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Abstract: Recent advancements in novel fiber-coupled and portable terahertz (THz) spectroscopic
imaging technology have accelerated applications in nondestructive testing (NDT). Although the
polarization information of THz waves can play a critical role in material characterization, there are
few demonstrations of polarization-resolved THz imaging as an NDT modality due to the deficiency
of such polarimetric imaging devices. In this paper, we have inspected industrial carbon fiber
composites using a portable and handheld imaging scanner in which the THz polarizations of two
orthogonal channels are simultaneously captured by two photoconductive antennas. We observed
significant polarimetric differences between the two-channel images of the same sample and the
resulting THz Stokes vectors, which are attributed to the anisotropic conductivity of carbon fiber
composites. Using both polarimetric channels, we can visualize the superficial and underlying
interfaces of the first laminate. These results pave the way for the future applications of THz
polarimetry to the assessment of coatings or surface quality on carbon fiber-reinforced substrates.

Keywords: polarimetry; terahertz imaging; non-destructive testing; carbon fiber panels; interwoven
carbon fiber; polarimetric PHASR scanner

1. Introduction

Recently, terahertz (THz) technologies have rapidly advanced to achieve faster imag-
ing speeds, compact and handheld form factors, and increased signal to noise ratios [1].
Thus, there is a renewed motivation to pursue compelling industrial applications of the THz
technology. Due to its unique and distinct sensing capabilities, THz radiation is considered
as a promising candidate for nondestructive testing (NDT) in industrial quality control [2].
Imaging with THz pulses (i.e., THz-TDS) can be formed similarly to how Pulse-Echo Ul-
trasonic Testing is typically applied; it also renders the cross-sectional or depth-resolved
pictures of the specimen, which is crucial for evaluating samples of multi-layered struc-
tures [3]. This contributes to successful demonstrations made on composite materials,
paints on car or airplane bodies, coatings of pharmaceutical tablets, art paintings, etc. [4].
Meanwhile, the implementations of THz technology have expanded beyond benchtop
settings, for example, in clinical studies, or on the manufacturing lines of polymer, paper,
or pharmaceutical industry [5,6].

Several comprehensive surveys on the NDT applications of THz technologies can
be found in recent reviews [7-10]. Terahertz time-domain [11-17] and continuous wave
spectroscopy [18-22] have been used in various NDT applications, in part due to the
non-ionizing nature [23] and the sub-millimeter resolution of THz waves [24]. These
applications include defect and delamination detection [25-28] as well as the measurement
of coating thickness [29-31]. The accuracy of these measurements is highly dependent on
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the signal processing techniques employed (e.g., sparse deconvolution [30,32], stationary
wavelet denoising [33,34], etc.) to extract the necessary quality control information.

Because most samples feature both intrinsic spatial variations and defect discontinu-
ities, an imaging modality is usually preferred in NDT applications. While many choices of
THz imaging systems are available, ranging from a point-scanning device to a single-shot
camera, it is challenging to balance between competing performance measures, including
the SNR, acquisition speed, resolution, field of view (FOV), and imaging contrast. Such
optimizations can be seen in the recent development of our Portable Handheld Spectral
Reflection (PHASR) scanners [35], a THz pulsed imaging device based on telecentric raster-
scanning using an f-0 objective lens. So far, we have applied this device for the in vivo
diagnosis of burn injuries [36-38], assessment of corneal edema [39,40], statistical analysis
of speckle patterns [41], chemical imaging through scattering cloaks [42], etc.

In general, after a relatively complex signal processing process implemented on THz-
TDS traces, the initial images of THz signals can be converted into maps of complex
refractive indices. However, this procedure is less feasible due to poor SNR or limited
knowledge of sample properties. Different processing methods are thus explored to inter-
pret the spectroscopic information. Likewise, polarization-sensitive measurements are also
incorporated to shed additional insights into sample structures. In this regard, the applica-
tions recognized by the existing THz research literature mainly involve (1) the visualization
of surface properties (or roughness) [41,43], (2) intrinsic or stress-induced anisotropy of
materials [44,45], (3) ellipsometry measurements on thin layers [46], (4) optical activity of
biological structures [47,48], and (5) image enhancement [49]. Still, the progress towards
the utilization of full polarimetric THz information in sample characterization has been
limited. This is partially due to the deficiency of THz polarizing components, and the
propagation of uncertainties when individual THz amplitude (intensity) signals are con-
verted into polarimetric parameters [50]. To increase the speed, bandwidth, and accuracy of
broadband THz polarization measurements, we have developed a spinning E-O sampling
technique [51]. However, due to the need for image formation at high speeds in a portable
form factor, using free-space 800 nm amplified laser beams is not practical. Therefore, to
enable NDT applications, we recently developed a polarization-sensitive version of our
PHASR scanner, enabled by two orthogonal PCA channels. The performance metrics of
this device and corresponding calibration methods have been described elsewhere [52].

