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ABSTRACT

Efficient and extended light storage mechanisms are pivotal in photonics, particularly in optical communications, microwave photonics, and
quantum networks, as they offer a direct route to circumvent electrical conversion losses and surmount bandwidth constraints. Stimulated
Brillouin Scattering (SBS) is an established method to store optical information by transferring it to the acoustic domain, but current on-chip
SBS efforts have limited bandwidth or storage time due to the phonon lifetime of several nanoseconds. An alternate approach known as quasi-
light storage (QLS), which involves the creation of delayed replicas of optical data pulses via SBS in conjunction with a frequency comb, has
been proposed to lift the storage time constraint; however, its realization has been confined to lengthy optical fibers, constraining integration
with on-chip optical elements and form factors. Here, we present an experimental demonstration of QLS on a photonic chip leveraging
the large SBS gain of chalcogenide glass, achieving delays of up to 500 ns for 1 ns long signal pulses, surpassing typical Brillouin storage
processes’ acoustic lifetime by more than an order of magnitude and waveguide transit time by two orders of magnitude. We experimentally
and numerically investigate the dynamics of on-chip QLS and reveal that the interplay between the acoustic wave that stores the optical signal
and subsequent optical pump pulses leads to a reshaping of the acoustic field. Our demonstrations illustrate the potential for achieving ultra-
long storage times of individual pulses by several hundred pulse widths, marking a significant stride toward advancing the field of all-optical
storage and delay mechanisms.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0193174
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I. INTRODUCTION

Optical pulse delay methods provide an essential building block
for optical signal processing applications such as beam steering in
phased array antennas for RADAR and wireless communications,
buffering in optical communication links,” quantum memories,"
and tunable optical and microwave photonic filters.”® There
are multiple approaches to all-optical signal delay; these can be
broadly categorized into techniques that lengthen the distance light
travels,” those that slow down the speed of light signals (slow
light),"’ ' and techniques that convert the signal information from
light to another—slower wave—which is then recovered at a later

APL Photon. 9, 056107 (2024); doi: 10.1063/5.0193174
© Author(s) 2024

time."”'® Stimulated Brillouin Scattering (SBS) is a third order non-
linear optical phenomenon that coherently couples slow-moving
acoustic waves with optical waves.'””’ SBS involves the interaction
between three different waves: the optical pump wave at frequency
wp, an acoustic wave at the Brillouin frequency Qg, and an optical
probe or Stokes wave at ws ~ wp — Qp, which moves in the oppo-
site direction to the pump.’’ This three-wave interaction has an
extremely narrow linewidth response proportional to the inverse of
the acoustic lifetime. SBS has been shown to be a powerful method
for implementing different all-optical signal delay methods,”” such
as Brillouin-grating based delay lines,”* slow-light,'**’ and light
storage,'” which all operate at room temperature and, in the case of
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slow-light and Brillouin light storage, can be implemented on a pho-
tonic chip. 18.222425 However, the fractional delay (a ratio of induced
delay over pulse-duration) of Brillouin-based slow-light is essentially
limited to values of ~1 because the achievable delay is directly pro-
portional to the bandwidth over which the delay can be applied (this
effect is also often referred to as the delay-bandwidth product).”®
Longer delays can be achieved using Brillouin light storage,'”'* in
which Brillouin scattering is used to transfer the information car-
ried by the optical data pulses to the much slower acoustic wave
packets; fractional delays much larger than one were achieved on
a chip-based platform using this method."

In Brillouin light storage, the bandwidth of the signal pulses
that can be delayed is limited by the Brillouin gain, while the stor-
age time is ultimately limited by the phonon lifetime. Although this
can be circumvented by refreshing the data with an additional write
pulse,”” Brillouin light storage times are still limited to several tens
of nanoseconds. An alternative approach that does not have this
inherent limitation is SBS-based quasi-light storage (QLS).”** In
QLS, the optical signal pulse is copied by repeated multiplication
with an optical pulse-train, which can be described as a sampling of
the signal pulse bandwidth with a frequency comb in the frequency
domain. Time delays in the tens of nanoseconds* and even exceed-
ing 100 ns by narrowing the Brillouin linewidth*’ were achieved
using QLS. However, the existing demonstrations of QLS have relied
on having long lengths (5-20 km, transit time/latency: 25-100 ps) of
optical fiber due to the weak acousto-optic interaction (or low Bril-
louin gain coefficient) that requires consecutive amplification of the
signal pulse over a long traveling distance, in which the SBS interac-
tion can take place.” However, this need for long interaction lengths
impedes the demonstration of QLS in integrated photonic devices.

