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Fast controllable optical passive devices containing intricate couplings of multiple physical fields, for
instance, magneto-, electro-, and acousto-optic interactions, are frequently used as critical regulation tools
in diverse optical systems. Their unpredictable transient spectral properties under high-speed modulation
strongly influence the operational performance of the whole system, but are exhibited very little in con-
ventional spectroscopies due to slow scans with a frame rate of the order of a kilohertz. Here, a dissipative
soliton fiber laser assisted dispersive Fourier transform is built to achieve ultrafast spectroscopic charac-
terization. An acoustically induced fiber grating (AIFG), as one typical case of a fast-response device, is
studied under driving signals in frequency-switch and frequency-sweep modes. The experimental results
reveal the continuous wavelength-sweeping property of the AIFG. Its transmission spectrum for a driving-
frequency chirp is destroyed when the sweep time approaches the transit time of the acoustic wave in the
grating region. This work opens up an avenue for the measurement of transient physical characteristics of
passive devices, such as spectral aberration, transit time, and operational bandwidth.
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I. INTRODUCTION

Before the emergence of fast spectroscopies, the explo-
ration of fast laser dynamics was very difficult, especially
the laser generation process and the state-switching pro-
cess. The coherence of the laser degenerates as a result
of these processes, and the nonrepetitive transient phe-
nomena evolve with the number of laser round trips,
which makes many characterization methods invalid. If
we cannot analyze these complex and unpredictable phe-
nomena, our physical understanding of lasers is superficial,
and the development of physical research on lasers and
their applications will run into bottlenecks. Thanks to fast
spectroscopies, a new subject named laser dynamics has
attracted much attention, and is greatly broadening our
understanding of lasers.

Now, a very similar situation arises with optical pas-
sive components. Controllable passive optical devices play
an indispensable role in laser systems, optical sensing,
and optical communications [1-3]. Obviously, the perfor-
mance of such a system in an ultrahigh-speed state depends
firstly on the transient response of the passive devices.
Particularly, in systems with ultrafast energy-regenerative
feedback, the influence of the transient properties of
the device is enhanced. For example, in continuous
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frequency-swept lasers, the wavelength-sweeping proper-
ties of the filters directly determine the upper limit of the
sweeping speed of the lasing frequency [4]. We hope, the-
oretically, that the filtering peaks can be changed continu-
ously without steps, while the filtering bandwidth remains
the same when the sweep speed is increased. Moreover, if
the filters cannot be in a normal working state during the
tuning process, the dynamically balanced population inver-
sion in the gain medium will be destroyed, probably result-
ing in the generation of huge detrimental pulses caused
by strong relaxation oscillations. Therefore, the transient
properties of devices need to be characterized in detail
before they are used. Spectroscopy, a method frequently
used for characterization of passive devices, allows mea-
surement of many optical parameters, such as the insertion
loss, Q factor, and operation band [5—8]. However, tra-
ditional spectrometers with moving scan components can
analyze only static or slowly varying average spectra, and
the speed reaches only the order of a kilohertz or less,
which is not suitable for observing faster processes in
passive devices. Other dynamic parameters, such as the
response time and the wavelength-tuning speed, can be
measured indirectly from intensity changes of injected sig-
nal light [9—11]. However, we are still unable to observe
visualized details of the spectral evolution. If we can obtain
transient spectra within a very small time interval, all tran-
sient parameters can be simultaneously obtained, which
can provide more detailed guidance for the design of tun-
able devices and optimization of the dynamic properties of
the system.
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Dispersive-Fourier-transform (DFT) technology has
been used in the sensing, imaging, and fast spectroscopy
of active systems [12,13]. The spectrum update speed
depends only on the pulse period. For example, for ultra-
fast lasers, a DFT can give single-shot spectra for every
round trip of the pulse (of the order of a nanosecond),
which allows us to observe abundant types of dynamics
of ultrafast lasers, such as soliton birth, soliton explo-
sion, optical rogue waves, and soliton molecules [14—17].
Rapid transient phenomena in these active systems can be
effectively captured by the evolution of single-shot spec-
tra. Acoustically induced fiber gratings (AIFGs) have been
employed as one kind of fast passive device in tunable
lasers and wavelength-division-multiplexing communica-
tions, due to their rapid tuning speed, wide tuning range,
and linear tunability [18,19]. Compared with fiber Bragg
gratings and long-period fiber gratings, AIFGs have much
more complex dynamics, because this dynamics is gen-
erated by dynamic interactions among light fields, acous-
tic fields, and the fiber. Previous studies of AIFGs have
focused mainly on how to improve grating structures to
pursue a desired static filtering property, such as variable
insertion loss, wide tuning range, no frequency shift, oper-
ational robustness, narrow bandwidth, or a steerable vector
mode [20,21]. Thus, the average transmission spectrum is
one of the most important experimental references, since
the induced driving electrical signal is usually a standard
sinusoidal signal. The wavelength-switching response time
of an AIFG has been experimentally investigated in recent
work, where the driving frequency was switched between
two values [22]. However, the complex spectral dynamics
during the switching process, such as multiple-peak spec-
tral evolution, is still unclear. The details of this evolution
also reveal the fast buildup dynamics in the AIFG at a
new resonant wavelength. Besides, in many applications,
the AIFG has to be driven by a frequency-swept driving
signal (a sinusoidal signal with a linear frequency chirp),
especially in wavelength-scanning lasers. Compared with
the frequency switching, the distribution of the acous-
tic wave in the grating region is entirely different, where
the frequency changes continuously in real time. Up to
now, there has been a lack of any effective method to
study theoretically or experimentally the spectral dynamics
of AIFGs, including the filtering-bandwidth-maintaining
property and the ability to sweep the resonant wavelength
linearly during a fast tuning process. Because it is very
difficult for us to drive the analytical time-varying spec-
trum function with the typical mode-coupling equation of
an AIFG, there is no theoretical research focus on spec-
tral evolution during the modulation of the dynamics of
AIFGs.

