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Laser’: A two-domain photon-phonon laser
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The laser is one of the greatest inventions in history. Because of its ubiquitous applications and profound soci-
etal impact, the concept of the laser has been extended to other physical domains including phonon lasers and
atom lasers. Quite often, a laser in one physical domain is pumped by energy in another. However, all lasers
demonstrated so far have only lased in one physical domain. We have experimentally demonstrated simulta-
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neous photon and phonon lasing in a two-mode silica fiber ring cavity via forward intermodal stimulated Bril-
louin scattering (SBS) mediated by long-lived flexural acoustic waves. This two-domain laser may find potential
applications in optical/acoustic tweezers, optomechanical sensing, microwave generation, and quantum infor-
mation processing. Furthermore, we believe that this demonstration will usher in other multidomain lasers and

related applications.

INTRODUCTION

The laser, one of the greatest inventions in history (1), was created as
an extension of electronic oscillators at radio frequencies (RFs) and
masers at microwave frequencies into the optical regime. The
ensuing tremendous applications of lasers have stimulated new ex-
tensions of the concept to other physical domains, including acous-
tic (phonon) oscillators [also known as sasers (2)] and oscillators at
atom/matter waves (3). Although the term laser traditionally means
an optical oscillator based on the concept of stimulated emission,
because of its ubiquity, it has been used to mean oscillator, and
so, the terms phonon lasers and atom/matter lasers have been
adopted. Quite often, a laser in one physical domain is pumped
by energy in another physical domain. Examples include semicon-
ductor lasers pumped by electrical current injection, and phonon
lasers pumped by energy provided via stimulated Brillouin scatter-
ing (SBS) using optical lasers as pumps, and optically pumped atom
lasers. However, all lasers demonstrated so far have only lased in one
physical domain. While coupled electronic oscillators are routinely
used and coupled photonic lasers are also constructed in the form of
arrays (4), coupled oscillators involving different physical domains
have not been demonstrated.

There are some applications where simultaneous photon and
phonon lasing is useful. For example, optical trapping can only
control objects on the nanometer scale (5), while the acoustic
tweezer can control objects on the submillimeter scale (6). By
using both optical and acoustic lasers, it is possible to provide a
better range, accuracy, and resolution for the tweezers (7). Com-
bined ultrasonic and photonic biological imaging would improve
image quality in terms of resolution, penetration depth, and con-
trast (8, 9). It is also possible to generate high-quality, narrow-line-
width microwave signals based on the mutual coherence between
the pump, the photon laser, and the phonon laser. Because the
coupled-wave equations governing the amplification of the two-
domain laser (see the Supplementary Materials) are identical to
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those of the optical parametric amplification process, the two-
domain laser can produce nonclassical states, such as squeezed/en-
tangled states, in two domains (10). Correlated emission of photons
and phonons may be used for applications such as heralding of a
single phonon by detection of a single photon. Hence, the two-
domain laser can potentially find applications in quantum informa-
tion processing and sensing (11, 12).

Prior work in related areas include demonstration of the phonon
lasers. This is a mechanical analog of the optical laser where coher-
ent acoustic radiation (sound wave) can be generated by using the
process of sound amplification via stimulated emission of phonons.
Sound waves can be described by phonons just as light waves can be
considered as photons. This type of devices is capable of producing
coherent acoustic oscillations with characteristics that are similar to
optical lasers, such as narrow linewidth and spatial coherence.
Highly coherent acoustic sources can find applications in areas in-
cluding high-precision metrology (13—15), sensing (16, 17), acoustic
imaging (18, 19), nondestructive testing (20), and microwave pho-
tonic signal processing (21-23). Phonon lasers have been extensive-
ly studied since 1996 after the concept was first proposed (24). In
recent decades, several impressive experiments have been reported.
The first phonon laser, producing coherent oscillation of the acous-
tic wave at a frequency of 441 GHz, was demonstrated using a semi-
conductor superlattice (2).

