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Abstract: A temporal boundary refers to a specific time
at which the properties of an optical medium are abruptly
changed. When light interacts with the temporal boundary,
its spectral content can be redistributed due to the
breaking of continuous time-translational symmetry of
the medium where light resides. In this work, we use this
principle to demonstrate, at terahertz (THz) frequencies,
the resonance-enhanced spectral funneling of light
coupled to a Fabry–Perot resonator with a temporal
boundary mirror. To produce a temporal boundary effect,
we abruptly increase the reﬂectance of a mirror constituting the Fabry–Perot resonator and, correspondingly, its
quality factor in a step-like manner. The abrupt increase in
the mirror reﬂectance leads to a trimming of the coupled
THz pulse that causes the pulse to broaden in the spectral
domain. Through this dynamic resonant process, the
spectral contents of the input THz pulse are redistributed
into the modal frequencies of the high-Q Fabry–Perot
resonator formed after the temporal boundary. An energy
conversion efﬁciency of up to 33% was recorded for
funneling into the fundamental mode with a Fabry–Perot
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resonator exhibiting a sudden Q-factor change from 4.8 to
48. We anticipate that the proposed resonance-enhanced
spectral funneling technique could be further utilized in
the development of efﬁcient mechanically tunable
narrowband terahertz sources for diverse applications.
Keywords: Fabry–Perot resonator; temporal boundary;
terahertz spectral conversion.

1 Introduction
By harnessing temporal degrees of freedom, time-variant
photonic platforms have enabled diverse optical functionalities, such as spectral conversion [1–28], nonreciprocal
transmission [29–31], topologically nontrivial phases [32],
synthetic dimensions [33, 34], and beam steering in
reﬂection and refraction [35–37]. Among these, spectral
conversion of light in time-variant media has a long history of theoretical research dated back to the 1950s [1–5].
The key concept underlying the spectral conversion of
light was experimentally veriﬁed in earlier measurements
performed with suddenly created plasma [6–10]. Later,
with the functional advancement of optical ﬁbers and
devices, spectral conversion of light was demonstrated
in various time-variant photonic platforms, such as optical ﬁbers [11–13], waveguides [14–16], microresonators
[17–19], and metamaterials [20–26]. It is also interesting to
note that spectral conversion is found to occur even at a
few-photon level [12–14], illustrating that, for a certain
type of application, time-variant photonic platforms can
be considered an alternative to traditional nonlinearitybased frequency converting devices. While various timevariant platforms with sophisticated designs can be
employed, one of the simplest examples is the spectral
conversion of light achieved by its interaction with a steplike temporal variation of the constituting element in
photonic platforms. Analogous to the spatial boundary
(or interface) existing between two media of distinct static
This work is licensed under the Creative Commons Attribution 4.0
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optical properties, the time at which a step-like variation
in optical properties occurs is referred to as a temporal
boundary. Due to the broken time-translation symmetry
of the medium in which light resides, the frequency of
light (or the energy of a photon) can be changed in the
presence of the temporal boundary [1, 7–10, 21]. Keeping
this basic principle in mind, one can devise various
intriguing schemes for the spectral redistribution of
light. For example, in our previous work, we proved that
spectral conversion can be observed in a time-variant
two-dimensional metasurface, of which the effective
surface conductivity abruptly changes at the temporal
boundary [24]. However, due to the limited interaction
time between the pulse of light and the temporal boundary, the energy conversion efﬁciency was found to be
relatively low, and the amplitude transmission was
slightly greater than unity. It is also worthwhile to note
that, to the best of our knowledge, most time variant
resonant platforms employed for frequency shift or
spectral conversion of light have induced an additional
loss, thereby leading to inevitable broadening of the
spectrum of converted or shifted output compared to that
of the input.
In this work, we propose a resonant platform that can
be rapidly changed from a low Q to a high Q state for
resonance-enhanced spectral conversion of light. The
decrease in resonator loss enables funneling of spectral
components of the input into a narrower resonance formed
posterior to the temporal boundary. More speciﬁcally, we
experimentally demonstrate that resonance-enhanced
spectral funneling can be observed in a Fabry–Perot (FP)
resonator consisting of a spatial and temporal boundary
mirror. Resonance-enhanced spectral funneling is a
dynamic process where the input pulse interacts with the
spatial and temporal boundaries of the FP resonator.
Consequently, a proper spatiotemporal design strategy is
requested for the optimization of the resonance-enhanced
spectral funneling process. We show that this optimization
task can be accomplished by adjusting the (spatial) length
of the FP resonator and the time delay between the input
pulse and the temporal boundary. While the energy
conversion efﬁciency depends on the relative amount of
spectral shift, we show that the efﬁciency can exceed 30%
(for the relative amount of spectral shift of 0.26), which
is orders of magnitude higher than the value achieved
in our previous THz metasurface platform [24] and is
comparable to the value observed in a THz waveguide
system [16]. All these experimental observations are
veriﬁed by comparison with theoretical calculations.

