzian curve shown as a blue dashed curve.
(b) Nanofiber 2: L = 100 mm, & = 740nm. The Brillouin gain re-
sponse exhibits multiple frequencies corresponding to the acoustic
resonances LO2 (purple), LO1 (orange), and TR21 (red) and fitted
with a Lorentzian curve in dashed curve.

ESA. Achieving this balance involves managing the frequency
resolution and noise averaging over a given bandwidth, con-
trolled respectively by the ESA resolution bandwidth (RBW)
and video bandwidth (VBW) parameters. The peak detected
on the ESA represents the optical beat intensity resulting from
the interference between the probe wave and the local oscilla-
tor. This is then converted into the RF domain using a broad-
band photodiode. A band power integration around the probe
peak center frequency yields the RF power, which is propor-
tional to the optical power of the probe’!. By comparing
probe RF power measurements with and without interaction
(pump ON/OFF) while sweeping its frequency, we determine
the probe amplification and calculate the Brillouin gain coef-

ficient, applying the following equation

P\ 1
= ln —_— 5 1
8 <P§’ ) PpLeyss M

where gp is the Brillouin gain coefficient in m~'W~!, Ps and
Pg are the RF probe powers in W, with and without Brillouin
gain (pump ON/OFF), respectively, Pp is the optical pump
power (W) and L. sy is the effective length (m). Further details
about the method can be found in the Appendix 1. It not only
makes it possible to measure the Brillouin efficiency when the
optical power of the backscattered signal is low, but also offers
the advantage of finely scanning a bandwidth with the probe.
This method allow measuring a very low Brillouin gain be-
cause the very low loss on nanofiber induce a very low pump
reflection.

Il. EXPERIMENTAL RESULTS

The ONFs were fabricated by heating and tapering
uncoated standard single-mode fibers (SMFs) using the
heat-brush technique'>??. This technique is mainly based
on the use of a butane flame and two motorized translation
stages to heat and taper the fiber. The nanofiber length
and taper transition shapes were meticulously controlled by
the computed trajectories of two translation stages, while
the butane flame remained motionless. Employing this
technique, we achieved fiber waists as narrow as 740 nm over
a uniform length of up to 180mm. The transition regions
were adiabatically drawn to ensure single-mode conversion
from the SMF to the nanofiber, achieving low insertion loss
down to 0.2dB at 1550 nm.

Our initial investigation focused on a nanofiber with a
diameter of 990 nm and a uniform length of 180 mm, chosen
for its ability to maximize the opto-acoustic coupling due to
its minimal effective mode area”’. The experimental Brillouin
gain spectrum is represented by blue crosses in Fig.2(a). A
Brillouin peak gain of gz = 15m~'W~! is achieved at a probe
frequency of vp = 9.37 GHz (Nanofiber 1). In contrast, the
measurement performed using a single-mode fiber (SMF-28)
at a center frequency of 10.81 GHz results in a significantly
lower gain gg = 0.23m~'W~!. The nanofiber’s gain was
approximately 65 times higher than that of the SMF-28 at
1550 nm '8. A Lorentzian fit of the gain spectrum (denoted by
the blue dashed line) indicates a full-width at half-maximum
(FWHM) of 24 MHz. In Fig. 2(b), we present measurements
of the Brillouin gain spectra for three acoustic waves using
another 100 mm-long nanofiber with a smaller 740 nm waist
diameter (Nanofiber 2). This fiber diameter was determined
from numerical simulations to get the maximum SBS gain
for surface acoustic waves'*!. This will be detailed in the
next section. The three acoustic resonances shown in Fig.
2(b) include the hybrid acoustic wave LO2 and the surface
acoustic waves (SAWs) LO1 and TR21, whose frequencies
are indicated in the inset of Fig. 2(b). The L02 resonance of
Nanofiber 2 (depicted in purple) has a center frequency of
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FIG. 3. Numerical Brillouin gain in optical nanofibers. (a) Nu-
merical 3D Brillouin gain spectra in silica nanofiber for a diameter
ranging from 0.7 um to 1.15 um showing two hybrid acoustic waves.
(b), Numerical calculation of Brillouin gain as a function of diameter
in silica nanofiber. The impact of a 5% linear fluctuation in diameter
along the nanofiber is represented in red. The experimental Brillouin
gains in nanofibers (nfl and nf2) are represented by the circle point.