Optomechanics is a powerful tool that creates coupling between
optical and mechanical waves (11, 25). It provides the possibility of
controlling acoustic phonons using light. For example, by using
laser pumping of an Mg" ion, stimulated emission of center-of-
mass phonons occurs, providing saturable amplification of the
motion (26). Recently, a phonon laser was demonstrated on the
basis of the oscillation of a silica nanosphere levitated in an
optical tweezer under vacuum (27). The characteristics of an acous-
tic topological insulator in optomechanical crystals were found to
be dependent on the amplitude and frequency of the driving laser
(28). Fast reconfigurable nanomechanical photonic metamaterials
have been envisioned recently (29). Optical-acoustic wave coupling
can be used for parity-time (PT)—symmetric phonon lasers (30) and
investigating the PT-symmetry—breaking phase chaos in optome-
chanical systems (31). SBS is known as a strong nonlinear effect
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that can be described as an interaction between light and sound
waves (32). Acoustic phonons can be amplified through the SBS
process using optical pumping. Phonon lasing action at a frequency
of 23 MHz was observed in a compound microcavity, based on the
SBS between two supermodes in coupled microtoroids that operates
in close analogy to a two-level laser system (33). Excitation of whis-
pering-gallery mechanical resonances ranging from 49 to 1400
MHz by using forward SBS between different transverse optical
modes in a silica microsphere resonator was reported (34). A
phonon laser of Hermite-Gaussian—like acoustic modes was also
demonstrated on the basis of backward SBS in a TeO, crystal at
cryogenic temperatures (35). Another phonon laser with an oscilla-
tion frequency of 100 MHz was demonstrated in a multicore fiber,
in an optoelectronic oscillator structure with intercore optical-me-
chanical cross-talk as the feedback mechanism (36).

In all previous demonstrations, the Stokes optical (acoustic)
wave was merely a byproduct in a phonon (photon) laser. Here,
we report a system of coupled oscillators lasing in two distinct phys-
ical domains, pumped by the same source. We have experimentally
demonstrated simultaneous photon and phonon lasing in a two-
mode silica fiber ring cavity based on the forward intermodal SBS
mediated by long-lived flexural acoustic waves. Our experimental
results show that two-domain concurrent photon and phonon
lasing enhance the output powers of both phonon and
photon lasers.

Operation principle

The two-domain laser reported here produces simultaneous
phonon and photon lasing in a common (fiber ring) cavity. The
low-frequency flexural acoustic wave is generated via forward SBS
between the fundamental LPy; and a higher-order LP,, transverse
optical modes in a two-mode fiber (TMF) (37, 38). Actually, both
backward and forward SBS happen in a few-mode fiber (FMF), but
they are mediated by two different types of acoustic waves. For both
backward and forward SBS processes, energy and momentum must
be conserved. The dispersion diagram with energy and momentum
conservation for backward SBS is shown in Fig. 1B. The blue and
red lines are the dispersion curves of the forward and backward
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optical waves, respectively, and the green line is the dispersion
curve of the acoustic mode. The scattered Stokes wave propagates
in the backward direction, while the acoustic wave is in the
forward direction. The emitted acoustic modes are longitudinal
modes confined inside the fiber core area. Their frequencies are
on the order of 10 GHz. In silica, the acoustic waves at such high
frequencies are highly damped with a phonon lifetime of only
~10 ns, corresponds to a propagation length of 60 um. These
highly damped acoustic phonons are absorbed by the material im-
mediately, unable to create effective acoustic feedback. In strong
contrast, for the forward SBS shown in Fig. 1C, both the Stokes
wave and the acoustic wave propagate in the forward direction.
The acoustic flexural modes are generated via the intermodal SBS
between two different transverse optical modes. In this case, the
emitted phonon frequencies can drop to the megahertz range.
These low-frequency phonons, confined in the entire structure
(core and cladding) of the silica fiber, have a much longer lifetime
(33), typically on the order of 10 ms. Their propagation length is
more than 10 m, which makes it possible for the phonons to lase
as well. The Supplementary Materials provides more details on
the optical and acoustic properties of the fiber.