2 Results and discussion
2.1 Implementation of FP resonators with a
temporal boundary mirror
To experimentally verify the proposed concept, we constructed a THz FP resonator consisting of two different
types of mirrors: a temporal boundary mirror and a timeinvariant mirror. For ease of reference, these two mirrors
will be termed hereafter as the temporal and static mirrors,
respectively. The temporal mirror was implemented by
using a semi-insulating gallium arsenide (GaAs) substrate,
the reflectance of which can be increased abruptly by
ultrafast optical pumping [38]. The formation of a surface
conductive layer by pumping occurs at a time scale of
approximately less than 100 fs [27, 28, 39]. Considering the
carrier frequency of the incident THz pulse, the rising time
for the formation of a conductive layer can be regarded
as being relatively abrupt. In Section 2.6, we will discuss
the role of this abruptness on the resonance-enhanced
spectral funneling process in detail. In the experiment, a
pump pulse at a center wavelength of 800 nm was incident
on the GaAs substrate (with a ﬂuence of approximately
100 μJ/cm2). Once excited, the reduced transmission
through the GaAs substrate was maintained for at least
100 ps with a very slow rate of recovery (see Figure S1
of supplementary material for characterization of the
temporal mirror). The reduction in transmission is attributed to the creation of a photoconductive layer on the GaAs
surface and can also be quantiﬁed by a sudden increase in
the GaAs refractive index (or the effective surface conductivity). The refractive index of semi-insulating GaAs is
approximately 3.6 in the frequency range of interest [38].
Assuming that a photoconductive layer is created on the
surface of the GaAs substrate with a penetration depth of
approximately 1 μm [40], the refractive index of the
photoconductive GaAs layer is estimated to be at least 50
in the experiments. The static mirror was constructed
by patterning and depositing an array of gold wires on a
1 μm-thick polyimide ﬁlm (see Figure S2 of the supplementary material for characterization of the static mirror).
The distance between neighboring wires was set to 40 μm,
and the thickness and width of each wire were designed to
be 200 nm and 4 μm, respectively. When the polarization of
a THz pulse is parallel to the wire direction, the array of
wires can work as a partial reﬂector (see Figure S2). While
the position of the temporal mirror was ﬁxed in the
experiment, the position of the static mirror was adjusted
with a motorized actuator enabling precise control of the
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cavity length. FP resonators with cavity lengths of 120, 250
and 360 μm exhibited fundamental mode Q-factors of
approximately 3.9, 4.8 and 5.1 before the temporal
boundary and 14.3, 48 and 73 after the boundary. The
decrease in the fundamental mode Q-factor for a shorter
cavity length is attributed to the frequency-dependent
reﬂectance of the static mirror (see Figure S2).

2.2 Characterization of resonanceenhanced spectral funneling
For characterization of resonance-enhanced spectral
funneling, we employed an ultrafast THz time-domain
spectroscopy setup constructed by using a Ti:sapphire
regenerative amplifier laser system (Spitfire Ace, SpectraPhysics). In the first series of measurements, a single-cycle
THz pulse was transmitted through the temporal mirror in
the low reflectance state (or the low Q-state of the FP
resonator) so that part of the incident THz pulse could be
coupled to the FP resonator (Figure 1(a)). As the THz pulse
was coupled, the optical pump pulse abruptly increased
the reﬂectance of the temporal mirror (Figure 1(b)). As
shown in Figure 1(b), the pump pulse was launched into
the FP resonator from the static mirror side. Then, the
coupled THz pulse was trapped in the resonator before
eventually leaking through the static mirror (Figure 1(c)).
Note that the reﬂectance of the static mirror was much
lower than that of the temporal mirror posterior to the
temporal boundary; therefore, the output spectrum was
measured from the static mirror side. Through this process,
the single-cycle input THz pulse was transformed into a
multicycle transmitted pulse consisting of major spectral
components determined mostly by the modal frequencies
of the FP resonator (see Figure 2(a) and (b)). In this measurement, the cavity length of the FP resonator was set to
approximately 250 μm.
The spectral funneling process was found to be
dependent on the arrival time of the ultrafast pump pulse
(or the time delay). More interestingly, the field amplitudes
at the fundamental and second-order modal frequencies
(drawn with a red and blue line, respectively) of the FP
resonator were maximized at distinct values of the time
delay (Figure 2(a) and (b)). These optimized timing conditions can be found by measuring a transmitted spectral
amplitude as a function of the time delay (Figure 2(c)). The
difference in the optimized time delays for fundamental
and second-order resonance-enhanced funneling can be
qualitatively explained based on the degree of spectral
overlap; when the overlap between the spectrum of the
input THz pulse and the modal frequency of interest is