In this paper, we experimentally demonstrate SBS-based QLS in
a waveguide on a photonic chip, in which the strong Brillouin effect
in chalcogenide waveguides enables the generation of slow-moving
acoustic wave packets by merely a single pump pulse. The acous-
tic wave is sustained by successive pump pulses, in the meantime
generating delayed pulse copies. We achieve 500 ns of delay for a
pulse width of ~1 ns, greatly exceeding the intrinsic phonon lifetime
of ~10-12 ns and the waveguide transit time of 2 ns. We investi-
gate how the delay time depends on the optical signal pulse timing
and the pump pulse repetition rate, and examine the retention of
the original data pulse shape over successive interactions with the
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pump. Our modeling demonstrates that consecutive pulse interac-
tions reshape the acoustic wave, drawing it toward the front facet of
the waveguide, in line with our experimental findings. Moreover, our
research indicates that sufficient energy imparted during the inter-
action can sustain and potentially amplify the acoustic pulse by over-
coming its intrinsic losses. As the acoustic pulse reaches and resides
at the waveguide’s front facet, it exhibits endurance over extensive
durations, although with observed distortions in the output pulse
shape. This comprehensive study sheds light on the intricate dynam-
ics of SBS-based QLS, offering insights into the manipulation and
sustainability of acoustic pulses within waveguides, paving the way
for prolonged and controlled light storage.

Il. BASIC PRINCIPLE

The basic principle of SBS-based QLS is illustrated in Fig. 1,
based on the convolution theorem: the multiplication of two signals
in the frequency domain is equivalent to a convolution in the time
domain.”® Multiplying a signal pulse in the frequency domain with a
frequency comb creates multiple copies of the original signal in the
time domain, as shown in Fig. 1(a). One of these copies can then be
isolated using an optical switch, effectively creating a delayed version
of the original signal. This multiplication in the frequency domain
is performed by SBS, which creates a narrow (10-100 MHz) gain
response that can be used for spectral sampling. The time domain
dynamics of the process are shown in Fig. 1(b): a train of pulses
centered at the pump frequency w, enters the waveguide from the
right-hand side (in the following, we refer to the facet of the wave-
guide from where the pump enters the chip as the “front facet”). A
signal pulse, centered at the Stokes frequency ws, enters the wave-
guide from the left. When the first of the pump pulses meets the
signal pulse, an acoustic wave is created that “stores” the informa-
tion (shape, phase, and timing) of the signal pulse. Further pump
pulses partially reflect off this acoustic wave, resulting in “copies” of
the signal stored in the acoustic wave. This is very similar to the pro-
cess of writing to and reading from the acoustic wave seen in SBS
light storage,'"” with the key difference that here the stored pulses
are at the Stokes frequency rather than at the frequency of the pump,
and every consecutive pump pulse replenishes the otherwise decay-
ing acoustic wave. In optical fiber, in contrast, the optical signal pulse

Acoustic wave

A

Depleted
Pump

——
Copies + Signal

FIG. 1. Principles of QLS. (a) The frequency domain explanation: multiplication of the frequency representations of the pump and signal by SBS is equivalent to the convolution
of the time representations. (b) The time domain explanation: the signal (probe) and pump enter the chip from opposite sides. Where they meet in the chip, they create an
acoustic wave. Each subsequent pump pulse scatters off the acoustic wave, creating copies of the signal.
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interacts with the counter-propagating pulse train at multiple loca-
tions along the several kilometers of fiber, creating multiple acoustic
waves in the process.