A schematic of the phonon and photon laser in a TMF ring
cavity is shown in Fig. 1A. By using the fundamental LP,; mode
as the pump, both the LP;, Stokes optical wave and the flexural
acoustic wave are amplified and resonantly oscillate inside the
same ring cavity. The coherent oscillation of the optical wave en-
hances the gain of acoustic phonons and vice versa, leading to si-
multaneous lasing in two domains. We experimentally
demonstrate such a two-domain fiber laser using a 10-m reduced-
cladding TME. Four states of operation were observed in this device
as the optical pump power was increased. To produce simultaneous
photon and phonon lasing, the gains for both the Stokes optical
wave and the acoustic wave must exceed their losses. In our demon-
stration, the forward intermodal SBS occurs inside the 10-m TME,
and both the LP, Stokes optical wave and flexural acoustic wave are
amplified because of the low loss of the acoustic wave. This is hardly
achieved in the backward SBS process. The LP, Stokes optical wave
is partially coupled out of the cavity through a fiber coupler. The
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Fig. 1. Operation principle of the two-domain fiber laser. (A) Schematic of the two-domain (phonon and photon) laser based on forward intermodal SBS in a TMF ring
cavity. Dispersion diagrams with energy and momentum conservation conditions for (B) backward SBS and (C) forward SBS in optical fiber. (D) Working principle of

simultaneous phonon and phonon lasing illustrated in the frequency domain.
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optical power split ratio of the fiber coupler can be independently
controlled by adjusting the length of the taper waist of the fiber
coupler. In this experiment, the length of the taper waist is adjusted
such that the LP; optical pump operates predominantly in the cross
state and the LP,, Stokes optical wave in the bar state, thereby facil-
itating pump power injection and Stokes optical wave lasing. In ad-
dition, we used two fibers with the same core size but different
cladding sizes. This choice breaks the degeneracy of the acoustic
modes in the two fibers so that the TMF coupler operates in the
bar state for the acoustic wave inside the cavity. When the difference
between the acoustic wave vectors of the two fibers is large enough,
the structure functions like an asymmetric Y junction in the acous-
tic domain, and the acoustic field is confined in the same fiber
throughout the coupler (39). This allows the phonon energy to
stay inside the ring cavity to facilitate phonon lasing. In the
future, another coupler that maintains symmetry in the acoustic
domain but breaks symmetry in the optical domain can be used
as a phonon laser output coupler. In addition, Once the phase-
matching conditions are satisfied for both photon and phonon
waves, the intracavity powers for both will increase until the saturat-
ed gain equals the roundtrip loss. In the steady state, the flexural
acoustic wave and the Stokes optical wave resonantly oscillate
inside the fiber ring cavity. The phonon laser power is confined
inside the cavity, while the Stokes optical laser is observed at the
output of the coupler.

The operation principle of the two-domain laser is elucidated in
the frequency domain, as depicted in Fig. 1D. The LPy; pump laser
(blue curve) has a central wavelength of 976 nm with a 3-dB line-
width Av, of ~1 MHz. It creates a forward SBS gain peak with a fre-
quency downshift for the LP,; Stokes wave (blue dashed curve). We
selected the lowest-order flexural acoustic mode for the phonon
laser because it has no cutoff and, therefore, can propagate
through the fiber coupler region. The free spectral range (FSR) of
the ring TMF cavity for the LP,; optical mode is around 20 MHz
(red arrows), which is larger than the Brillouin gain bandwidth. To
satisfy the roundtrip resonance condition for the optical laser, the
pump frequency is gradually swept to align the gain peak with one
of the longitudinal modes for the LP;, Stokes optical wave. The FSR
of the acoustic mode is less than 200 Hz (green arrows), and there-
fore, many acoustic modes can be found within the SBS gain band-
width. Hence, it is relatively easy to satisfy the roundtrip resonance
condition for the phonon laser. When both photons and phonons
are lasing, a strong peak for the optical laser will appear (red curve).
The frequency difference between the photon laser and the pump is
the phonon laser frequency Q,. Unlike the backward SBS-based
fiber lasers, where the laser linewidth is compressed compared to
the pump, this forward SBS-based photon laser has a similar line-
width as its pump due to the ultralow dissipation rate of the acoustic
phonons. However, the phonon laser does have an ultranarrow
emission linewidth, which means that the Stokes optical laser is ex-
tremely coherent with the pump.