In the experiment described in this paper, a beam from
a dissipative-soliton (DS) laser is injected into a band-pass
AIFG, and the output pulse is detected by a dissipative-
soliton-assisted DFT (DS-DFT) system. Owing to the

flat spectrum of the DS, the spectrum obtained from the
ATFG is the same as the stretched pulse profile. When the
acoustic-wave driving frequency is stepped between 281
and 295 kHz, the AIFG spectrum switches periodically
between two different wavelengths. The driving frequency
is then set into a frequency-sweep mode with a change
range of 14 kHz, and the AIFG is swept linearly over
a certain wavelength range. We use the DS-DFT sys-
tem to record dynamic spectra over a time interval of
124 ns, which effectively reveals various types of acousto-
optical dynamics in the fiber, including the generation
process in this AIFG at a new driving frequency and the
bandwidth-retaining property with an enlarged frequency
chirp. The experimental results also indicate that this AIFG
can be employed as a linear wavelength-scanning device
with a speed of over 13000 nm/s. This paper reports a
method to study the dynamics of a passive component from
the perspective of fast spectral evolution, and also opens
up another research dimension—the dynamics of optical
passive devices.

I1. PRINCIPLE AND METHOD

The principle of the measurement of the transient spec-
tra is represented in Fig. 1. A pulsed laser with a broadband
spectrum is employed as the light source for the fast mea-
surement. Obviously, the spectral range of the light source
has to match the operating wavelength band of the tested
device. If the tested device operates in a static state, the
spectral information is also constant, and can be easily
modulated by conventional spectroscopes. However, if the
spectral shape of the device varies much faster than the
scanning speed of the dispersive component of the spec-
troscope, the conventional method is useless and provides
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FIG. 1. Principle of the measurement of transient spectra of
passive devices.
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little information about the transient spectral evolution.
Thus, the key point when one is measuring real-time fast-
changing spectra is to improve the update frame rate.
Here, the filtered spectrum successfully carries the spec-
tral characterization of the device. Because of the strict
frequency-time map, the temporal spectrum of the device
can be rebuilt from the pulse profile in the time domain
of the laser-source output from the tested device. Because
the laser pulses are injected into the tested device in order,
when the spectrum of the device changes dynamically,
every pulse should carry different frequency-domain infor-
mation. That is to say, the pulse period directly determines