lll. EXPERIMENTAL RESULTS

The setup used in the experiments is shown in Fig. 2(a). A
1550 nm laser was split into two arms: the “pump” and “signal”
arms. The light in the signal arm was downshifted from the pump
frequency by the Brillouin frequency shift Qp of the chalcogenide
waveguide (7.72 GHz) with an intensity modulator (IM) driven by
a radio frequency (RF) signal generator (SG). The lower-frequency
sideband was selected using a narrow band filter (NBF). Afterward,
a signal pulse was modulated onto the probe via a second IM con-
nected to an arbitrary waveform generator (AWG). The signal was
amplified by erbium-doped fiber amplifiers (EDFAs), followed by
broadband optical filters (BBFs) (a bandwidth of ~2 nm) to reduce
excess wide-band amplified spontaneous noise from the EDFAs. On
the pump side, an electrical frequency comb was generated using
an AWG that drives an IM. The pump was then amplified with an
EDFA. The pump and the signal were coupled from opposite sides
into the on-chip waveguide. The waveguide was a small-footprint
23-cm-long chalcogenide (As,S3) spiral rib waveguide;’' a typical
chalcogenide chip is shown in Figs. 2(b) and 2(c). The 23 cm-long-
spiral waveguides have a cross section of 2.2 ym x 960 nm with a
33% etch depth, a varying bend radius from 220 to 180 ym, and a
propagation loss of 0.4 dB/cm. The length of the waveguide limits
the maximum pulse length to 1-2 ns, as one needs to ensure that the
pump and signal pulses are spatially overlapping in the waveguide.

Vertical tapers were used to transition from the chalcogenide
waveguide to Germanosilicate waveguides at both ends of the chip;
these Germanosilicate waveguides minimize the refractive index
mismatch between the chip and optical fiber and reduce the back-
reflection as outlined in Ref. 31. Whereas the waveguide is opti-
cally multi-moded, we ensure that light is coupled into the quasi-
transverse electric (TE) mode by minimizing the overall loss. The

a)

EDFA

Laser

EDFA

acoustic mode is guided in the waveguide core via total internal
reflection due to a contrast in the acoustic impedance.*”

The light was coupled into the chip using ultra-high numeri-
cal aperture (UHNA-3) fiber, with index matching fluid between the
fiber and chip interface to maximize coupling efficiency and further
reduce back-reflection. Circulators were used on both sides of the
photonic chip to separate the counter-propagating optical signals. A
photodetector (PD, Newport 1544-A 12 GHz) and an oscilloscope
(12 GHz analog bandwidth, Keysight Infiniium) were used to mea-
sure the original signal pulses and the delayed copies of the signal.
An optical NBF before the PD was used to ensure that only the sig-
nal pulses and delayed copies were detected. To confirm that only the
signal, and not the residual pump, is measured by the PD, an optical
spectrum analyzer (OSA) was used to monitor the optical spectrum
after the NBF.

A. On-chip QLS and the effects
of pump repetition rate

We show the results from the Brillouin-based QLS experiment
in Fig. 3. The original signal pulse (black) is strongly amplified by
the first pump pulse and is followed by a sequence of copies that
have been generated from the stored acoustic wave by the following
pump pulses. Figure 3(b) shows a zoomed-in original signal pulse
and the first created copy. We studied the dynamics of different
pump repetition rates on the decay of the copies (in particular the
first one) using five different pulse trains of 21 successive Gaussian
pulses with 500 ps full-width at half maximum (FWHM). We varied
the pulse train repetition rate from 100, 125, 150, and 175-200 MHz.
The peak power of the pump pulses was kept constant at 10.8 W (we
note that the pulse peak power rather than average power was kept
constant as the peak power determines the dynamics of the nonlin-
ear Brillouin interaction). The signal pulse was a single 1 ns FWHM
Gaussian pulse with a peak power of 19.7 W and was kept the same
for different pump repetition rates. In Figs. 3(a) and 3(b), it can be
seen that the repetition rate has a major effect on the evolution of
the amplitudes of the copied signals. While the initial signal pulse

FIG. 2. (a) Experimental setup. SG: Signal Generator, IM: Intensity Modulator, EDFA: Erbium Doped Fiber Amplifier, AWG: Arbitrary Waveform Generator, PD: Photodetector,
PM: Power Meter, OSA: Optical Spectrum Analyzer, NBF: Narrowband Filter, and BBF: Broadband Filter. (b) Photo of the chalcogenide chip used in the experiment on the
coupling stage. (c) Zoom-in on chalcogenide spiral rib waveguides with different lengths on a photonic chip.
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FIG. 3. (a) Demonstration of on-chip Brillouin QLS for different pump repetition rates. The original signal pulse is shown in black. (b) Enlarged plot of the boxed region in (a),
showing the first copies for each repetition rate and exhibiting the exponential decay associated with the phonon lifetime.