RESULTS

The experimental setup of the photon and phonon two-domain
laser is shown in Fig. 2A. A 976-nm fiber-coupled pump diode
has a linewidth of ~1 MHz with a maximum output power of 400
mW. A thermoelectric cooler controller was used to precisely
control the operating temperature with a step size of 0.001°C. The

Wang et al., Sci. Adv. 9, eadg7841 (2023) 30 June 2023

pump in the fundamental mode was launched into the TMF with an
80-um outer diameter and completely coupled into the 60-um outer
diameter TMF ring cavity through the TMF coupler. A polarization
controller was used to optimize the pump power that is coupled into
the fiber ring cavity. The forward intermodal SBS took place in the
10-m TMF of which the coating was stripped off to prevent the ab-
sorption of the acoustic wave. Both the LP}, Stokes optical wave and
the flexural acoustic wave traveling clockwise were amplified. The
pump frequency was tuned by controlling the pump laser operating
temperature. The LP;; Stokes photon laser was partially coupled out
through the TMF coupler together with the residual LPy, pump. It
should be noted that although the photon laser belongs to a differ-
ent spatial mode, it is still highly coherent with the pump in tempo-
ral domain. We used a low—cross-talk three-mode mode-selective
photonic lantern (MSPL) to separate the pump and the Stokes
wave and convert the photon laser back into the fundamental
mode at the same time. We measured the optical power of the
LP,, Stokes photon laser. In addition, we characterized the beat-
note electrical spectrum between the pump and the Stokes
photon laser by using an electrical spectrum analyzer. A variable
optical attenuator was used to attenuate input power below the sat-
uration power of the photodetector.

The fiber used to provide the gain in this experiment was a
reduced-cladding TMF, made of pure silica cladding with GeO,-
doped silica core. The measured fiber refractive index profile is
shown in Fig. 2B, and its cross-sectional microscopic image is
shown in Fig. 2C. The core and cladding diameters are 6.8 and 60
um, respectively. It has a step-index—shaped profile with a numeri-
cal aperture of 0.13, corresponding to a fiber V number of 2.83, en-
suring that it supports two LP modes at the operation wavelength.
The measured intensity profiles of three guided modes supported
by this TMF at A = 976 nm are shown in Fig. 2D. The first-order
flexural acoustic mode that mediates the forward SBS between the
two optical modes has a frequency of 5.11 MHz. The intrinsic
damping rate of the acoustic wave at this frequency in silica is
only 36 Hz, which is smaller than the acoustic FSR of the cavity
and is low enough to form discrete acoustic cavity modes.
Because the acoustic field extends into the entire cladding, reducing
the TMF cladding size can improve the overlap between the acoustic
and optical fields and thereby increase the SBS gain coefficient.

Figure 3A shows the measured LP,, photon laser output power
as a function of pump power injected into the ring cavity. The inset
shows the output power, in logarithmic scale, as a function of the
pump power injected into the ring cavity. Two thresholds are
clearly seen, corresponding to the photon laser and the phonon
laser. The Stokes photon laser starts lasing before the phonon
laser because the small-signal gain for the Stoke wave is higher.
The threshold pump power of the photon laser was 180 mW.
However, because of the weak acoustic power, the output photon
laser power was low, only a few milliwatts. When the pump power
was increased to around 308 mW, the phonon laser started lasing as
well. A stronger acoustic field also enhanced the gain of the Stokes
wave. The slope of the photon laser output power became much
steeper in this region. The maximum measured photon laser
power was 21.8 mW at a pump power of 367 mW. The measured
threshold pump power and output laser power agree with the nu-
merical simulation results (see the Supplementary Materials).

