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A B S T R A C T   

We demonstrate a new all-fiber electrically tunable modulation method which significantly reduces the response 
time of a Bragg grating acousto-optic modulator. A 4 cm long device is fabricated with a 1 cm grating inscribed in 
a suspended core fiber. An acoustic pulse train is switched out of phase along the fiber, damping unwanted 
natural resonant vibrations inside the grating. The device rise time is decreased from 56 to 9 µs by tuning the 
duty cycle of the driven electrical signal, contributing to achieve the shortest switching time of 15.6 µs. This 
tunable temporal response reveals unique features to change the profile of optical pulses. High pulse modulation 
depths are achieved employing a compact acousto-optic modulator, pointing to fast switching of all-fiber pho-
tonic devices.   

1. Introduction 

Temporal control of optical pulses has remarkable applications in all- 
optical signal processing [1], slow and fast light [2–5], pulse shaping 
[6,7], microwave photonics [8], high-resolution strain and temperature 
fiber sensors [9] and narrow linewidth fiber lasers [10]. The interaction 
of two counter-propagating optical waves and longitudinal acoustic 
waves (phonons) in long fiber lengths enables the dynamic tuning of the 
pulses’ rise time by means of stimulated Brillouin scattering [3]. Alter-
natively, devices employing short fiber lengths are important for prac-
tical applications since the pulses’ time delay is basically defined by the 
transit time of the optical signal within the fiber [4,5]. In this case, fiber 
Bragg gratings (FBGs) are attractive to induce significant temporal de-
lays of the light over short distances (0.6–20 cm) [4,9,11]. Superstruc-
ture and π phase shifted FBGs efficiently shape optical pulses in short 
fiber lengths employing low power sources [5,7–9]. These gratings are 
inscribed along the fiber with one or multiple π phase shifts, or with the 
modulated refractive index being apodized with a Gaussian or sinc 
profile [6–8,12]. Permanent modulation of grating properties results in 
exceptional temporal integrators [6], differentiators [7] and fractional 
Hilbert transformer (FHT) filters [8] for reconfigurable signal processors 
[1]. In general, the filter order increases by decreasing the modulation 
amplitude of the grating refractive index [7]. Nevertheless, the filter 
order is usually limited due to the grating fabrication complexity [7]. 

High power optical pulses (gap solitons) have been employed to induce 
an effectively long optical path length inside the grating [4]. The optical 
pulses are delayed by changing the pump power and detuning the pulse 
in relation to the grating reflection edge. 

Overall, most of the proposed devices are usually limited in their 
ability to rapidly tune the optical properties. In general, high-power 
pump sources and high voltage-based techniques cause significant 
temperature-induced changes in the fiber refractive index. Conse-
quently, the device response time is usually limited to the milliseconds 
range because of the slow material heating and cooling process [13]. 
Besides, the combination of long fiber lengths, bulk-type modulators and 
free-space optics may induce undesirable insertion losses, increasing the 
setup complexity, the number of components, and the costs [2,3,9]. In 
contrast, all-fiber acousto-optic modulators (AOMs) can change signal 
optical properties, such as power, wavelength and polarization, with 
low insertion loss, employing a small number of components 
[10,14–24]. In particular, the interaction of acoustic waves and FBGs 
has successfully been employed in dynamic optical filters, fiber sensors 
and Q-switched and mode-locked fiber lasers [10,15,20,22–24], 
enabling response times from 40 to 500 µs [15,17–21]. 

An ideal acousto-optic device switching ON/OFF an acoustic signal 
would instantaneously modulate a rectangular optical pulse as illus-
trated in Fig. 1(a). However, the temporal response of practical acousto- 
optic devices depends on the damping time of free natural resonant 
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vibrations remaining in the fiber after the switching ON/OFF of the 
applied acoustic stress (step amplitude variation) [25]. The natural 
resonances modulate the pulse amplitude inducing periodic temporal 
peaks (Fig. 1(b)). The temporal period of the fundamental sinusoidal 
wave resonance is determined by the fiber length L and material as, τR =

4L(ρ/Y)½, in which, ρ is the density and Y is the Young’s modulus [25]. 
This resonance is damped after a transition time, usually given by the 
rising or falling time of the mechanical stress until reaching a steady 
state. Reduction of this transition time shortens the pulse duration, 
increasing for example the maximum repetition rate and output power 
of acoustically modulated pulsed fiber lasers [15,20]. In this paper, we 
experimentally and numerically demonstrate a new AOM technique 
which induces a phase-shift in the natural resonances (Fig. 1(c)), 
allowing tuning, and significantly reducing, the rise and switching time 
of an acousto-optic device. Additionally, the amplitude modulation of 
optical pulses in FBGs caused by the fiber’s natural resonant vibrations is 
investigated in detail. 