J
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where %, and #; represent the amplitude envelopes of
the tested device and the pulse source, respectively; w
is the light frequency, wy is the center frequency, B, is
the second-order dispersion coefficient, z is the propaga-
tion distance, and T is the time in the reference frame
of the pulse propagating with the group velocity, given
by T=t—p,z. The frequency spectrum at z=0 can be
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The integrand can contribute to the integral only when
o varies only slightly within the range [wo+ T/B2z0—
(1/B220)'/?, wo+ T/Bzo+ (/B220)"/?]. Equation (2) can
be rewritten further as
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The term B,z is the stretch factor of the rebuilt fre-
quency spectrum. To ensure that the approximation in

2
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the update speed of the spectrum obtained, which can eas-
ily reach the order of a megahertz when a soliton source is
employed.

Here, we need only to consider how to achieve this
rebuilding process. The DFT expands the Fraunhofer
diffraction from a frequency-space map to a frequency-
time map, utilizing a large-dispersion component [13].
According to the nonlinear Schrédinger equation, the evo-
lution of the amplitude envelope of the output pulse from
the tested device propagating in a dispersion component,
without consideration of gain and loss, can be expressed as

2
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driven from the time domain of the pulse profile at z = z.
Compared with the tested device, the pulse source should
have a much broader and flatter spectrum within the fre-
quency range (wo+ Aw/2, wo— Aw/2). |ig(0,w — wy)|? is
regarded as a constant, denoted by . If i, is also a slowly
varying variable with changes in w, the equation above can
be rewritten as

2
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Eq. (2) is valid, the dispersive component should have a
large dispersion coefficient and ensure that the pulse has a
sufficient propagation length. In the experiment described
in the following, we need to select the dispersive compo-
nent properly to improve the spectral resolution, according
to the 3-dB spectral bandwidth of the tested component.

To characterize the dynamics of the AIFG effectively,
the spectral resolution has to be smaller than the filtering
bandwidth of the AIFG, and the pulse period must be much
shorter than the response time of the AIFG. Because the
spectrum changes continuously during the tuning process,
two spectra rebuilt from two adjacent pulses may even be
different from each other, as shown in Fig.1.

In the experiment, we set the frequency-swept driving
signal to have a frequency varying from f; to f;, while the
time needed for this process becomes shorter and shorter
[Figs. 9(a)~(d)]. Theoretically, when the sweep time of the
driving frequency reaches its minimum value, the speed
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of the AIFG can reach its maximum value. To explore the
upper limit of the linear chirp, we can imagine an extreme
situation in which the frequency f; is suddenly changed to
/>, 1.e., assuming that the sweep time is set to 0. However,
there is also a response time for the AIFG to achieve a
spectrum switch. In this case, this response time directly
determines the upper limit of the wavelength-tuning speed
by the equation

Umax = Rmning/fres> (5)

where Ryning is the tuning range, and 7, is the response
time of the AIFG. If the sweep time is shorter than
the response time, a complete frequency-sweep signal is
always distributed over the grating region at any moment,
and the AIFG loses its dynamic wavelength-sweeping
property. Thus, the key point required to explain the mea-
sured transient dynamics that sets the upper limit of the
linear chirp is to explain what determines the response
time.