We also studied the power of the RF beat note between the pump
and Stokes photon laser as a function of pump power, as shown in a
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Fig. 2. Experimental setup. (A) Experimental setup for demonstrating two-domain, simultaneous phonon and photon lasing based on forward intermodal SBS in a 10-m
TMF ring cavity. (B) Measured refractive index profile of the reduced-cladding TMF used as the gain media in the two-domain (phonon and photon) laser. (C) Microscope
cross-sectional image of the TMF. (D) measured mode profiles of the three guided optical modes of the TMF at A = 976 nm.

log-linear scale in Fig. 3B. The power of this RF beat note theoret-
ically increases by the same order of magnitude as the intracavity
phonon laser power (see the Supplementary Materials), and they
have exactly the same threshold pump power. Because a direct mea-
surement of the vibration amplitude of the sound wave would ne-
cessitate microscopic imaging at megahertz frame rates, which is
not readily available, the RF beat-note measurement is an effective
substitute for a direct measurement. It is shown in the figure that
there are two jumps in the RF peak power that correspond to the
thresholds of photon and phonon lasers. When Fig. 3B is replotted
using a linear scale for the RF power (vertical axis) versus the
squared pump power (horizontal axis), shown in Fig. 3C, four
slopes corresponding to those in Fig. 3A are also observed.

We recorded the beat-note electrical spectra at several pump
power levels, corresponding to the circles in Fig. 3 (A and B). The
evolution of electrical spectral lineshape with the pump powers can
be observed. Figure 3D shows that at a pump power near 100 mW
the cavity operates in the spontaneous Brillouin scattering regime,
and the beat-note spectrum has a 3-dB linewidth of approximately
2.2 MHz at a central frequency of 5.4 MHz. Figure 3E shows that ata
pump power near 161 mW, the cavity starts to operate predomi-
nantly in the forward SBS regime, and the beat-note spectrum has
a reduced 3-dB linewidth of 1.6 MHz. Figure 3F shows that at a
pump power of 271 mW, the cavity operates in the Stokes photon
lasing regime, and the beat-note spectrum reveals a strong peak at
the center frequency of 5.6 MHz with a 3-dB linewidth of approx-
imately 26 kHz. Figure 3G shows that at the pump power of 367
mW, the cavity operates in the simultaneous phonon and photon
lasing regime, and the beat-note spectrum reveals an even stronger
peak at the center frequency of 5.2 MHz, with a 3-dB linewidth of
only 1.7 kHz, corresponding to the linewidth of the phonon laser.
Thus, two-domain lasing resulted in an order-of-magnitude nar-
rowing of the phonon emission linewidth compared to that in the
photon-only lasing, which is hardly achieved by using existing
acoustic techniques.

Wang et al., Sci. Adv. 9, eadg7841 (2023) 30 June 2023

The phonon-photon laser in this work represents an inverted
dissipative hierarchy in which the acoustic emission linewidth is
much narrower than the pump laser linewidth, as opposed to the
standard dissipative hierarchy of the backward SBS lasers (40). At
low pump powers, spontaneous Brillouin scattering is mediated
by many longitudinal acoustic modes. In the SBS and photon
lasing regimes, as the finesse of the acoustic cavity increases, the
bandwidth correspondingly decreases, resulting in the narrowing
of the spectrum of the phonons, and thus the pump-Stokes beat-
note linewidth. The pump-Stokes beat-note linewidth in the simul-
taneous photon-phonon lasing regime is further reduced because
even a smaller number of longitudinal acoustic modes can lase.
The beat-note linewidth in the simultaneous photon-phonon
lasing regime is still wider than the acoustic damping rate, indicat-
ing that phonon laser is still multimode.