8.4 GHz and a linewidth of 17 MHz, demonstrating a similar
gain value (gg = 14.5m~ W), as the one of Nanofiber 1
at 9.37GHz. Despite the lower opto-acoustic overlap, we
also observe a strong intrinsic Brillouin gain of 3.5m~!W~!
and 5m—'W~! for surface acoustic waves, LO1 and TR21,
at frequencies of 5.538 GHz and 5.413 GHz, respectively.
This is quite impressive because the opto-acoustic transverse
overlap is very weak as it primarily relies on the optical
evanescent field. The effective area of nfl and nf2 are
equal to 1.47 um? and 2.17 um?, respectively. Note that
the presence of multiple Brillouin gain resonances as those
observed here can be advantageous for microwave photonics
applications®*%>.

IV. NUMERICAL MODELING

To estimate the Brillouin gain and identify the optimal
nanofiber diameters, we solve the elastodynamics equa-
tion driven by the electrostrictive stress governing Bril-
louin photon-phonon scattering?®. In nanofibers with sub-
wavelength diameters, strong phonon dispersion induces a
nonlinear variation of Brillouin resonances as a function of

core diameter, resulting in various longitudinal, surface, and
hybrid acoustic waves!#27:28 Figures 3(a) and (b) illustrate
this phonon dispersion and the Brillouin gain efficiency for
fiber diameters ranging from 0.7 ym to 1.15 gm, respectively.
Figure 3(b) also indicates the nanofiber diameter that provides
the highest Brillouin gain for hybrid acoustic waves, which is
directly related to the transverse spatial distribution of the fun-
damental optical mode. The optimal diameter, shown by the
black curve, is 940 nm, corresponding to maximum light and
sound confinement for a pump wavelength of 1550 nm.

The Brillouin gain lineshape is directly influenced by
nanofiber diameter variations. These variations, caused by
the tapering process, are the main source of optical losses’.
Figure 3(b) shows that, for diameters ranging from 830 nm to
1060 nm, the Brillouin gain exceeds 17 m~'W~! (black line).
To assess the impact of fiber non-uniformity, we calculated
the Brillouin gain for linear diameter fluctuations of 5%. The
result, shown in Fig. 3(b), is depicted in red. For diameters
around 980 nm =+ 10 nm, the Brillouin gain remains relatively
unaffected by these fluctuations, as shown in Fig. 3(a). At
this diameter, strong coupling of the axial shear and axial lon-
gitudinal elastic components induces a curvature in the phase-
matching condition, and the Brillouin resonance of the L0O3
mode remains constant for an ONF diameter ranging from
950nm to 1.0 um. Consequently, a Brillouin gain greater
than 15W~'m~! can be achieved with 5% diameter fluctu-
ations along the nanofiber, for a diameter of 975 nm + 25 nm.
The numerically predicted Brillouin gains are in very good
agreement with the experimentally reported results for hybrid
acoustic waves, as shown in Fig. 2. Specifically, Nanofiber 2
(nf2) exhibits a diameter variation of less than 1%, achieving
a maximum Brillouin gain of 15W~'m~! for a diameter of
740nm. For Nanofiber 1 (nfl), there is good agreement be-
tween the measured Brillouin gain and theoretical predictions
for a diameter fluctuation of 5%. These diameter fluctuations
are attributed to the extended length of the nanofiber, which
at 180 mm represents the maximum length achieved using the
heat-brush tapering technique.

V. NANOFIBER-BASED BRILLOUIN LASER

Brillouin lasers have been extensively studied in the past
due to their unique characteristics, including highly coherent,
ultra-narrow linewidth emission. These properties make them
particularly suitable for applications such as laser linewidth
narrowing and microwave generation®3!. A variety of Bril-
louin lasers have been demonstrated using single-mode silica
fibers, chalcogenide tapers, and even more recently photonic
integrated circuits’*>?. We can leverage the large Brillouin
gain in silica nanofibers to build such a Brillouin laser. For
this purpose, we use nanofiber 2 (nf2) due to its long length
and high gain efficiency (® = 990 nm, L = 180 mm). Figure
4(a) shows the experimental setup of the Brillouin laser cavity
under non-resonant pumping conditions. The initial narrow-
linewidth pump fiber laser is split into two parts using a tap
coupler (C1). The first part is polarization controlled (PC),
subsequently amplified, and used as the pump for SBS. The
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FIG. 4. Nanofiber-based Brillouin laser (a) Scheme of the experimental setup of the non-reciprocal fiber ring cavity including the optical
nanofiber (ONF). The cavity end is connected to an optical power-meter (PWM) for laser threshold measurement or mixed with a local
oscillator for laser linewidth characterization in the electrical domain. C1,2,3: directional couplers, PC: polarization controllers, EDFA:
Erbium-Doped Fiber Amplifier, PD: photodiode, RF Amp: RF amplifier, ESA: Electrical spectrum analyzer. b Intracavity Brillouin Stokes
power as a function of the input pump power. A power threshold is reached at P en00a = 350 mW (¢) Spontaneous Brillouin (blue) and
laser (orange) spectra. The inset shows a zoom on the laser spectrum, revealing narrowing linewidth as compared to spontaneous Brillouin

spectrum.