As shown in Fig. 2, at the moment #;, an acoustic wave
with a frequency of £} just enters the grating region. At the
moment #,, an acoustic wave with a frequency of f; exactly
leaves the grating region, and then the transmission spec-
trum of the AIFG finishes the whole switching process.
Thus, the response time (t,s=?#—f) can be calculated
from the equation

Tres = Lao/Uga (6)

where L, is the length of the grating region, and v, is
the group velocity of the acoustic wave. According to the
equation for calculation of the group velocity, Eq. (6) can
be rewritten as

Lao

Tres = ———, 7

€S 2m ( )
where R is the radius of the AIFG, C is the acoustic-wave
speed in Si0,, and f* is the driving frequency. So, the upper
limits of the frequency chirp (£ chirp) and the tuning speed
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FIG. 2 Tuning-response process of an acoustically induced
grating.

(Vmax) can be determined from the equations
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The applicability of these equations is demonstrated in the
experiment described next.

III. EXPERIMENTAL SETUP

A DS having a flat rectangular spectrum with a band-
width of 12 nm is employed as the light source for the
DFT system. As shown in Fig. 3(a), the DS is gener-
ated from an all-normal-dispersion passively mode-locked
fiber laser cavity. To provide a pulse of sufficient inten-
sity for the following measurements, it is amplified by an
erbium-doped fiber amplifier (EDFA) (AEDFA-23-8-FA,
Amonics). The AIFG is shown in the red dashed box. An
aluminum pyramid with a piezoelectric-transducer (PZT)
pedestal is used to stimulate an acoustic wave from the
unetched fiber cladding. The PZT is driven by a wave-
form generator (DG4102, Rigol) with a voltage amplifier
(Model 2350, Tegam). Considering the limit of the spectral
bandwidth of the DS, the whole pass-band spectral range
of the AIFG should be less than 12 nm. Thus, we utilize a
dispersion-compensation fiber (DCF) (DCF-G655, Chang-
fei) with a large dispersion coefficient of 300 ps/(nm km)
to compress the spectral bandwidth of the AIFG [23]. To
increase the mode-coupling efficiency, the diameter of the
DCEF is etched to 31 um. The band-pass AIFG is generated
by acoustically induced polarization rotation, which has
been studied in recent work [22]. Only the light at the res-
onant wavelength of the AIFG with a polarization rotation
can propagate through the polarizer 2. We use polariza-
tion controller (PC) 1 to adjust the laser to provide linearly
polarized light aligned with the PZT vibration direction. A
refractive-index-matching fluid acting as a wave absorber
can remove the acoustic-wave reflection and adjust the
AIFG length.

The output laser beam from the AIFG is injected into an
optical spectrum analyzer (OSA) and the DFT system for
the observation of average spectra and transient spectra,
respectively. The DCF (G655, YOFC) used as a pulse-
stretching component in the DFT system has a length of
510 m and induces a group-delay dispersion of 200 ps/nm.
The DFT technology is based on a spatiotemporal dual-
ity. Namely, the transmission of a temporal pulse in a
dispersive element with a sufficiently large dispersion is
analogous to the diffraction of a beam passing through a
lens in the far-field approximation (Fraunhofer diffraction).
The spectral information about the pulse is thus mapped
into the temporal waveform of the pulse, and the stretched
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FIG. 3.

(a) Experimental setup for measurement of transient spectra of the AIFG based on DS-DFT technology; (b) output average

spectrum of the DS laser; (c) pulse train of the DSs. EDFA, erbium-doped fiber amplifier; PC, polarization controller; OSA, optical
spectrum analyzer; DCF, dispersion-compensation fiber; PD, photodetector; OC, optical coupler.

pulse has the same shape as the spectral intensity enve-
lope. When the above components are combined with a
50-GHz photodetector and a 20-GHz real-time oscillo-
scope (DSA72004B, Tektronic), the spectral resolution is
0.25 nm, calculated from the formula [13]