Figure 1: Schematic illustration of the interaction between the input
pulse and the temporal boundary. (a) Prior to the temporal
boundary, tpump, an input THz pulse is launched into the FP resonator
through the temporal mirror (or the GaAs substrate). (b) When the
THz pulse is coupled to the FP resonator, the surface of the GaAs
substrate becomes abruptly conductive by ultrafast optical
excitation. (c) After the temporal boundary, the trapped THz pulse
leaks gradually through the static mirror (or the patterned ﬁlm) with
its major spectral components matching the modal frequencies of
the FP resonator.

relatively large, the funneling effect can be resonantly
enhanced by maximizing the portion of the input THz pulse
coupled into the FP resonator. On the other hand, when the
spectral overlap is relatively small, a large amount of
spectral broadening and correspondingly a sharp trimming
of the coupled THz pulse are required. For example, to
maximize funneling into the second- and third-order
modes, a temporal boundary should be created at the
instance when the peaks of the THz pulse are transmitted
through the GaAs/air interface (or the temporal mirror).
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The measured time-delay-dependent transmitted spectral
amplitude shown in Figure 2(c) supports the aforementioned argument. As seen in the right panel of Figure 2(c),
the transmitted ﬁeld amplitudes at the second- and thirdorder modal frequencies undulate with the input THz pulse

waveform. As a side note, two extreme cases need to be
mentioned. When the input THz pulse is transmitted
through the FP resonator before the temporal boundary,
the input THz pulse is ﬁltered by the low Q FP resonator
formed before the temporal boundary (see the plots drawn

Figure 2: Transmitted THz waveforms and corresponding spectral amplitudes and intensities through the FP resonator with a cavity length of
approximately 250 μm. (a) Time traces of the input THz pulse (top panel), transmitted THz pulses with optimized time delays for fundamental
(middle panel, red line) and second-order (middle panel, blue line) modal frequencies, and reference pulses (bottom panel, green and purple
lines). The green line corresponds to the transmitted THz waveform measured without pulsed excitation, while the purple line corresponds to
the transmitted THz waveform measured with pulsed excitation approximately 10 ps prior to the arrival of an input THz pulse on the GaAs
substrate. (b) Spectral amplitudes of the corresponding transmitted THz pulses shown in (a). (c) Spectral amplitudes plotted as a function of
the time delay. Optimized time delays for fundamental and second-order modal frequencies are denoted by white dashed lines. (d) Graphical
representation of the energy conversion efﬁciency estimation. The reference input THz pulse is taken as that directly transmitted through the
semi-insulating GaAs substrate without pulsed excitation.
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with green lines in Figure 2(a) and (b)). In contrast, when
the input THz pulse arrives at the FP resonator after the
temporal boundary, the input THz pulse can barely be
transmitted through the FP resonator (see the plots drawn
with purple lines in Figure 2(a) and (b)).
As the spectrum of the input THz pulse and that of
the transmitted pulse can overlap, the energy conversion
efﬁciency should be carefully deﬁned. In the following
discussion, the energy conversion efﬁciency η is deﬁned as
⃒⃒ ⃒⃒
⃒⃒
⃒⃒
∫(⃒⃒E 2t (ω)⃒⃒ − ⃒⃒E2i (ω)⃒⃒)dω
⃒⃒
⃒⃒
η=
,
(1)
∫⃒⃒E 2 (ω)⃒⃒dω
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numerator, the integral is taken over the frequency interval
near the resonance of interest (more speciﬁcally, only
when the transmitted spectral amplitude is larger than the
input). Figure 2(d) graphically illustrates how the energy
conversion efﬁciency is evaluated for a speciﬁc case of
resonance-enhanced spectral funneling into the fundamental mode of the FP resonator.