DISCUSSION

While coherently coupled lasers, such as laser diode arrays, are an
established technology, coupled lasing in different physical domains
in the same cavity is a physical phenomenon that has not yet been
observed. The two-domain laser reported in this article exploits
forward intermodal SBS to enable the coupling necessary for con-
current photon and phonon lasing in the same cavity. In our exper-
iment, this was a 10-m reduced-cladding TMF in a ring laser
configuration. The measured LP,, Stokes photon laser power was
more than 20 mW, and the phonon laser linewidth was on the
order of 1 kHz. Photon lasing was observed by direct measurement
of the dependence of photon laser power on the pump power. The
phonon laser power was not observed directly because high-resolu-
tion and high frame rate (~5 MHz) cameras are not yet available.
Instead, the phonon laser power was estimated by measurement
of the RF power of the beat signal between the pump and the
laser light. Nevertheless, observation of the four regimes of laser op-
eration corresponding to the spontaneous Brillouin scattering, the
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Fig. 3. Experimental results. (A) Measured optical power of the LP;; Stokes photon laser versus injected pump power, (inset) optical power in log scale. (B) RF power of
the beat note between the pump and the Stokes photon laser at each pump power. (C) RF power in linear scale versus squared pump power and beat-note electrical
spectra at a pump power of (D) 100 mW, (E) 161 mW, (F) 271 mW, and (G) 367 mW, color-matched to the circles in (A) and (B).

SBS, photon lasing, and photon-phonon lasing aligns with our the-
oretical model of two-domain lasing.

A source of two coherently coupled lasers in different physical
domains has potential for numerous applications. Because light
and sound have distinct spatial and temporal properties and interact
with materials differently, their concurrent availability can be ex-
ploited in various ways. Potential applications include acoustic
and optical trapping at different physical scales, concurrent photo-
acoustic imaging of optomechanical and optical properties of
objects, and controlled generation of high-quality microwave
signals. It could also lead to future advances in optomechanics. En-
visioned applications in quantum information processing include
generation of photon-phonon entangled and squeezed states, as
well as more versatile coherent control and characterization of
quantum states in both domains. We believe that our work will
usher in other multidomain lasers and related applications.

MATERIALS AND METHODS
Bare fiber handling
The original two-mode FMF has a 150-um-diameter acrylate
coating. To completely remove the coating of the 10-m FMF, we
soaked the entire 10-m fiber in acetone for ~72 hours. Any residual
coating can be easily removed using a blade. It is noted that the con-
tainer of the acetone should be isolated from the air, otherwise the
acetone will be vapored quickly. Cleaving of the fiber can be done by
using regular fiber cleavers (e.g., Fujikura CT-30). It is necessary to
set the fiber outer diameter to be 60 to 80 um using the adjuster.
For the splicing of the reduced cladding FMF, we used a com-
mercial portable fusion splicer (INNO View3). To splice two
fibers with a 60-um outer diameter, the arc power and arc time
must be reduced. The cleaning arc time should be no more than
80 ms. The pre-arc power was set to be 50% of the standard value
and the pre-arc time to be 120 ms. The fuse arc power was set to be
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70% of the standard value, and its time was 1500 ms. The splice loss
was measured to be only 0.1 dB.

MSPL demultiplexer

We used a MSPL to separate the laser and the residual pump, which
have different LP modes. MSPLs are passive all-fiber devices capable
of efficiently multiplexing single-mode inputs and converting each
input into a specific LP mode at the output. They are widely used as
mode (de)multiplexer in mode-division multiplexing fiber commu-
nication systems (41). In general, a photonic lantern consists of
multiple-input single-mode fibers (SMFs) inserted into a fluo-
rine-doped capillary tube whose refractive index is lower than
that of the SMF cladding. The tube is adiabatically tapered down
to create an FMF output at the taper waist. The optical modes are
confined in the cladding area guided by the low index capillary.
Mode selectivity can be obtained if the input SMF core radii are de-
liberately chosen. Each input fundamental mode evolves into a par-
ticular mode in the output FMF with a matched propagation
constant (42, 43).

For the three-mode MSPL used in this experiment, it contains
three graded-index input fibers with different core diameters. The
one with an 18-um core diameter is matched to the LPy; mode; the
other two with a 14-um core diameter are matched to the LP,;
modes. After tapering, the resultant FMF has core and cladding di-
ameters of 18 and 90 pm, respectively. We measured the mode in-
tensity profile of each LP mode at the output of the MSPL at a
wavelength A = 976 nm, the three lowest order LP modes were gen-
erated successfully. We also measured the insertion losses of this
MSPL without splice with the 80-um cladding diameter TMF.
The insertion losses of LPy,, LP;,,, and LP,;, modes are 1.17,
1.51, and 1.49 dB, respectively.
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