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In many cases, the characterization of the frequency-
dependent electric field profile inside a narrowband res-
onator is challenging, either due to limited optical access
or to the perturbative effects of invasive probes. An
isolated groove inside a terahertz parallel-plate wave-
guide provides an opportunity to overcome these
challenges, as it forms a narrowband resonator and also
offers direct access to the resonant cavity via the open
sides of the waveguide. We characterize the spatially
varying spectral response of such a resonator using a
noninvasive probe. We observe a frequency-dependent
field enhancement, which varies depending on the
location of the probe within the cavity. This spectral
dependence cannot be observed using conventional far-
field measurements. © 2014 Optical Society of America
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High quality-factor (Q) resonators are important in many areas
of optics [1]. In nearly all cases, the characterization of such
resonators takes place in the far field, although a few measure-
ments of near-field emission have been reported at optical [2,3]
and microwave [4] frequencies in photonic crystal cavity res-
onators. Even in these cases, the near-field measurement tech-
nique is generally invasive, since it often involves a scattering
tip or tapered optical fiber immersed in the near field of the
resonator. This can perturb the field distribution under study
[5], and can even lead to frequency-dependent filtering that
obscures the spectral response of the object under study [6].
It is very rare to find examples of an artificial high-Q cavity

being probed noninvasively and in situ. Yet, this type of mea-
surement can give new information that is not available in the
far field. In this Letter, we experimentally access and character-
ize a resonant cavity in situ, in the terahertz (THz) range, with-
out perturbing the field distribution inside the cavity. We
show that these results give new information on the frequency-
dependent field enhancement that goes beyond what can be
inferred from far-field measurements.

Typically, information about the internal dynamics of a res-
onator can be accessed only via numerical simulation, with ex-
perimental studies limited to the region outside the resonator
(e.g., see Fig. 1). Our method for noninvasive in situ probing is
inspired by a novel adaptation of the air-biased coherent
detection (ABCD) technique [7] for measuring high-field tera-
hertz transients. Recently, ABCD has been used to characterize
the electric field distribution inside an adiabatically tapered
THz parallel-plate waveguide (PPWG) [7,8]. Here, we employ
an untapered PPWG with a resonant cavity integrated into
one of the plates [9,10]. We have previously studied these
waveguide-integrated resonators, and characterized the high
Q-factor (Q ∼ 95) resonance [11–13] when the waveguide
is excited in the TE1 mode. By combining these resonant
cavity waveguides with the ABCD technique for noninvasive
detection, we are able to measure the broadband THz field
in situ. We also present computational electromagnetic (CEM)
simulations to support these experimental results.

As the platform of this experiment, we investigate PPWGs
with various resonant cavity groove dimensions, including rec-
tangular and triangular shapes. The simulations of the rectan-
gular and triangular cavities are very similar, having a double
lobe shape at the resonance as seen in Fig. 1(b), implying the
measured effect is the same for either groove shape. We display
results from both rectangular and triangular grooves in order to
illustrate the generality of this phenomenon, which is not lim-
ited to one particular groove geometry. The orientation of the
waveguide is such that the positive z direction is the forward-
propagating direction and the groove is located at the z � 0
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position (halfway along the waveguide length). We fabricate
the PPWG out of aluminum with a width of 5 mm, propa-
gation length of 9 mm, and plate separation of 1 mm. In the
experiments, the measured resonant frequency may differ
slightly from the simulation-predicted resonant frequency, in-
dicating that either the plate separation is slightly larger or
smaller than 1 mm or that the fabricated groove may differ
from the designed dimensions [11].