2.3 Resonance-enhanced spectral
funneling: single-cycle pulse excitation

i

where E i (ω) and Et (ω) denote the spectral amplitudes of
the input and transmitted pulses, respectively. Throughout
the manuscript, the reference input THz pulse is taken as
that directly transmitted through the semi-insulating GaAs
substrate without pulsed excitation. In calculating the

Figure 3(a) shows the resonance-enhanced spectral
funneling, which was experimentally measured for the FP
resonator with a variation in the cavity length (from the
top panel, 360 μm, 250 μm, 180 μm, 140 μm, and 120 μm).
In each of the measurements, we separately optimized the

Figure 3: Measured and calculated spectral amplitudes for FP resonators with different cavity lengths. (a) Measured spectral amplitudes
transmitted through the FP resonator with different cavity lengths (from the top panel, 360 μm, 250 μm, 180 μm, 140 μm, and 120 μm). In each
panel, measured spectral amplitudes optimized for the fundamental (red lines) and second-order (blue lines) spectral components are plotted
along with the spectral amplitude of the input THz pulse (black lines). In these measurements, a single-cycle input pulse is launched into the FP
resonator. (b) Calculated spectral amplitudes transmitted through the FP resonator with different cavity lengths (from the top panel, 360 μm,
250 μm, 180 μm, 140 μm, and 120 μm). (c) Calculated map of spectral amplitudes with pump delays optimized for maximizing the component
funneled to the fundamental resonance frequency. (d) Calculated map of spectral amplitudes with pump delays optimized for maximizing the
component funneled to the second-order resonance frequency.
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time delay to maximize spectral components funneled to
the fundamental (drawn with red lines) or the second-order
(drawn with blue lines) resonance frequencies of the FP
resonator. It is worthwhile to note that the funneled spectral components exceed the spectral amplitudes of the
input THz pulse at the resonance frequency. The energy
conversion efﬁciencies were estimated (for the fundamental resonance mode) to be 18% for the FP resonator
with L = 360 μm, 33% for L = 250 μm, 27% for L = 180 μm,
11% for L = 140 μm, and 5% for L = 120 μm. In addition, the
conversion efﬁciencies into the second-order resonance
mode were found to be 11% for L = 360 μm, 0.9% for
L = 250 μm, and 0.2% for L = 180 μm. Due to the limitation in
the acquisition time window, it was not possible to record
fully transmitted THz pulse waveforms, especially for the
FP resonator with longer cavity length (i.e., equivalently
here, a longer cavity lifetime). The conversion efﬁciency
was estimated based on the measured portion of the
transmitted waveform. Nonetheless, the measured energy
conversion efﬁciencies were much higher than those
reported for nonlinear spectral conversion processes
[41–44]. Recently, a highly efﬁcient spectral conversion
process with up to 23% efﬁciency in a time-variant THz
waveguide system was reported [16]; the conversion
efﬁciencies reported here were found to be comparable to
those obtained from the time-variant THz waveguide system (under similar experimental conditions). From the
measurements, we are able to provide two important key
observations. First, a sudden increase in the reﬂectance of
the temporal mirror leads to a trimming of the coupled THz
pulse waveform in the time domain and the spectral
broadening of the transmitted THz pulse beyond the extent
of its input spectrum [27, 28]. Because of this broadening,
the spectral contents of the input THz pulse can be redistributed to various higher or lower FP resonator modes
and, especially, to the modes not overlapping with the
spectrum of the incident THz pulse. Second, after the
temporal boundary, funneled spectral components at
modal frequencies are enhanced due to the increased
resonator Q-factors; therefore, part of the modes are radiated through the static mirror with a much longer decay
time. As a result, resonance-enhanced spectrally funneled
peaks, even larger in amplitude than the components in
the input spectrum, are observable. This enhancement
illustrates that resonance-enhanced spectral funneling is
not passive ﬁltering but a dynamic process that involves
active spectral conversion.