At = |D|L AX, ©)

where AA is the bandwidth of the spectrum, D is the
group-delay dispersion per unit length of the dispersive
element [usually expressed in ps/(nmkm)], and At is the
minimum duration of the spectral mapping in the real-
time oscilloscope. Since the 3-dB bandwidth of the AIFG
is approximately 1 nm, such a resolution is sufficient to
rebuild the spectral shape of the device. The black curve
shown in Fig. 3(b) is a typical rectangular DS spectrum.
The EDFA can amplify the DS laser by 20 dB without any
spectral distortion, and the DS retains its flat spectral prop-
erty, indicating a linear amplification process. The longer
wavelengths of the amplified DS possess stronger energy
as a result of the uneven gain of the EDFA. Figure 3(c)

shows the amplified pulse train maintaining a fundamen-
tal repetition period of 124 ns. Thus, the time interval of
the transient spectrum measured by the DS-DFT system
is 124 ns, which can be decreased further by utilizing a
high-repetition-rate laser source.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The wavelength of the AIFG is tuned by changing the
driving frequency of the acoustic wave from the waveform
generator. The peak-transmission wavelength satisfies the
phase-matching condition

A = Aneg(mRC/f)'?, (10)

where C is defined as the speed of the acoustic wave in
Si0,, Aneg is the difference in the effective refractive index
between the core mode and the cladding mode, f* is the
driving-signal frequency, and R is the radius of the fiber. To
demonstrate that the DFT can effectively rebuild the spec-
tral shape of the AIFG, we fix the acoustic-wave frequency,
and the driving voltage is set to 1.18 V. By properly adjust-
ing the PCs, a band-pass transmission spectrum of the
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(a) Average spectrum of the AIFG; the area shaded red represents the spectral range of the DS. (b) Pulse train measured by

the DFT system; the inset shows the spectrum rebuilt from the pulse profile.

AIFG is achieved by use of the acoustically induced polar-
ization rotation. Because of the vector-mode splitting in
the DCF, multiple wavelengths simultaneously satisfy the
resonant conditions, which generates a multiple-peak spec-
trum. The average transmission spectrum of the AIFG is
shown in Fig. 4(a), and the spectral resolution of our OSA
is 0.02 nm. The whole spectral range of the AIFG is from
1558.5 to 1566.5 nm, which is completely within the spec-
tral range of the DS (shaded red). The 3-dB bandwidth of
the right peak is 1 nm; this value is larger than the spec-
tral resolution of our DS-DFT system. The output pulse
train is shown in Fig. 4(b). The inset shows the profile of
one pulse. It has the same spectral shape as the average
spectrum, which coincides with Eq. (4).

Although the wavelength-switching response time of a
given AIFG can be correctly estimated by use of a sim-
ple equation [22], we still want to explore the transient
spectral change during this process. The driving signal is
automatically switched between 281 and 295 kHz with
a period of 2 ms. Figure 5(a) shows the transient spec-
tral evolution over 4 ms (about 32 000 round trips), dur-
ing which the spectrum switching completes two cycles.
The intensity change between two steady states is mainly
due to the uneven amplitude-frequency properties of the
PZT. The dual-peak property is well retained, correspond-
ing to the average spectrum in Fig. 4(a). To estimate
the switching response time, the intensity during every
round trip of the pulse is integrated with respect to time
[Fig. 5(b)]. According to Eq. (7), the switching response
time is approximately 280 us, which coincides with the
transit time of the acoustic wave in the grating region, with
a length of 16 cm. The buildup process of the AIFG at
295 kHz is shown in Fig. 5(c), where a complicated spec-
tral evolution emerges during the switching process. Since
the polarization states of each wavelength component of
the dissipative soliton are not exactly the same [24], the