To excite the waveguide, we use a near-infrared (NIR) beam
from a regenerative Ti:Sapphire femtosecond laser amplifier
(1 kHz, 100 fs, 800 nm) to generate broadband (50 GHz–
2 THz) pulses via tilted pulse-front optical rectification in a
LiNbO3 crystal [14]. This radiation is coupled into the wave-
guide such that the polarization of the THz electric field is
parallel to the plates in order to excite the TE1 mode [15].
This propagating THz field is detected inside the waveguide
using the ABCD method, which measures the second har-
monic (400 nm) light generated from the interaction between
a focused NIR probe (in this case, beam waist � 13 μm,
Rayleigh range � 637 μm) and THz field in the presence
of an external DC field of �3 kV at 500 Hz, as described
in Ref. [16]. As first presented in Ref. [7], the PPWG itself
is used as the electrodes for the DC bias. This creates a detec-
tion region between the metal plates that enables field mea-
surements inside the waveguide, at any position along its
length. By comparing the detected second harmonic intensity
at two different DC biases [8], we estimate that the peak THz
field inside the waveguide is 340 kV∕cm. Evidently, this
all-optical method is noninvasive since it does not disturb
the guided THz wave.

We carry out CEM simulations in both the frequency do-
main and the time domain. Figures 1(a) and 1(b) show results
of the frequency-domain FEM (finite element method) simu-
lation in the off-resonance and on-resonance case for a PPWG

with a square cavity of size 400 μm in groove width and depth.
The simulation region is the air space between the two metal
plates, which are represented by perfect electric conductor on
the top and bottom, and scattering boundary conditions on the
left and right, where the electric field is incident from the left.
In the off-resonance case, we clearly see the propagation of the
TE1 mode, almost unperturbed by the presence of the cavity.
In the on-resonance case, the electric field is strongly confined
to the resonant cavity region, forming a pattern with two lobes
and a node halfway between the plates. The range of the false
color scale of Fig. 1(b) is 10× greater than in Fig. 1(a), showing
a strong field enhancement for resonant excitation.

To explore broadband frequency-dependent effects, we also
carry out time-domain FDTD (finite-difference time-domain)
simulations. The same boundary conditions are used to re-
present the PPWG, but here we excite with a single-cycle pulse
(3 dB bandwidth of 90–560 GHz) that is also polarized to
excite the TE1 mode. The resonance due to the groove causes
a long ringing in the time domain, but we use only about a
100 ps time window so as to have a better comparison to
our experiments in which the length of the measured time axis
is limited by the optical delay line. The results of the time-
domain simulations are compared to the experimental results,
as discussed below.

We employ two different geometrical configurations to
make use of ABCD. For the collinear configuration shown
in Fig. 2(a), the probe is focused to a particular point within
the waveguide and propagates along the same optical axis as the
THz beam. This geometry achieves maximum detection of the
second harmonic signal, since the polarization of the probe is
parallel to the bias field [Fig. 2(c)], i.e., perpendicular to the
plate surfaces [17]. In this geometry, the spatial resolution orig-
inates from the focusing of the optical probe beam, since the
THz-field-assisted second harmonic radiation is largely gener-
ated at the probe beam focus where the intensity is highest.
Another alternative [Fig. 2(b)] is to angle the probe beam
propagation direction with respect to the THz beam. This pro-
vides improved spatial resolution along the THz propagation
direction, while still maintaining the perpendicular polariza-
tion (with respect to the plate surfaces) of the probe beam.
In both of these configurations, the probe beam focal point

Fig. 1. Computational FEM simulation results showing electric field
distribution inside a PPWG with an integrated resonant cavity. Here, the
polarization is in the y direction, the plate separation is 1 mm, and the
groove width and depth are 400 μm. The waveguide in (a) is excited at
300 GHz, off-resonance and (b) is excited at 295 GHz, on-resonance.
The color scale is 10 times greater in (b) than (a), revealing a 10× field
enhancement at the resonance. The green arrows indicate the propaga-
tion direction of the incident THz field and the dashed line indicates the
center of the groove, which we define as z � 0. (c) Typical experimental
measurement of the resonance in the far field, obtained by measurement
of the total transmission through the waveguide with a groove (bottom
plot, red curve), compared to one without a groove (top plot, black
curve). Both curves exhibit a cutoff at f c � 0.15 THz, and a strong
water vapor absorption line at 0.56 THz, while the resonance indicated
by a red arrow at f 0 � 285 GHz appears in the bottom curve attribut-
able to the resonant cavity groove.