is amplified by the same amount in each case, the amplitude of the
first copy follows an exponential decay with an increased pump pulse
repetition interval. This decrease in amplitude is attributed to the
characteristic decay of the acoustic wave: for lower repetition rates,
the pump pulses are spaced further apart, allowing the acoustic wave
to decay more, reducing the amplitude of the first copy. The ampli-
tude of the read-out/delayed pulses shows the typical decay observed
in Brillouin-based memory experiments.'*

In the case of QLS, however, successive pump pulses not only
create an optical copy of the original optical signal pulse but also
transfer energy to the acoustic wave. Depending on the repetition
rate, the acoustic wave can either lose more energy in the decay time
than it receives from the pump pulse or gain more energy than it
loses. In the cases of 100, 125, and 150 MHz repetition rates, the
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amplitude of the copies will decay. With higher repetition rates of
175 and 200 MHz, the amplitude of the copies will increase. Our
experimental study illustrates the importance of the repetition rate
for QLS, which on the one hand needs to be low enough to have
a fine enough comb line spacing to fulfill the Nyquist sampling
theorem of the optical data but cannot be lower than the decay rate of
the acoustic wave of 30 MHz. We note that tens to hundreds of MHz
is quite fine for signals with multi-GHz bandwidth that are desired
for many applications.

For the latter two repetition rates, 175 and 200 MHz, the growth
of the copies eventually stops and then reverses; we attribute this
behavior to the strong pump pulses shifting the stored acoustic wave
to the front facet of the waveguide, where it is trapped and eventually
decays. We note that this shift of the acoustic wave to the front facet

Amplified Probe
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FIG. 4. Pulse timing measurements. (a) Full trace of signals with different timings relative to the middle of the chip (0 ps). The chip extends from —1000 ps on the probe side
to +1000 ps on the pump side. The height is normalized to the amplitude of the unamplified probe. (b) The amplified probe and the first three copies, normalized to unit height

and shifted in time to allow a shape comparison.
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is not due to the propagation of the acoustic wave with the speed
of sound through the waveguide, which would take tens of us based
on the length of the waveguide of 23 cm and an estimated speed of
sound of around 2500 m/s. We investigate the behavior of the optical
pulling of the acoustic wave to the front facet numerically in Sec. IV.

B. Pulse timing

We further investigate the underlying behavior of the stored
acoustic wave by changing the spatial overlap of the pump pulses
and the signal pulse in the waveguide. Since the transit time of the
chip is ~2 ns, precise timing between the signal and the first pump
pulse is critical to ensure that the pulses overlap in the chip. The
experiments in Sec. [1I A were performed for the case of the pulses
meeting at a point equidistant from the front and rear facets of the
waveguide. This spatial overlap point can be controlled by changing
the time of arrival of the individual pulses. Figure 4 shows measure-
ments for different arrival times of the pump and signal pulses, such
that the spatial pulse overlap is adjusted from the center of the wave-
guide (denoted as t = 0 ps): we show [Fig. 4(a)] delay times of —750,
—375, and +475 ps, where positive (negative) delays indicate that the
pulses meet closer to the front (rear) facet. In each of these measure-
ments, we used a pump pulse train of 21 Gaussian pulses with 500 ps
FWHM, a repetition rate of 200 MHz, and a peak power of 7.7 W.
The probe was a 1 ns FWHM Gaussian pulse with a peak power of
19.7 W. The measurements in Fig. 4(a) show that the copied pulses
that are generated from overlap points further away from the pump
side, i.e., the front facet, appear earlier with each copy. This is an
indication that the acoustic wave is being shifted with each pulse
toward the front facet. Zoom-ins on the initial pulse and the gen-
erated copies are shown in Fig. 4(b) and reveal that the pulse shape
is maintained slightly better for the case where the acoustic wave is
generated further away from the front facet (note that those effects
are subtle due to the similar length of the optical pulses and the
waveguide transit time).

a) 22
204 Original Probe
— 1.8 Original Probe + Copies
o J 4
S 164
S 4
— 1.4+
g |
S 1.2
F |
Q 104
g |
5 08+
b |
2 064
© 4
€ 04+
2 02
00 ke S .
T T T T T T
0 5 10 15 20 25
Time (ns)