2.4 Numerical analysis
To qualitatively corroborate our experimental observation
and gain a more in-depth understanding of the underlying
mechanisms, we employed temporal coupled mode theory (TCMT) and phenomenologically investigated the
resonance-enhanced spectral funneling process [45–47]. In
particular, we considered a speciﬁc FP resonator with n
resonance modes connected to two ports (ports 1 and 2).
Then, the mode amplitude a(t) is related to the incoming
and outgoing waves s+ (t) and s− (t) by the following
governing equations:
da(t)
= jΩa(t) − (Γex + Γin )a(t) + K T s+ (t),
dt

(2)

s− (t) = Cs+ (t) + Ka(t),

(3)

where Ω, Γex , and Γin are n × n Hermitian matrices
describing the resonance frequencies and radiative and
intrinsic loss of the resonator, respectively, while K and C
are a 2 × n coupling matrix and a 2 × 2 scattering matrix,
respectively. Here, the column vectors s± (t) have two
components s±1 (t) and s±2 (t) that represent incoming
(outgoing) waves to (from) ports 1 and 2. The coupling
matrix K can be arranged as K T = [ k1

k2 ], where the
√̅̅̅̅̅̅̅
column vectors k1 = [k 11 , k 12 , …, k 1m , …, k 1n ]T b2 − 4ac

and k2 = [k 21 , k 22 , …, k 2m , …, k 2n ]T describe the coupling
between a(t) and s− (t) through the temporal and static
mirrors, respectively. Considering our speciﬁc experimental scheme in which the incoming wave is from port 1,
s+1 (t), is related to the electric ﬁeld of the input THz pulse,
while the incoming wave from port 2, s+2 (t), is set to zero.
Then, we can numerically calculate the mode amplitude
a(t) and the corresponding outgoing (transmitted) THz
wave from port 2, s−2 (t). In reproducing the measured
data through the application of the TCMT, the components
of k1 and k2 were assumed to have amplitudes that were
proportional to the amplitude transmission through the
temporal and static mirror. For the assignment of the phase
to each of the coupling vector components, the modal ﬁeld
symmetry was considered. Subsequently, the matrix
elements of Γex were obtained from the relation K † K = 2Γex
[45–47]. In addition, the matrix Γin was estimated by
considering the surface conductivity of the static mirror at
the modal frequencies of the FP resonator (see Figure S2
in the supplementary material). In estimating the matrix
elements of Γin , we assumed that the lumped loss induced
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by the temporal mirror was negligible compared to the
intrinsic loss of the static mirror.
Based on the aforementioned procedure, we calculated the spectral amplitude of the transmitted pulse
through the FP resonator with the assumption of an
abruptly changing coupling vector, k1 (t), of the temporal
mirror. Speciﬁcally, in the calculations, each component of
the column vector k 1 (t) was decreased in its amplitude by
the same amount, which can be justiﬁed by the fact that
the amplitude transmission through the temporal mirror
was slightly dispersive (see Figure S1 of supplementary
material). These calculated spectral amplitudes are plotted
in the panels of Figure 3(b), where each plot in the vertical
panels corresponds to the measured spectral amplitude
in each of the panels in Figure 3(a). To simulate a more
realistic gradual development of the temporal boundary,
the time-varying behavior of k 1m (t) was modeled as
follows:
⃒⃒
⃒ ⃒ ⃒
⃒⃒k 1m (t)⃒⃒⃒2 = ⃒⃒⃒⃒k (i) ⃒⃒⃒⃒2 1
1m
π

∞

∫ e−x dx
(t−tp )/τ

⃒⃒ ⃒⃒2
1
)⃒ ⎛
⃒ ⎝1 −
+ ⃒⃒⃒k(f
1m ⃒
π

2

∞

(4)

⎠,
∫ e−x dx⎞
(t−tp )/τ
2

( i)
and k (1mf ) denote the asymptotic coupling
where k1m
components far before and after the temporal boundary,
respectively. In this expression, the excitation time of
the pump pulse and the characteristic transition time of
the temporal mirror are denoted by tp and τ, respectively.
For calculation of the spectral amplitudes shown in
Figure 3(b), we assumed the characteristic transition time τ
of 150 fs by considering the actual pump pulse width. Here,
several remarks should be made on the numerical analysis.
First, the TCMT is known to not be applicable in a strict
sense for describing low-Q resonance modes. This raises
the question of whether the FP resonator prior to the
temporal boundary can be properly analyzed by the TCMT
[45–47]. Nonetheless, we found that the TCMT calculation
result shows excellent qualitative agreement with the
measured data. We attribute this level of consistency
in part to the fact that the input THz pulse interacts with
this low-Q state only in the relatively short period of cavity loading time. Second, the spectral amplitude peaks
measured for the FP resonators with cavity lengths of
360 μm and 250 μm (shown in the ﬁrst and second panels
from the top in Figure 3(a)) are broader than those calculated from the TCMT calculations (shown in the ﬁrst and
second panels of Figure 3(b)). These broadened peaks in
the measured spectral amplitudes are attributed to the
limited spectral resolution of the THz detection scheme
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employed in our setup. Finally, the resonance-enhanced
spectral funneling can also be analyzed with the virtual
ﬁeld method, as done in our previous work on time-variant
metasurfaces [24], but, for simplicity, the details will not be
discussed here.