Fig. 2. Diagram of experimental detection setup probing inside the
waveguide. Black arrows indicate propagation direction of the THz
(green) and the NIR probe (red) beams. Focusing the probe using a
100 mm focal length lens and modified ABCD technique, the probe
and THz fields interact within the bias field between the waveguide
plates, generating the second harmonic at 400 nm (blue), which is filtered
and detected via a photomultiplier tube (PMT). Two configurations are
used: (a) collinear, and (b) angled, where θ � 45°. The polarization di-
rections of the THz, NIR, and DC bias fields are illustrated in (c).
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can be moved along the waveguide (z axis), and in particular
can be situated in the section of the waveguide in which the
groove (resonant cavity) is located. We also note that the focal
spot can be translated between the two plates along the x axis
to independently probe the two lobes of the resonating mode
shown by the simulation in Fig. 1(b). Interestingly, the mea-
sured field enhancement factors in these two locations have
different spectral behaviors.

We use the angled configuration [Fig. 2(b)] to probe along
the length of the waveguide, thereby characterizing the spectral
response both before and after the resonant cavity. For this
experiment, we employed a PPWG with a 60° triangular
groove and a depth of 265 μm, with expected resonance at
f 0 � 299 GHz from simulation. We obtain measurements
along the length of the waveguide by translating the probe
beam along the propagation direction. We use a bare PPWG
(without cavity) as a reference to compare to the grooved
PPWG (with cavity). In Fig. 3, the measured spectra are plot-
ted at selected positions, showing the emergence and develop-
ment of the resonance. For z < 0, the THz pulse is measured
at a spatiotemporal location such that it has not yet reached the
groove at z � 0, and thus the spectra overlap. For z > 0, the
pulse is measured at a later time after it has passed the resonant
cavity. The cavity acts as a filter, collecting a certain narrow
range of frequencies while allowing other frequencies to pass.
Thus, after propagating past the groove, a narrow band of
spectral components has been removed from the broadband
spectrum of the incident wave, appearing as a dip in the spectra
in Figs. 3(c) and 3(d). This result validates the experimental
procedure and confirms that we can spatially isolate the reso-
nant cavity with the optical probe.

To directly probe the region containing the resonant cavity,
we use the collinear configuration [Fig. 2(a)]. We use the same
PPWG dimensions but now with a square cavity of 400 μm
width and depth that was used in Fig. 1. Again, we compare a
bare reference PPWG to the grooved PPWG, which is shown

in Figs. 4(a) and 4(c). Here, the focus of the probe beam is
situated at the z � 0 position (centered over the groove),
and placed either closer to the top plate at x � ¾b [Fig. 4(b)]
or bottom plate at x � ¼b [Fig. 4(d)] to investigate the two
lobes observed from simulation. To further analyze these re-
sults, we normalize the spectra obtained with the waveguide
containing a groove to those without a groove for both experi-
ment and simulation in order to derive the field enhancement,
which is shown in Figs. 5(a)–5(d).

These results clearly indicate both a narrowband
(ω∕Δω ∼ 20) field enhancement at the resonant frequency
and also an asymmetric broadband (ω∕Δω ∼ 3) response on
the high-frequency side of the resonance that is unanticipated
from far-field measurements. Here, ω is the center frequency
and Δω is the bandwidth. Figure 5(a) shows results for the
probe aligned closer to the top waveguide plate. We see the
largest electric field at f 0, but we also see a weaker broadband
enhancement, extending up to about 415 GHz (the location of
the next higher cavity resonance). Throughout this spectral
range, the field at this location is stronger with the groove as

Fig. 3. Measurements in the angled configuration [Fig. 2(b)] of a
PPWG containing a resonant cavity at z � 0 (red curves) and reference
measurements of a PPWG without a cavity (black curves), where the
measurement was taken closer to the plate with the groove. This shows
the resonant feature due to the groove emerging inside the waveguide
with increasing distance in the propagation direction from (a)–(d).