pump beam then enters the loop-shaped fiber cavity through
an optical circulator, where it propagates within the nanofiber
and generates a backward Brillouin signal, with a frequency
offset of vg = 9.37GHz from the pump. The signal is di-
rected from circulator port 2 to port 3 and travels to the 95/5
tap coupler C2, where 95% of the signal is fed back into the
cavity. The remaining 5% is split into two paths: one part
is sent to an optical power meter (PWM) for lasing threshold
characterization, and the other part is used to create the beat
note signal with the initial laser to measure the laser linewidth.
In this ring fiber cavity configuration, only the Stokes signal
resonates, while the pump signal is isolated by the optical cir-
culator. The total cavity losses are 2.8 dB, primarily attributed
to the circulator (1 dB) and the coupler (1.5 dB), with the ONF
contributing only 0.3 dB. The total cavity length is 4.05 m in-
cluding SMF pigtails and the nanofiber. In this configuration,
the free spectral range of the cavity is equal to 51 MHz and
only one cavity mode oscillate below the Brillouin gain curve,
enabling single-frequency lasing.

We have thoroughly checked that the laser does not res-
onate at the single-mode fiber (SMF) Brillouin frequency

(10.86 GHz).

The Brillouin Stokes power inside the cavity as a function
of the injected pump power is shown in Fig. 4(b). At a pump
power of P, = 350mW, a threshold appears, and the Stokes
power in the cavity increases linearly with a steep slope, con-
firming the Brillouin laser effect beyond this limit. A laser
power of 280 mW is obtained for a pump power of 500 mW.
This experimental threshold value is in good agreement with
the theoretical Brillouin threshold of 348 mW, detailed in the
Appendix II. The conversion rate above the laser threshold is
about 50%. Each optical power measurement is averaged over
several counts to account for the thermal drift of the nanofiber
ring cavity relative to the pump laser. In this configuration,
the stability of the laser is not optimized.

Next, we measured the Brillouin laser linewidth around the
nanofiber’s LO3 frequency at 9.37 GHz based on the hetero-
dyne detection and using the ESA. Figure 4(c) shows both
the laser beat note spectrum in orange and for comparison the
spontaneous Brillouin spectrum in blue. The upper-right in-
set provides a closer form of the lasing spectrum, displaying a
clear demonstration of gain regimes.
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VI. CONCLUSION AND OUTLOOKS

To summarize, in this work, we experimentally demon-
strated backward Brillouin amplification in silica optical
nanofibers, both from hybrid and surface acoustic waves. A
Brillouin gain of 15W~'m~! was achieved for hybrid waves
using a 180 mm long nanofiber with a diameter of 990 nm,
while a gain of SW~'m~! was measured for surface acous-
tic waves using a 100 mm long nanofiber with a diameter of
740 nm. For these measurements, we developed an innovative
pump-probe technique in the RF domain, which notably does
not require optical or RF filters, enabling accurate gain mea-
surement of spectrally close resonances. Our gain measure-
ments were accurately predicted by numerical calculations of
the Brillouin gain based on the elastodynamics equation and
taking into account the impact of diameter fluctuations along
the nanofiber. We identified a nanofiber diameter for which
geometric variations (up to 5%) did not impact the Brillouin
gain linewidth. These specific diameters for Brillouin interac-
tions serve as a source of high gain for nonlinear conversion.

Furthermore, stimulated Brillouin scattering in nanofibers
was applied to demonstrate a Brillouin laser based on a
180 mm-long low-loss nanofiber with a diameter of 990 nm,
achieving a threshold of 350 mW. This nanofiber-based Bril-
louin laser holds promise as a low-noise reference laser
source. A future step involves implementing a phase-locking
loop system to stabilize the beat note signal to an external os-
cillator®>34. This will effectively suppress any thermal drift of
the ONF cavity relative to the pump laser, considering our sys-
tem lacks thermal isolation. Compared to other fiber systems,
low-loss ONFs significantly reduce the interaction length re-
quired to achieve the Brillouin laser effect, providing a more
efficient and compact solution. Additionally, the capability to
transmit high continuous-wave power in nanofibers'* opens
avenues for applications of SBS in all-fiber microwave pho-
tonics and coherent lasers.