2. Materials and methods 

Fig. 2(a) illustrates the fabricated modulator, basically composed of 
a piezoelectric transducer (PZT), an acoustic silica horn and a segment of 
a highly birefringent suspended core fiber (HB-SCF). The HB-SCF in 
Fig. 2(b) is 124 µm in diameter, containing two similar pure silica 
birefringent cores (7.7 µm × 4 μm) surrounded by four air holes of 
40–43 µm diameter, separated by silica bridges of 2.7 µm thickness. A 1 
cm long FBG is inscribed in the HB-SCF by means of a femtosecond laser 
using a phase mask interferometer as described in [26]. The HB-SCF’s 
large air holes significantly strengthen the interaction of acoustic waves 
and the grating in the fiber core [22,24]. The interaction of the HB-SCF’s 
“fast X” and “slow Y” polarization modes with the grating results in two 
reflected bands centered at λX = 1540.7 nm and λY = 1540.9 nm (un-
modulated spectrum in Fig. 2(c)). The PZT disc is 3 mm in diameter and 
2 mm in thickness. The hollow silica horn is tapered in diameter from 
1.06 mm to 200 μm along 1.4 cm length (tip of 150 μm inner diameter). 
The horn is connected to the PZT and to the HB-SCF by means of a glass 
adhesive. The modulator ends are fixed, resulting in a total device length 
of 4 cm. 

A rectangular pulse train with a voltage amplitude of 10 V and fre-
quency of f = 469 kHz is applied to the PZT with a signal generator (SG). 
The PZT generates standing longitudinal acoustic waves which are 
coupled to the fiber by the horn. The acoustically induced strain mod-
ulates the grating reflectivity switching ON and OFF the polarization 
peaks λX and λY at twice the applied acoustic frequency (f = 938 kHz) 
[22]. Fig. 2(c) shows the unmodulated and modulated FBG spectra 
normalized to the maximum reflectivity, as recorded by the optical 
spectrum analyzer (OSA). 

Although it is not visible, the maximum temporal modulation depth 
of our device might be higher than Δη = 90 % even though the variation 
of the reflectivity indicated by the OSA only reached 61 % at 10 V; this is 
because our OSA could not measure the instantaneous modulation depth 

of the fast modulated optical signal at f = 938 kHz, but only showed its 
average value in Fig. 2(c) – details about temporal and average reflec-
tivity are shown in [27]. Overall, this spectral modulation indicates a 
significantly high acousto-optic efficiency for a compact device (4 cm) 
and low applied voltage (10 V). One core of the HB-SCF is spliced to the 
core of a standard single mode fiber (SMF) of a circulator. The temporal 
response of the grating spectrum is characterized by tuning a CW laser 
(TL) at λX, as illustrated in Fig. 2(c) (green dashed line). The power re-
flected by the grating is measured with a photodetector (PD) and an 
oscilloscope (OSC). Acoustic pulse trains are generated by inducing a 
temporal gap of constant positive polarization of +10 V (duty cycle OFF) 
in the rectangular electrical signal (a detail of the electrical signal is 
further shown in Fig. 6). Fig. 2(d) shows the temporal response of the 
applied electrical pulses (blue signal) and the FBG modulated reflected 
power at the duty cycle ON (Dc) of 89.2 %. 

The maximum modulation depth Δηt = 1 is normalized to the 
maximum voltage of the photodetector, corresponding the peak re-
flected power of the unmodulated grating. The minimum level Δηt =

0 corresponds to the combined average of the photodetector’s back-
ground noise and the high frequency modulated signal at f = 938 kHz. 
This averaging allowed better evaluation of the temporal properties of 
the low frequency amplitude modulated optical pulses and fundamental 
mechanical resonance during the duty cycle OFF. The pulse width Pwt 
(full width at half maximum – FWHM) of the reflected optical pulse is 
tuned by changing the duty cycle from Dc = 70.1 to 99.4 % (6.4 % steps, 
3.8 % last step) at a fixed repetition rate of Rr = 30 Hz (period of T = 33 
ms). The pulses are also simulated along the fiber and FBG by means of 
the finite element method and transfer matrix method, considering the 
methodology and material parameters described in [16,25]. Fig. 2(b) 
shows the simulated power distribution of the fundamental fast X mode 
in the SCF’s cores. The red arrows in the simulation indicate the X po-
larization of the electric field in the fiber cores (the simulated fiber cores 
and mode profiles are rotated about 450 to fit in Fig. 2(b)). 