2.5 Resonance-enhanced spectral
funneling: multicycle pulse excitation
To further understand the resonance-enhanced spectral
funneling process, we conducted additional experiments
using a multicycle input pulse with a center frequency of
0.6 THz. In these measurements, the cavity length of the FP
resonator was adjusted to approximately 360 μm, and a
multicycle pulse with a pulse width of approximately 10 ps
was prepared by transmitting a single-cycle input pulse
through cascaded bandpass ﬁlters [24, 44]. As shown in
Figure 4(a), the spectral content of the multicycle input
pulse is redistributed and enhanced at the fundamental
resonance frequency of 0.42 THz as well as at higher-order
resonance frequencies, such as 0.84 THz and 1.25 THz
(Figure 4(a)). The measured energy conversion efﬁciencies
were 2.6% for resonance-enhanced funneling into the
fundamental mode and 4.3% for the second-order resonance mode at 0.8 THz. These efﬁciencies are found to
be lower than the corresponding values (18% for the
fundamental mode and 11% for the second-order mode)
measured with a single-cycle pulse. This observed
efﬁciency drop is attributed to the lower utilization of a
multicycle input pulse in the funneling process. Considering a cavity lifetime of ∼1.8 ps of the FP resonator prior to
the temporal boundary, the multicycle input pulse (of a
width of ∼10 ps) can be coupled less effectively to the
resonator than the single-cycle input pulse (of a width
of ∼2 ps), leading to its decreased interaction with the
temporal boundary. Our preliminary analysis suggests
that in the limiting case where the pulse width becomes
substantially larger than the cavity lifetime, the energy
conversion efﬁciency scales linearly with the inverse pulse
width. Predicted by numerical analyses, this tendency
matches well with the observed efﬁciency drop measured
in the experiment with a multicycle THz pulse.
Notably, the phase of the resonance-enhanced
funneled component can be fully controlled by adjusting
the time delay between the input THz and the optical
pump pulses. To show the phase controllability, the
resonance-enhanced funneled components at the fundamental and second-order resonance frequencies are
plotted in the complex plane with a variation in the time
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Figure 4: Resonance-enhanced spectral conversion with a multicycle input pulse. (a) Measured spectral amplitudes transmitted through the
FP resonator with pump delays optimized for maximizing the component funneled to the fundamental (red line) and second-order (blue line)
resonance frequencies. In these measurements, a multicycle input pulse is launched into the FP resonator. (b) Complex amplitude trajectory of
the funneled component at 0.42 THz plotted as a function of the pump delay. Measured complex amplitudes are drawn with red circles, while
the calculated complex amplitudes are drawn with a red line. Note that the funneled frequency is lower than the peak frequency of the input
THz pulse. (c) Complex amplitude trajectory of the funneled component at 0.85 THz plotted as a function of the pump delay. Measured complex
amplitudes are drawn with blue squares, while the calculated complex amplitudes are drawn with a blue line. Note that the funneled frequency
is higher than the peak frequency of the input THz pulse. (d) Calculated spectral amplitudes (drawn with a red line) transmitted through the FP
resonator with a cavity length of 6 mm. The spectral amplitude of the input THz pulse is drawn with a black line along with a ﬁtting line
|ω − ωi |−1 . Here, ωi denotes the center (angular) frequency of the input pulse.