coherence of the laser after amplification is degraded, lead-
ing to an intensity jitter of about 5% after propagation
though the PC. Therefore, there are subtle streaks in the
demodulated real-time spectral-evolution map. Here, we
emphasize the intensity evolution of the main peak at the
longer wavelength, shown within the white dashed boxes.
Unlike other switching mechanisms, such as those due to
stress and heating, the wavelength switching includes two
interesting processes. Together with the new frequency
continuously covering the previous frequency, the gradual
recession of the main peak at the previous resonant wave-
length and the birth of a peak at the new wavelength have
an overlap for a short time (in the red box). However, the
spectral energy during this time is very weak. That is to
say, the acousto-optical region loses almost all its grating
characteristics and operates in an off state. Several typical
spectral traces are shown in Fig. 5(d), where these two pro-
cesses are indicated by the red and blue arrows. Because
the extinction area within the red box is exactly located
in the central region of the switching process, two waves
with completely different frequencies cannot coexist in one
AIFG so as to maintain a normal band-pass property.
Although the AIFG cannot achieve a continuous wave-
length shift during the switching process, it can still be
employed as a wavelength-scanning device by inducing
frequency-swept signals. To observe its ability to achieve
a continuous wavelength shift, the driving signal is set
into a linear frequency-sweep mode, where the frequency
changes continuously between 281 and 295 kHz. Thus, the
grating region has a distribution of acoustic waves with a
linear chirp frequency. Figures 6(a)—6(d) show the spectral
evolution of the AIFG for sweep periods of 10, 6, 4, and
2 ms, respectively. The main peak of the AIFG spectrum
has a continuous wavelength range and maintains an excel-
lent sweep linearity, indicating that the resonant wave-
length has a precise response to the driving frequency.
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FIG. 5.

(a) Two-dimensional pseudocolor map of the spectral evolution of the AIFG during 4 ms when the driving frequency is

switched; (b) spectral integral power; (c) localized enlargement corresponding to the red box in Fig. 4(a); (d) several one-dimensional

spectral traces from within the red box in Fig. 4(c).

When the sweep speed is increased, the multiple-peak
property of the AIFG remains unchanged, coinciding
with the spectra in the steady states in Fig. 6(a). The
wavelength-sweeping range is equivalent to the difference
in wavelength of the static spectra for driving frequencies
of 281 and 295 kHz, which indicates a stable high-speed
transient response. To compare the bandwidth-retaining
properties of the transient spectra clearly, Fig. 7(a) shows
the 3-dB bandwidth of the main peak of the transient
spectrum at 1561.8 nm for different single-sweep speeds.
Although the frequency chirp is increased by 5 times, the
bandwidth varies only from 1.175 to 1.148 nm. The differ-
ence in value is merely 0.027 nm and is far less than the
resolution of the DFT. The transmission spectra with and
without a frequency chirp are also compared [Fig. 6(b)].
The black curve shows a single-shot spectrum of the AIFG
driven by a sinusoidal signal with a frequency chirp of
14 kHz/ms, whereas the red curve shows a spectrum with
the driving frequency fixed at 295 kHz. These two curves
almost overlap, indicating that the sweep speed of the
AIFG does not change the transmission spectrum even
for a tuning speed of over 3000 nm. This dynamic prop-
erty is very important, especially when AIFGs are used in
frequency-sweep laser systems.

However, can the sweep speed within this wavelength
range be increased infinitely? To observe the limitation
on the sweep speed, we continue to decrease the sweep
speed. In the above experimental results, the frequency
increment and decrement processes occur over the same
time. Here, we keep the frequency increment time (sweep
time) unchanged and shorten the decrement time (return
time). As shown in Fig. 8(a), the sweep time and return
time are set to 1 and 0.6 ms, respectively. Both of these pro-
cesses can be effectively captured by the DS-DFT system.
The spectral evolution generates an asymmetric triangular
wave with a period of 1.6 ms. Because of the limitation of
the spectral range of the DS, the transient spectra of the
AIFG are cut off at the horizontal dashed line. The other
peak cannot be observed, because it is outside the spec-
tral range of the DS. Thus, when the driving frequency is
swept, the spectrum of the AIFG gradually evolves from
the familiar dual-peak structure to a single-peak struc-
ture. Figures 8(b) and 8(c) plot the average spectra for
driving frequencies of 297 and 281 kHz, respectively, cor-
responding to the trough and peak of the triangular wave
in Fig. 8(a). Similarly to the previous results, the transient
spectral shape coincides well with that of the average spec-
trum. The AIFG functions normally even for a return time
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FIG. 6. (a)+(d) Two-dimensional pseudocolor maps of the spectral evolution of the AIFG for sweep periods of 10, 6, 4, and 2 ms,
respectively.