3. Results and discussion 

Fig. 3(a) shows the temporal modulation of the fast mode X at λX for 
the considered Dc range. Although it is not shown, similar results are 
also observed for the slow mode Y at λY. Note in Fig. 3(b) that the pulse 
width is linearly tuned from ΔPwt = 9.9 to 0.2 ms. The fast mode 
reflectivity is recovered to 100 % at Dc = 70.1 %, gradually decreasing 
with increasing Dc. For low Dc values, the time interval between two 
pulse trains is rather large, allowing the grating reflectivity a full or 
almost complete recovery. The grating recovery (characterized by the 
modulation depth) is triggered by turning the acoustic pulses OFF during 
the temporal gap between two acoustic pulses being ON. From Dc =

70.1 % upwards, the remaining oscillations in the fiber modulating the 
grating prevent its reflectivity to recovery before the next acoustic pulse. 
Consequently, the increasing Dc reduces the temporal gaps, the grating 
recovery, and the optical pulse modulation depth. The optical pulse 
amplitude variation is perceived in Fig. 3(a) showing smooth response 

Fig. 1. Illustration of acoustically modulated optical pulses: (a) ideal pulse indicating no delay times between acoustic and optical signals, (b) amplitude modulated 
pulse induced by the free natural resonance vibrations of the fiber (τR is the resonance period) and (c) pulse with AOM phase-shifted peaks reducing effects of the 
natural resonance and decreasing the overall rise time of the optical signal. Dc is the duty cycle of the modulating acoustic pulse. 
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up to Dc = 99.4 % (red graphic) in Fig. 3(b). The modulation depth slope 
in the range Dc = 70.1–99.4 % is low due to the large time gaps between 
acoustic pulses (corresponding to the optical pulse width variations in 
Fig. 3(a) and (b) (dark blue graphic)). 

The pulse rise time τ10-90% (10–90 % of the optical level) is also 
investigated, gradually decaying from 56 to 44 µs in the considered Dc 
range in Fig. 3(a) (further seen in Fig. 5(a)). From this point, both 
modulation depth Δη and rise time τ10-90% abruptly decay with 
increasing Dc, as seen respectively in Figs. 3(b) and 5(a). A second 
experiment is performed to investigate the pulse properties from Dc =
99.83 to 99.98 % (6 arbitrary steps). Fig. 4 shows the simulated (dashed 
blue curve) and measured (red curve) acoustically modulated optical 
pulses for the considered Dc range. 

The simulated pulses are also averaged to emphasize the funda-
mental resonance peaks and compare with the measured pulses. Note in 
Fig. 4 that the amplitude modulation caused by the fiber’s fundamental 
acoustic resonance induces peaks on the optical pulse envelope, which 
are more evident when Dc is switched OFF. The simulated peaks on the 
pulse’s right side are used as reference to estimate the full resonance 
temporal period τR, as indicated in Fig. 1(b). Simulated and measured 

values show good agreement mainly along the pulse fall time of τF =

13.3 µs which is about one half-period of the resonance’s complete si-
nusoidal cycle (τF = 0.5τR). The optical pulse fall time corresponds to the 
rise time of the acoustic strain when it is switched ON and emitted along 
the fiber. The measured and simulated resonance period of τR = 26.6 µs 
agrees well with the analytically calculated τR = 26 µs for the employed 
fiber length of 3.7 cm (considering τR = 4L(ρ/Y)½

, ρ = 2200 kg/m2 and Y 
= 72.5 GPa [25]). 

The fundamental fiber vibration resonance has a sinusoidal wave 
profile, as indicated by the oscillations in Fig. 4(b) and illustrated in 
Fig. 1(b). Note that the wave maxima and minima induce peaks and 
notches in the pulse amplitude. During the switching OFF, the overlap of 
the out of phase transmitted and reflected acoustic pulses in the fiber, 
induces a phase shift in the resonance sinusoidal wave. Note in Fig. 4(a) 
that the wave period between the central resonance peaks is reduced, 
indicating a phase shift decreasing the resonance’s pulse amplitude 
modulation and the rise time of the optical pulses (as illustrated in Fig. 1 
(c)). 