Fig. 4. Evidence of field enhancement at the narrowband resonance
frequency and additional broadband features due to the cavity, observed
by comparing a bare reference PPWG (black curves) to a PPWG with a
resonant cavity (red curves). Experimental measurements in the collinear
configuration where the probe is focused to (a) the top lobe with the
position denoted in schematic (b), and (c) the bottom lobe with the po-
sition denoted in schematic (d). The dips at 0.56 and 0.75 THz in the
experimental measurements (a) and (c) are water vapor absorption lines,
and the schematics in (b) and (d) are obtained from FEM simulation.

Fig. 5. Measured and simulated field enhancement (the spectral re-
sponse from a waveguide with a resonant cavity, normalized to the re-
sponse of a waveguide without a cavity). In (a) and (b), the measurement
point is closer to the upper waveguide plate, while in (c) and (d) it is near
the lower plate, as in the schematics of Figs. 4(b) and 4(d). For a broad
range of frequencies above the fundamental resonance at 295 GHz, both
the measurements and simulations indicate a greater than unity field en-
hancement near the upper waveguide plate, and a less than unity en-
hancement near the lower plate.
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compared to without it. At even higher frequencies, however,
the spectra of the sample and reference coincide almost pre-
cisely in Figs. 4(a) and 4(c), indicating no groove-induced field
enhancement. Additionally, the result from the time-domain
simulation, shown in Fig. 5(b), exhibits qualitatively the same
effect, with both a narrowband and a broadband component.
In contrast, when the probe is aligned closer to the bottom
plate [Fig. 5(c)], we again see the largest electric field at the
resonant frequency f 0, but here the broadband region shows
a diminished field strength with the groove as compared to
without (i.e., a field enhancement factor less than unity).
Again, this result is qualitatively reproduced by the time-
domain simulation [Fig. 5(d)].

This analysis more clearly shows the nature of the spectrally
asymmetric field enhancement inside the waveguide. Over the
range between the first resonance and the next higher-order
resonance, there is a field enhancement greater than unity near
the upper waveguide plate, and less than unity near the lower
one. These results strongly contrast with far-field transmission
measurements, which show modifications to the transmission
only in a very narrow frequency range near f 0 [Fig. 1(c)].

To explain this unanticipated broadband effect, we look
more closely at the FDTDsimulations. In Fig. 6, we use a longer
time window of 1200 ps to provide higher spectral resolution
and a more complete picture of the dynamics. Figure 6(a)
shows the computed field enhancement factors near the top
and bottom waveguide plates. Here, we see dramatically the
field enhancement at the resonance and the distinct spectral re-
sponse at higher frequencies. When we add these two curves
together to compute a superposed field enhancement factor
in Fig. 6(b), the broadband component cancels, leaving only
the narrowband resonance at f 0, as observed in far-field mea-
surements. It is reasonable to expect an asymmetric response
inside the waveguide with respect to the horizontal mirror plane
of the waveguide, since the resonator is located only on the bot-
tom plate, breaking the symmetry. Even so, the nearly perfect
cancellation of the broadband asymmetric response in the far

field is surprising. This serves as a strong argument that the abil-
ity to directly probe the resonant cavity inside the waveguide
reveals unanticipated effects that cannot easily be observed out-
side the waveguide.

We have investigated in situ a resonant cavity inside a
PPWG through both experiment and simulation. We have
seen the emergence of the resonance as a function of propa-
gation length, and also resolved an asymmetric frequency re-
sponse over a broader bandwidth inside the waveguide.
Through the application of nonlinear second-harmonic gener-
ation in ABCD, we have shown the ability to experimentally
measure narrowband resonant features of a high-Q cavity in-
side a waveguide that has yielded new information that is not
available in the far field.
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Fig. 6. Simulated field enhancement, extracted from simulations with
a longer time window of 1200 ps. When the spectra extracted from the
top (blue) and bottom (red) of the waveguide (a) are superposed, (b) the
very narrow resonance remains but the broad spectral features cancel out.
Thus, the asymmetrical field enhancement inside the waveguide cannot
readily be observed by far-field measurements outside the waveguide,
which are only sensitive to the superposed result.
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