of 0.6 ms. Because the DFT can rebuild only the main peak To explore the upper limit on the wavelength-scanning
at the longer wavelength during the whole sweep range, we  speed within the wavelength range from 297 kHz (f;) to
emphasize the spectral evolution of this peak [shown inthe = 281 kHz (f;), the return time is continuously decreased,

white box in Fig. 8(a)] in the following discussion. as shown in Figs. 9(a)}-9(d). The wavelength-redshift
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FIG. 7. (a) 3-dB bandwidth of transient spectra for sweep times of 1, 2, 3, 4, and 5 ms, for a driving frequency of 295 kHz;
(b) comparison of spectra with and without a frequency chirp.
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FIG. 8. (a) Two-dimensional pseudocolor maps of the spectral evolution of the AIFG for a sweep period of 1.6 ms (sweep time of

1 ms and return time of 0.6 ms); (b),(c) average spectra for driving frequencies of 297 and 281 kHz, respectively.

processes for different return times are shown in the
regions between two white lines. When the return time
is 0.5, 0.4, or 0.3 ms [Figs. 9(a)«(c)], the main peaks
[corresponding to the peak in the white box in Fig. 8(a)]
have the same wavelength-shift range of 4 nm, with an
increased rate of movement. The AIFG still maintains its
linear wavelength scanning for a tuning speed of over
13000 nm/s. However, the spectral energy is suddenly
interrupted when the return time is decreased to 200 us, as
shown in the white box in Fig. 9(d). We can easily observe
that the change from Fig. 9(a) to Fig. 9(c) is a gradual
process, whereas the change from Fig. 9(c) to Fig. 9(d)
is a mutation process. This phenomenon also coincides
with what is shown in Figs. 10(a)-10(d), which show the
tendency of the changes in the integral spectral power dur-
ing every pulse period. The starting points of the integral
power in Figs. 10(a)-10(c) are almost coincident, indicat-
ing that the original insertion loss of the AIFG is very
stable. The starting point also corresponds to the endpoint
of the sweep process, with an unchanged time of 1 ms.
However, the following energy points decline for faster
sweep speeds.

It is not difficult to understand this phenomenon of a
slightly increased insertion loss [Figs. 10(a)-10(c)]. Con-
sidering a band-pass AIFG with a fixed induced driving
frequency f; first, the mode coupling contains mainly two
processes: from the core mode to the cladding mode and
from the cladding mode to the core mode. Obviously, in
this setup, the spectral energy that propagates through the
AIFG is contributed mainly by the core-mode energy cou-
pled from the cladding mode. When the core mode is
coupled to the cladding mode for a driving frequency of 1,
the cladding mode coupled back to the core mode should
also appear at fy. Unfortunately, the driving frequency is
always changed linearly. Therefore, the coupling process
can interact only with a driving frequency of fo+ & chipt,
where & i, is the frequency chirp. Thus, the new reso-
nant wavelength of the AIFG is changed, according to the
phase-matching condition of the AIFG. The coupling effi-
ciency is therefore decreased by this process. When the
value of & is increased, the resonant wavelength inter-
val of the two coupled processes is larger, resulting in an
increased insertion loss of the AIFG. Although a large fre-
quency chirp influences the coupling efficiency between
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FIG. 9.
0.5, 0.4, 0.3, and 0.2 ms, respectively.

the cladding mode and core mode, the power evolution
still has a similar trend, with just a slight energy decre-
ment. Even for a return time of 300 us, the main peak is not
interrupted during the return time, indicating a time-linear
tuning property with a speed of over 13 000 nm/s.