The decreasing temporal gaps between pulse trains reduce the peaks 
of the amplitude modulation. Note in Fig. 4(e) and (f) that no peaks are 

Fig. 2. Illustration of the (a) acousto-optic modulator with the experimental setup. (b) Highly birefringent suspended core fiber (HB-SCF) with a detail of the 
simulated power distribution of the fast X mode (the red arrows indicate the X polarization of the electric field in the fiber cores). (c) Measured unmodulated (blue) 
and modulated (red) spectrum of the fiber Bragg grating (FBG) inscribed in the HB-SCF. (d) Measured electrical pulse train applied to the PZT at f = 469 kHz (blue) 
and the acoustically modulated optical pulse at the duty cycle of Dc = 89.2 % (red). (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Fig. 3. (a) Temporal pulse width modulation of the FBG reflected optical power at the wavelength of λX = 1540.7 nm. The temporal widths are tuned by changing the 
duty cycle ON of the electrical pulse from Dc = 70.1 to 99.4 % at a voltage of 10 V and frequency of f = 469 kHz applied to the PZT. (b) Variation of the pulse width 
Pwt and modulation depth Δηt for the considered Dc range. 
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observed on the left side of the pulse. It is because the temporal gap 
between pulse trains is shorter than the resonance period τR. Conse-
quently, the resonance modulation is minimized, further smoothing, and 
decreasing the rise time. However, additional shortening of this tem-
poral gap does not allow the full amplitude recovery of even the main 
pulse peak, as shown in Fig. 4(f). The resulting pulse distortion induces 
an apparent pulse lengthening reversion at Dc = 99.98 %. 

The pulses’ rise time significantly decreases from τ1-100% = 56 to 9 µs, 
as shown in Fig. 5(b). Fig. 5(c) shows the variation of the pulse width Pwt 
with increasing Dc. As expected, the decreasing pulse width is limited by 
the rising and falling time of the device. In addition, increasing Dc does 
not allow the grating spectrum to completely recover between pulse 
trains, reducing the modulation depth Δηt, as shown in Fig. 5(d). 

We have also investigated the modulator’s shortest response time. 
Fig. 6 shows the electrical pulse train applied to the PZT and the rise 
time τ1-100% of the optical pulse at Dc = 99.98 %. Both curves are 
normalized to their individual maximum amplitudes. Note that the PZT 
is polarized with a positive voltage to shift the phase of consecutive 
acoustic pulse trains in the fiber during Dc OFF. The rise time τ1-100% = 9 
µs still indicates remaining undamped oscillations in the grating. The 
delay between optical-electrical signals, τDL = 6.6 µs, is related to the 
acoustic signal generation and propagation from the PZT to the grating, 
including the travel time along the horn and coupling adhesives. 

Overall, our achieved switching time of τST = 15.6 µs is slightly shorter 
than that obtained with a 20 % smaller acousto-optic device [22]. It 
indicates that the demonstrated modulation technique is promising to 
reduce the time response of even larger devices, relieving requirements 
to fabricate complex small acoustic components. Although size reduc-
tion of the PZT, acoustic horn, grating and fiber length is still an option 
to shorten the overall switching time, the decreasing rise time shown 
here is mainly caused by the damping of the free natural oscillations 
remaining in the fiber. 

4. Outlook and further applications 

This study aims to contribute to the emerging technology of fiber- 
based acousto-optic devices (AOMs) which are a promising alternative 
to the current commercially available bulk acousto-optic devices based 
on crystals or doped glasses. In bulk based AOMs, the acoustic waves 
generated by a piezoelectric transducer change the material refractive 
index diffracting an input light beam passing through the acoustic field. 
Light from an input fiber should be collimated to couple into the crystal 
while the modulated light is usually focused on the output fiber. These 
coupling mechanisms generally require additional optical components, 
increasing the complexity, insertion losses and costs. Overall, bulk 
AOMs mostly work in transmission. In this context, the demonstrated 

Fig. 4. Acousto-optic temporal control and shaping of optical pulses. The pulse rise time is gradually decreased by tuning the duty cycle ON of the applied electrical 
signal from (a)-(f) Dc = 99.83 to 99.98 %. The rectangular pulses in Fig. 3(a) are shaped into nearly triangular pulses. The fundamental resonance’s amplitude 
modulation inducing peaks on the pulses’ envelope is considerably damped with increasing Dc. 
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all-fiber acousto-optic device provides the following features and 
benefits:  

• Fiber optic monolithic configuration: the all-fiber AOM provides the 
best coupling and connection with existing fiber optic components 
and devices, reducing the optics, insertion losses, device size, which 
improves the overall device efficiency.  