C. Shape retention

To study the effect of on-chip QLS on the retrieved pulse shape,
we repeated the experiment with longer, more square-shaped (in
particular, super-Gaussian) signal pulses. Figure 5 shows the storage
of a 1.5 ns super-Gaussian signal pulse with a peak power of 7.8 W.
The pump pulse train consisted of 500 ps Gaussian pulses with a rep-
etition rate of 201 MHz and a peak power of 33.1 W. It can be seen
that the original signal is amplified, and the pulse shape is main-
tained. The first copy maintains a square-like shape, although with
some distortions. Subsequent copies change the shape to a more tri-
angular form [see Fig. 5(b)] with each iteration. We attribute this to
a combination of effects: first, each interaction convolves the exist-
ing acoustic field in the waveguide with the (Gaussian) pump pulse.
Ideally, the pump pulses are much shorter than the signal pulse;
however, that comes at the expense of Brillouin gain. Second, the
acoustic wave itself is shifted to the front facet, where it is trapped
and becomes progressively more exponential. We investigate this
behavior in Sec. I'V.

D. Ultra-long optical storage

We next studied the achievable storage times of on-chip QLS. It
was observed that by adjusting pump power and repetition rates, the
retrieved pulse train can enter a steady state that does not decay with
time. We show such a state in Fig. 6: this response was achieved using
a Gaussian signal pulse of 4.1 W with a duration of 1 ns. The pump
train consisted of 101 Gaussian pump pulses with a peak pulse power
of 1.8 W, a pulse duration of 1 ns, and a repetition rate of 201 MHz.
For this combination, we observe storage times of about 0.5 us
(although with the same distortions in the pulse shape as described
in Fig. 5 and which are further analyzed numerically in Sec. I'V). This
demonstrates that the acoustic wave is being restored by the action
of the pump pulses; the pump pulse train cuts-off after 0.5 ps due
to limitations in the experimental setup (AWG memory depth and
available pump power from the EDFAs). These experiments suggest
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Copy 4
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FIG. 5. Shape retention measurements of a 1.5 ns square pulse. (a) The full amplified probe and copies in time (red trace) and the original probe without the pump (black
trace). (b) A zoomed-in view of all the copies normalized to the height of one laid on top of each other to show the evolution of the pulse shape with each copy. The pump

pulse (pink trace) before the chip is shown and lined up as a comparison.
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FIG. 6. Experimental results of QLS in a photonic chip reaching storage times of 500 ns of a 1 ns probe pulse (black trace). The amplitude is normalized so that the original

probe pulse height is one. Black is the original probe pulse going through the chip without any SBS interaction. Red is the amplified probe, and delayed copies are caused by
the SBS interaction between the pump and probe.

that storage times approaching the microsecond regime should be of the storage process. The appropriate framework for describing

possible. The steady state is attributed to the pump pulse contribut- Brillouin interactions is the coupled mode theory,”' in which the
ing energy to the acoustic wave at exactly the rate required to balance interaction is modeled by the following equations:
the acoustic losses. We investigate this numerically in the following
section. 0o 10 -
(& + ey + oc)ap(z, t) = —iw, Q" asb, (1)

IV. TIME DOMAIN SIMULATIONS

To understand the experimental results and identify different 9 10 (2,1) = iw,Qayb* @)
regimes of QLS, we perform time-domain numerical simulations 8z v Ot aJastat) = 1saph
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FIG. 7. (a)-(c) Computation showing the acoustic storage and pulse-reshaping process. The pump and signal pulses intersect in the waveguide [indicated in gray in the figure
panels (a)-(c) and by the white lines in panel (d)]. (a) Creating a stored acoustic pulse (b). A subsequent pump pulse shifts the stored pulse toward the front facet (c). (d)
Computed power in the acoustic field when the initial intersection between pump and signal pulses is 3/4 along the length of the waveguide. Repeated pump pulses refresh
and reshape the stored acoustic pulse, moving the peak to the front facet of the waveguide.
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FIG. 8. Simulation of different QLS regimes. (a) Output of the retrieved signal pulse in the decaying regime, for a peak pump power of 5.0 W, a pump duration of 0.25 ns,
and a repetition rate of 100 MHz. Here, the stored acoustic pulse remains within the waveguide (b) and loses energy due to acoustic losses faster than the pump wave can
replenish it. (c) Retrieved signal in the reshaping regime for a peak pump power of 5.0 W, a pump duration of 0.25 ns, and a repetition rate of 200 MHz. Here, the acoustic
field is shifted to the front facet of the waveguide (d), where it slowly decays. (e) Retrieved signal in the replenishing regime for pump power of 10.0 W, pump duration of
0.125 ns, and repetition rate of 300 MHz. Here, the acoustic wave is shifted to the front facet (f), where it is continuously replenished by the pump.