K. Lee et al.: Resonance-enhanced spectral funneling

delay (Figure 4(b) and (c)). As shown in the ﬁgure, the ﬁeld
trajectory in the complex plane evolves with respect to the
time delay and distinctively depends on the sign of ω − ωi ,
where ω and ωi denote the funneling and input (angular)
frequencies, respectively. Although qualitatively similar
tendencies were also reported for spectral conversion with
a time-variant metasurface [24], it should be emphasized
that in this work, both the frequency and phase of the
funneling components could be controlled in real time by
adjusting the cavity length and the time delay. All these
characteristics can be conﬁrmed by comparing the
measured ﬁeld trajectories with those calculated from the
TCMT (Figure 4(b) and (c)). Due to limitations in our setup,
an FP resonator with a much longer cavity length could not
be experimentally characterized. However, a numerical
calculation suggests the existence of a tradeoff relation
between the spectral shift and the conversion efﬁciency.
Figure 4(d) shows the calculated spectral amplitude for an
FP resonator with a length of 6 mm (with a fundamental
resonance frequency of 0.025 THz). As predicted, the input
spectrum is redistributed, and resonance is enhanced at
the densely spaced modal frequencies of the longer FP
resonator. We note that the funneled spectral amplitude is
inversely proportional to the difference between the input
and funneled mode frequencies. This tradeoff is attributed
to the spectral broadening induced by the temporal
boundary [24].

2.6 The role of temporal abruptness in
resonance-enhanced spectral funneling
In a realistic situation, the temporal mirror is realized with
a finite characteristic transition time τ, as has been
considered in the above numerical calculations. It can be
predicted that the spectral broadening and the spectral
funneling depend on the characteristic transition time.
Figure 5 shows the spectral amplitudes at the fundamental
and second-order resonance frequencies plotted as a
function of the characteristic transition time. For this
calculation, we consider the transmission of a single-cycle
pulse through the time-variant FP resonator with a cavity
length of 250 μm (also used for calculating the plot in
Figure 3(b)). With an increase in the characteristic transition time from 50 fs to 2 ps, the spectral amplitude funneled
into the second-order mode is substantially reduced, while
the amplitude funneled into the fundamental mode is
gradually decreased. The distinct scaling behaviors of
funneling efﬁciencies are associated with the balancing
between spectral broadening and resonance enhancement. For the speciﬁc situation shown in Figure 5, a
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Figure 5: Role of the characteristic transition time in resonanceenhanced spectral funneling. Spectral amplitudes at the fundamental (red color) and second-order (drawn with red color) resonance frequencies plotted as a function of the characteristic
transition time. The inset shows the exemplary time-varying
behavior of |k 1i |2 plotted by assuming the characteristic time of 1 ps.

substantial amount of spectral broadening by sharp trimming of the coupled THz pulse is required for efﬁcient
funneling into the second-order modal frequency. On the
other hand, due to a large degree of spectral overlap, sharp
trimming plays a lesser role in the observation of efﬁcient
funneling into the fundamental modal frequency. As the
increase in the transition time sharply reduces spectral
broadening, spectral funneling into the second-order
modal frequency is more severely affected than the
funneling into the fundamental frequency. This discrepancy also implies that for certain types of applications
requiring a small amount of spectral shift, one could utilize
a slower modulation technique, such as electrical modulation in the microwave range or pulsed excitation at
optical frequencies.

3 Conclusions
In this work, we propose the use of a temporal boundary
mirror in the construction of an FP resonator for the
resonance-enhanced spectral funneling of an incident
pulse. The method is based on a simple conceptual idea;
first, the incident pulse is efficiently launched into the FP
resonator in its initial low Q-state. Then, the abrupt
increase in the mirror reﬂectance leads to trimming of the
coupled pulse waveform and, consequently, its broadening in the spectral domain. Through this process, the
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input pulse is transformed into a transmitted pulse
consisting of spectral components tightly conﬁned to the
modal frequencies of the FP resonator formed after the
temporal boundary. Notably, the resonance-enhanced
spectral funneling process can be utilized to produce a
peak in the spectral domain, where the spectrum of the
input pulse minimally overlaps. In contrast to previous
resonant time-variant platforms, the proposed method
relies on a sudden loss decreasing mechanism in the
resonator, thereby leading to efﬁcient spectral funneling
into a narrower resonance mode formed after the temporal
boundary. This spectral shifting, focusing and enhancing
capability can be further utilized to implement a bright
narrowband THz source, which is of vital importance
in ultrafast spectroscopies [43, 48–50]. In addition, the
proposed technique could be utilized for an efﬁcient
variable frequency synthesizer, thereby contributing to
the development of functional devices for future THz
communications [51–54]. Last but not least, a similar
resonance-enhanced spectral funneling process might be
observed at optical frequencies by utilizing materials that
exhibit a large and rapid change in properties in the optical
domain [55–58].
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