• Fiber Bragg grating: the employed FBG can be designed to provide up 
to 99 % reflection of the input light, enabling additional operation in 
reflection unlike the bulk modulators (additionally reducing losses 
and optics employed in the transmission output). Since the FBG is the 
effective component for acousto-optic modulation, the AOMs di-
mensions can be potentially considerably reduced to the grating 
length (few millimeters) and fiber core diameter (few micrometers).  

• Highly birefringence suspended core fiber: this fiber used in our 
device provides significant reduction of the bulk silica in the fiber, 
which is an important benefit to improve the acousto-optic interac-
tion with the FBG compared to other AOMs employing bulk solid 
fibers as SMFs. The HB-SCF has 2 birefringent cores which might 

enable multiwavelength tunability of the optical pulses demon-
strated in this study [28]. 

We evaluate just the temporal modulated properties of the HB-SCF 
and are essentially looking simultaneously at λx and λy, which are 
similarly coupled at the polarization state of 450, so there was no need 
for any additional polarization control elements (this fiber provides high 
acousto-optic modulation efficiency because of the reduced silica con-
tent). Overall, considering that the HB-SCF structure is polarization 
sensitive and λX and λY are orthogonally polarized, the use of a polari-
zation controller and acoustic excitation at higher frequencies might 
enable extra selective multiwavelength and polarization tuning of the 
optical pulses [28]. 

Compared to other fiber based AOMs, we conclude that the grating 
response is very fast because the acousto-optic device and modulation 
technique enables the grating to recover even when applying a very 
short temporal gap between consecutive acoustic pulses (5.4 µs time gap 
in blue signal – Fig. 6). This fast response reduces the effects of un-
wanted natural vibrations in the fiber, minimizing the peaks on the 
optical pulses and decreasing the device rise time when tuning Dc from 

Fig. 5. (a) Pulse rise time τ10-90% for Dc = 70.1–99.98 %. (b) Rise time τ1-100%, (c) pulse width Pwt and (d) modulation depth Δηt for Dc = 99.83–99.98 %.  

Fig. 6. Temporal response of the all-fiber acousto-optic device with details of the electrical pulse applied to the PZT (blue) and the modulated optical signal (red) at a 
duty cycle of Dc = 99.98 % and frequency of f = 469 kHz. The temporal gap TM is about 2.5 times the period of the applied electric pulse trains Tp. The sum of the 
pulse rise time τ1-100% and the delay between the optical and electrical signals τDL defines the overall device’s switching time τST. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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99.83 to 99.98 %. The compromise with reducing modulation depth can 
be balanced with proper tuning of Dc for a specific application. The 
speed of the acousto-optic devices is generally determined by the rise 
and switching times as shown in Fig. 6. Thus, our modulator providing a 
switching time of τST = 15.6 µs is significantly faster compared to pre-
vious studies (40 to 500 µs [15,17–21]). The decreased rise/fall and 
switching times come from improvements and reduction of the whole 
acousto-optic device, composed of a small PZT (source), acoustic 
transmission path (reduced silica horn properly fabricated to match with 
the diameter of a highly efficient SCF), and target (short FBG). While the 
demonstrated modulation technique reduces the rise time, the improved 
modulator components and connections contribute also to reduce the 
delay time τDL of electrical and optical signals, shortening the overall 
switching time in Fig. 6. 

The demonstrated AOM and modulation technique have potential 
application in the following fields:  

• Fiber lasers for telecommunications, material processing, sensing 
and medicine, providing various advantages over other types of la-
sers, such as, compact and stable setup, and compatibility with the 
traditional optical fiber systems. The low losses and possibility of 
producing fiber cavities using FBGs provides lower pump thresholds 
and higher laser efficiencies. It is easy to move the fiber end without 
the need for directing optics requiring fine adjustment and align-
ment. The lasing is produced in a small diameter fiber core enabling 
high beam quality and focus on small spots, which is useful for 
micromarking, welding or metal microdrilling, or even heating mi-
croorganisms in biomedical applications. In these cases, our AOM 
might modulate and increase the repetition rate of pulsed Q-switched 
and mode-locked fiber lasers.  