0 1 0 ) %
(& + T + (xac)b(z, t) = —iQ Qapa;, (3)

where a,(z,t), as(z,t), and b(z,t) are the amplitude of the pump,
signal, and acoustic waves, respectively; v = n/c and v, are the
optical and acoustic modal group velocities; and « and ag. are the
optical and acoustic modal loss in units of m™". The frequencies of
the pump, signal, and acoustic waves are w,, ws, and Q = w, — ws,
respectively. The constant Q is a measure of the strength of the Bril-
louin coupling and can be computed from the overlap integrals of
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the optical and acoustic mode fields.”' It is related to the Brillouin
gain g, in units of m!' w! by g = 20w5|Q2|/rxuc. Here, we have
normalized each field so that the squared amplitude of the field is
equal to the power carried in the mode. In the following, unless
otherwise specified, we use g, =344 m™" W™, n= 22, and « is
specified by the optical loss of 0.4 dB cm™, and au = 1/(20acTac)
is given via the acoustic lifetime of 7, = 10 ns. The acoustic velocity
is Vae = 2500 ms™ Y, resulting in a Brillouin shift of /27 = 7.1 GHz.

To solve Egs. (1)-(3), we transform each equation to appro-
priate co-moving coordinates and integrate the system in the time
coordinate using Runge-Kutta integration.”” We assume Gaussian
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input pulses for both pump and signal waves and a zero initial
acoustic field. The interaction is set to zero outside the simulated
waveguide domain, 0 < z < L.

In Fig. 7, we show the time-dependent solution to Egs. (1)-(3)
for a stored optical pulse. In Fig. 7(a), the initial signal and pump
pulses intersect in the center of the waveguide, creating an acous-
tic field. A subsequent pump pulse interacts with the acoustic field,
losing energy in the process and generating an output Stokes wave
[Fig. 7(b)]. Because the interaction between the pump and the acous-
tic wave scales linearly with the amplitude of the Stokes field, the
acoustic wave is amplified more strongly on the left (output) side of
the pulse. This leads to an overall shift in the acoustic field toward
the front facet of the waveguide [Fig. 7(c)]. It should be noted that
this shift is many orders of magnitude larger than the shift caused by
the propagation of the acoustic wave, which will travel a distance of
12.5 ym in the 5 ns between optical pulses. Once reaching the front
facet, the acoustic wave cannot be shifted further and only propa-
gates extremely slowly away from the facet. The acoustic excitation
will therefore remain in the vicinity of the facet, steadily decaying
until the arrival of the next pump pulse. Repeated pump pulses con-
tinue this reshaping process until the acoustic field strikes the front
facet of the waveguide [Fig. 7(d)].

The strength and repetition rate of the pump can lead to dif-
ferent regimes for QLS in finite waveguides. We show representative
simulations of these regimes in Fig. 8. For low repetition rates/weak
pumps [Figs. 8(a) and 8(b)], the acoustic field decays faster than
the pump can replenish it; in this case, the copies of the original
signal pulse decay exponentially. At higher pump repetition rates
[Figs. 8(c) and 8(d)], the acoustic field is reshaped and pushed
toward the front facet of the waveguide, where it is continually
replenished. At this point, the copies of the signal will either slowly
decay (if the pump is weak) or be amplified (if the pump is suffi-
ciently strong). For particular combinations of pump strength and
duration, the trapped acoustic mode will lose energy at exactly the
same rate that energy is gained from the pump. This situation is
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1} | Amplified probe
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shown in Figs. 8(e) and 8(f); the output copies of the signal can be
maintained for extended time periods.