APPENDIX I: METHOD FOR BRILLOUIN GAIN
MEASUREMENT

The Brillouin efficiency coefficient is measured by hetero-
dyning the probe in RF domain and by using the well-known
formula:

Ps = Pg expsrhers )

where Ps = Ps(L) and P{ = Ps(0) are respectively the detected
optical probe powers in W, with and without SBS interaction
in the ONF (pump ON/OFF), gp is the Brillouin gain coeffi-
cient (W 'm™1), Pp, the optical pump power (W) and L.,
the effective length (m). Equation 2 can be written as:

P\ 1
g =In () (3)
P{) PeLesys

The probe signal reaches the nanofiber with a low power
(> —40dBm) comparable to the power of a spontaneously

backscattered signal. After interaction with the local oscil-
lator, the beat frequency is detected on the spectrum analyzer.
From a bandpower measurement around the probe resonance,
we obtain an integrated value of the radiofrequency power

(Fig. 5).
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FIG. 5. Probe amplification measurement

At constant optical pump power, the ratio Ps/ Pg is equiva-
lent to the RF powers ratio”!:

PS Opt PS RF
20| = |70 S
Py Py
By taking measurements at constant pump power
(ON/OFF) while scanning the probe frequency around the

Brillouin resonance, we obtain a ratio value that can be in-
jected into Equation 3.

APPENDIX II: BRILLOUIN LASER THRESHOLD

The Brillouin laser threshold of silica-based nanofiber cav-
ity can be numerically calculated by solving the following
coupled equations®. At each ONF cavity roundtrip, the stim-
ulated Brillouin scattering process is computed under steady-
state conditions.

2
K :<_Re[88(mﬂ ffslz—“>lAp|2 5)

dz Acsf
d|A~5|2 _ Re[gB(SQ)} 2 ~ 0
st s ApP — o ||As]> (6)
ApL)P =P’ and A" (0)=4""w) @)
0
_ 8B
R=Ro—(1-10C1),  (9)
VR
== 0
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where |Ap|? and |Ag|? are the corresponding pump and Stokes
powers. « is the attenuation coefficient of the ONF fiber and
is neglected compared to the discrete cavity losses 1 (optical
circulator, coupler, splices, etc.), which is related to both the
cavity feedback parameter (R) and the spectral finesse (F') of
the ONF ring cavity®°. In our case, these parameters are esti-
mated to be 45.7 % and 3.91, respectively. gg (in Wl.m™) is
the Brillouin gain efficiency, I'g (in MHz) is the Brillouin gain
bandwidth, while 6Q (in MHz) is the mismatch between the
Brillouin gain peak and the nearest lasing cavity mode, which
can be finely controlled by tuning the pump laser frequency.
We solve this step numerically using a boundary value prob-
lem solver’” initialized with an analytical expression that as-
sumes pump non-depletion®®. This provides the spatial dis-
tribution of the pump power Ap(z). Finally, the out-coupling
(ratio 8 = 5% in our case) and total cavity losses 7 are ap-
plied to iterate from each roundtrip to achieve Stokes lasing
operation. More details of the numerical model are given in
Ref?®. Here, the theoretical Brillouin lasing threshold is cal-
culated to be 358 mW. This value mainly depends on the Bril-
louin gain efficiency in the fiber cavity and the total roundtrip
losses, which are the most critical parameters. Optimizing

ONF cavity parameters Units Value
Total roundtrip losses, 1 dB 2.95
ONF length, Long m 0.18
Residual SMF-28 length, Lgmp m 3.87
Total cavity length, Lo m 4.05
SBS frequency shift, v GHz 9.37
Brillouin gain efficiency, gp/Acts wlm'! 15
Free spectral range, FSR MHz 51.8
out-coupling, 0 % 5

TABLE 1. Nanofiber cavity parameters used for Brillouin lasing
threshold modeling. All parameters are measured except free spec-
tral range

cavity losses by splicing all the optical components including
the optical circulator and the fiber coupler could significantly
lower the lasing threshold. Underline that other simulation
techniques are available to compute the dynamical response
of the Brillouin lasing***!. While these methods may be use-
ful for modeling Brillouin gain competition and multimode
Brillouin operation. The silica-based ONF cavity parameters
used in our simulation are summarized in table I above.
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