To explain the mutation phenomenon for return times
between 200 and 300 us, we focus mainly on the fast return
process. As the previous analysis illustrated in Fig. 5, the
transit time of the acoustic wave in the AIFG is about
280 us, and this value is between these two return times.

(a) (b)
500 us

Integral power (arb. units)

(a)d) Two-dimensional pseudocolor maps of the spectral evolution of the AIFG for sweep periods with return times of

Thus, we can consider a kind of ideal situation in which
the return time exactly equals the acoustic-wave transit
time in the grating region. At the beginning of the return
process, a wave of frequency f; enters the grating region.
After 280 us, this wave leaves the grating region and a
wave of frequency f, enters the grating region, and, finally,
the whole return process is ended. Thus, at the end of this
process, the grating region has an acoustic-wave distribu-
tion with at most one complete sweep period. If the sweep
time is continuously shortened, when the next wave of

(d)

200 us

18000 20000 20400 21600

2 T T T 2 T T T
13200 14300 15400 10400 11200 12000

Round trips

FIG. 10.

(a)Hd) Tendency of change in integral power during return times of 0.5, 0.4, 0.3, and 0.2 ms, respectively.
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frequency f] enters the grating region, the last acoustic-
wave period has not yet completely left the grating region.
In spite of the fact that the frequency distribution is con-
stantly changing, the grating region always contains an
acoustic wave with all frequency components from f; to
> at any time. Thus, AIFG cannot possess a preponderant
resonant wavelength at one moment. Because of the abnor-
mal acoustic-wave distribution, it is hard for the AIFG to
keep a linear-sweep property, and the transmission spectra
are destroyed. Therefore, if the return time is set to 300 us,
this value is just slightly larger than the theoretical transit
time, which is already long enough for the resonant wave-
length of the AIFG to correctly respond to the changed
driving frequency. The AIFG approaches closely to the
limit of the frequency-sweep speed of about 13 000 nm/s
within a tuning range of 4 nm, which also coincides with
Eq. (8). In the experiments, we can give the spectral evolu-
tion only for return times shorten by a step size of 0.1 ms.
Because of the limit on the adjustment step size of the
signal generator, we cannot find a very clear time node
at which we can experimentally observe the critical state
of the spectral energy at the resonant wavelength. But our
experiment can give an effective estimate of the maximum
tuning speed of a given AIFG.

V. CONCLUSION

In the work presented in this paper, a fast spectroscope
based on the DS-DFT technology is used to investigate
acousto-optical dynamics in fibers. The DS-DFT system
provides single-shot spectra of an AIFG with a time inter-
val of 124 ns, which is sufficient to distinctly observe
the transient spectral evolution of the AIFG during the
wavelength-switching process and the scanning process.
The spectrum update frame rate can be increased further to
the order of a gigahertz by utilizing higher-repetition-rate
laser sources. The DS provides a rectangular spectral-
shape reference, which allows the correct rebuilding of the
transmission spectrum of the AIFG. We can observe that
the switching process of the AIFG shows a unique wave-
length mutation. The switching states have a short energy
overlap, which still induces a large insertion loss before the
switching process ends. The AIFG can achieve a contin-
uous linear wavelength shift if simply a frequency-swept
sinusoidal signal is induced, while the 3-dB spectrum
bandwidth remains approximately 1 nm, even for a sweep
time of 1 ms. The upper limit of the wavelength-sweep
speed is also explored by continuously decreasing the
return time. When the return time approaches the acoustic-
wave transit time, it is hard for this AIFG to maintain the
wavelength-scanning property, and the transmission spec-
trum is destroyed. Our work, employing a fast tunable
AIFG as a special case, provides a method for studies of
the transient dynamics of high-speed controllable passive
components.
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