In Fig. 5, it was observed that QLS can lead to significant dis-
tortion of the original probe pulse. We investigate this distortion
numerically in Fig. 9, where we show the QLS of a super-Gaussian
pump in the reshaping regime. For successive copies, we observe
that the initial square shape is quickly lost, not only from succes-
sive convolutions with the (Gaussian) pump but also because the
acoustic field, which stores the information about the pulse shape, is
compressed against the waveguide edge, forming a truncated expo-
nential. This compression in space also causes the acoustic field,
as well as the output copies of the signal, to become compressed
in the time domain [see Fig. 9(b)]. We also see that the leading
edges of the copies arrive sooner at the output—this is because the
pump interacts earlier with the acoustic field as the latter is pulled
toward the front facet of the waveguide (as observed experimentally;
see Fig. 6).

V. DISCUSSION

The experiments and numerical results presented here high-
light a qualitative difference between quasi-light storage in a quasi-
infinitely extended fiber and QLS on a chip. In the fiber case, the
pump frequency comb is used to spectrally sample the data; the opti-
cal information is then stored in a series of acoustic pulses spaced
along the length of the waveguide, each centered at a point where a
part of the pump pulse train interacts with the data pulse. The abso-
lute positions of the acoustic pulses within the waveguide therefore
do not matter as much as their separation. The on-chip case, how-
ever, is constrained in space, allowing only a single acoustic mode to
be created, at least in cm-scale waveguides. In this case, the position
of the acoustic wave is critical: the pump pulse train continuously
replenishes and reshapes it, moving it steadily to the waveguide front
facet; if the optical loss is high, then the acoustic field may be moved
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FIG. 9. (a) Output of a stored and recovered super-Gaussian probe, showing pulse distortion. Repeated copies modify the initial super-Gaussian into a triangular form with
a trailing edge. The pulses are overlayed in (b) to emphasize the distortion. The leading edges of the copied pulses shift in time as the acoustic pulse is shifted toward the
edge of the waveguide. The probe is a fourth-order super-Gaussian with a peak power of 1.0 W and a FWHM of 1.5 ns. The pump is a Gaussian with a peak power of 5.0 W,

an FWHM of 0.25 ns, and a repetition rate of 150 MHz.
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rapidly to a position where the pump is highest in amplitude, reach-
ing the end of the waveguide and thereby reducing the strength of
the interaction.

The continuous replenishment of the acoustic field, contingent
on the input pump balancing the acoustic losses, enables the sustain-
ment of the acoustic grating within the waveguide, which is much
longer than anything previously shown in Brillouin storage. Because
there is only one acoustic mode, the bandwidth of the optical infor-
mation that can be stored is constrained, and this results in the loss
of the data pulse shape, particularly when the acoustic field encoun-
ters the end of the waveguide. It is conceivable that this distortion
is not an inevitable feature of on-chip QLS, and we propose several
remedies to reduce it: first and foremost, shorter pump pulses can be
used; these will better maintain the data pulse/acoustic wave packet
shape on each pass. Such shortening of the pump must, however, be
accompanied by an increase in optical peak power to balance the
acoustic losses. Second, it should be possible to use longer wave-
guides, such that the acoustic field does not encounter the edges,
or else employ an off-resonant ring waveguide. More complicated
options for controlling the acoustic field include engineering the
acoustic and optical waveguide dispersion to trap the acoustic mode
within the center of the waveguide or the use of optical chirp to tailor
distortion-resistant pulses. We leave these investigations to future
work.

VI. CONCLUSION

We have demonstrated SBS-based QLS on a photonic chip,
achieving single pulse delay times of hundreds of pulse widths. The
optical pulses are stored in a single acoustic wave on the chip created
via the strong Brillouin interaction between spatially overlapping
signal and pump pulses enabled by tailor-made chalcogenide wave-
guides. Our insight into storing the optical information in the
acoustic wave while it is copied via the QLS process allowed us to
overcome the requirements for km-long optical fiber. In a steady
state regime where consecutive pump pulses counteract the acous-
tic decay, we show one ns long optical pulses delayed for up to
500 ns, exceeding the intrinsic phonon lifetime by more than an
order of magnitude and the waveguide transit time by more than
two orders of magnitude. We numerically and experimentally stud-
ied the dynamics of on-chip QLS and the replenishing effect of the
acoustic wave. We found a rapid pulling and reshaping effect of the
acoustic wave toward the chip front facet and identified it as a source
of distortion in the pulse shape. Future work will focus on mitigat-
ing the pulling effect to minimize distortions of the pulses. Our work
reveals a new regime of QLS in short waveguides and opens a path-
way to further integration and miniaturization for applications in
Size, Weight, and Power (SWaP) constrained environments.
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