• Fiber sensors to measure and monitor fluid properties in industry 
(food, chemical, oil, automotive) and biomedicine, defining the 
texture, consistency, and quality of products, as well, pumping, 
mixing and transport of substances. Our AOM might be used to 
characterize viscosity, density, and refractive index by exposing the 
vibrating fiber to the desired substance [29,30]. The fluid induced 
damping of the acoustic wave amplitude changes the modulated 
grating spectrum and optical pulses, allowing charactering the fluid 
properties. The time-dependent viscosity might be evaluated by 
changes of the pulse rise time caused by the fluid [29]. In this case, 
our modulator might significantly contribute to reduce the response 
time of current devices (few milliseconds) while reducing the overall 
device size (about 10 cm long). 

5. Conclusion 

We have demonstrated a new fast technique for acousto-optic gen-
eration and tuning of acoustically induced pulses in a SCF-FBG. An 
acoustic pulse train is switched ON/OFF out of phase along the fiber and 
the temporal response of the grating reflected optical pulses is experi-
mentally and numerically characterized. The pulse’s amplitude modu-
lation caused by the natural fiber fundamental acoustic resonance is 
investigated in detail for the first time. 

The good agreement between the experiment, simulations and the-
ory strongly confirms the excitation of natural resonant vibrations in the 
fiber modulated by an acoustic signal with an abrupt step variating 
amplitude. The results show that the fundamental resonance induces 
peaks on the pulse envelope with a temporal period defined by the fiber 
length and material. This resonance effect is significantly reduced by 
shortening the temporal gap (duty cycle OFF) between consecutive 
acoustic pulse trains, which reflect at the modulator ends and interfere 
out of phase along the grating. For temporal gaps in the order or shorter 
than the resonance period, the pulse amplitude modulation and peaks 
are considerably reduced. 

The demonstrated technique allows the tunable reduction of the 
response time of the acousto-optic device. The pulse width is modulated 

from 9.9 ms to 10 µs, while keeping high pulse modulation depths. The 
pulse rise time is tuned from 56 to 9 µs, contributing to the shortest 
switching time of 15.6 µs. To the best of our knowledge, this is the fastest 
all-fiber acousto-optic device reported. The results indicate a promising 
technique to shape the pulsed temporal reflection of Bragg gratings, 
enabling fast modulation of fully reconfigurable all-fiber integrated 
devices. 

Further advance of this study might suggest deep investigation of the 
destructive interference of the remaining resonance vibrations during 
duty cycle OFF. Optical pulses with narrower widths might be achieved 
with further damping or canceling of acoustic resonance effects. In this 
way, pulse shape profiles being adjusted by the amplitude and duty cycle 
of the applied acoustic signal are expected. It will also enable new op-
portunities to modulate the power of pulsed fiber lasers. 
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[27] M. Bello-Jiménez, C. Cuadrado-Laborde, A. Diez, J.L. Cruz, M.V. Andrés, 
Experimental study of an actively mode-locked fiber ring laser based on in-fiber 
amplitude modulation, Appl. Phys. B 105 (2011) 269–276. 

[28] R.E. Silva, M. Becker, M. Rothhardt, H. Bartelt, A.A.P. Pohl, Electrically tunable 
multiwavelength bragg grating filter acoustically induced in a highly birefringent 
suspended core fiber, IEEE Photonics J. 9 (1) (2017) 1–9. 

[29] R.A. Oliveira, J. Canning, K. Cook, M. Nashqbandi, A.A.P. Pohl, Compact dip-style 
viscometer based on the acousto-optic effect in a long period fiber grating, Sens. 
Actuators B: Chem. 157 (2) (2011) 621–626. 

[30] H. Qian, et al., Fiber-optic viscometer with all-fiber acousto-optic superlattice 
modulated structure, J. Lightwave Technol. 36 (18) (2018) 4123–4128. 

R.E. da Silva et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S1068-5200(24)00222-0/h0050
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0050
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0050
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0055
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0055
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0060
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0060
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0060
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0065
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0065
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0065
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0070
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0070
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0070
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0075
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0075
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0080
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0080
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0080
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0085
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0085
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0085
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0090
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0090
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0090
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0095
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0095
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0095
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0100
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0100
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0100
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0105
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0105
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0105
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0110
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0110
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0110
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0115
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0115
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0115
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0120
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0120
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0120
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0125
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0125
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0130
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0130
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0130
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0135
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0135
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0135
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0140
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0140
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0140
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0145
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0145
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0145
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0150
http://refhub.elsevier.com/S1068-5200(24)00222-0/h0150

	All-fiber fast acousto-optic temporal control of tunable optical pulses
	1 Introduction
	2 Materials and methods
	3 Results and discussion
	4 Outlook and further applications
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