In this paper, we use the polarization-sensitive PHASR scanner for the imaging of
carbon fiber-reinforced polymers (CFRPs) by mapping the THz Stokes vectors. In the
NDT analysis of CFRP, the primary problem of interest lies in the evaluation of critical
defect types, such as porosity, delamination, fiber defects, and low-velocity impact damage.
Early investigations [25,53] had previously concluded that THz imaging “is generally not
expected to be a major testing modality (for carbon materials) due to the conductivity of the
material and therefore the rather limited penetration of terahertz into composites.” [54,55]
While not optimistic about that “primary problem”, THz imaging can still serve to evaluate
coatings on the carbon fiber substrate or characterize superficial properties. The most
influential factor in this application of THz imaging is the anisotropic conductivity of CFRP,
an intrinsic property that is also responsible for DC electrical or RF shielding testing [56,57].
It seems straightforward that currents along carbon fibers contribute to the reflection and
screening of THz waves; however, the characterizations of these spectroscopic properties
are limited and often inconsistent. For example, the maximum number of plies that can
be resolved in independent THz studies have been significantly different, ranging from
as many as eleven or as few as one [58-61]. Our experiments show that, in some CFRP
materials provided by Boeing Company (Seattle, WA, USA), the penetration depth for the
TE polarization of THz waves is limited to the first ply, whereas most of the TM polarization
has been screened at the sample surface. The differences between the reflection spectra
of TE and TM polarization are, thus, affected by the magnitude of surface echoes and the
presence of subsurface echoes.
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2. Materials and Methods

Our PHASR scanner incorporates the TERA ASOPS (Asynchronous Optical Sampling)
dual-fiber-laser THz spectrometer (Menlo Systems, Inc., Newton, NJ, USA) into a handheld,
collocated, telecentric imaging system. The detailed design, polarimetric calibration, and
characterization of the performance metrics of the PHASR scanner have been previously
reported [52]. Briefly, a THz beam generated by the photoconductive antenna (PCA) in the
emitter is collimated using a TPX lens with a 50 mm focal length. The collimated beam
is directed towards a gimballed mirror using a high-resistivity silicon beam splitter. The
gimballed stage is a two-axis motorized system composed of a goniometer and a rotational
stage, which raster-scans the collimated beam over the aperture of a custom-made telecentric
f-0 lens. Therefore, the focused beam is always normally incident onto the target and has a
constant focal spot size. A free-standing wire grid acts as a polarizing beam splitter, which
separates the reflected radiation into the two orthogonal components denoted by X and Y.
The signals from the two PCA detectors are converted by two transimpedance amplifiers, and
then collected with two digital acquisition (DAQ) cards at synchronized times.

The CFRP testing panels were provided by Boeing Company and include two cate-
gories. The first panel is shown in Figure 1, which has multiple layers of coating on a CFRP
substrate. The microscopic view of the uncoated substrate, shown in Figure 1b, shows that
carbon fibers are aligned in the surface plane, i.e., the ply is unidirectional. The second
panel is shown in Figure 2a, whose front surface is fully covered by coating, while the back
surface is uncoated. Figure 2b is taken from an uncoated region of the back surface, which
is investigated with THz imaging afterwards. This pattern of different “tiles” containing
the orthogonal orientations of fibers is due to the plain weave, the dimensions of which are
denoted as warp and weft. We will refer to the second class of targets as interwoven CFRP.
When fibers aligned to a certain laboratory axis are assigned to a region of the sample, the
linear polarization perpendicular to this axis is denoted as TE mode, and the one parallel
to this axis is denoted as TM mode. Moving from the warp to the weft of interwoven CFRP,
the directions of TE and TM modes will be switched.

(b)

Figure 1. (a) Front surface of the first test panel from Boeing Company. (b) Microscopic image (10x)
of the bare substrate, appearing as unidirectional CFRP.

(@)

Figure 2. (a) Back surface of the second test panel from Boeing Company. (b) Microscopic image
(2.5x) of the back surface, appearing as interwoven (plain-weaved) CFRP.
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These composites are placed at the focal plane of the PHASR scanner to form the THz
polarimetric images. Each image pixel is recorded in 1 s by averaging 100 replicate traces
in the time-domain. The size of FOV and pixel are optimized so that sufficient details of
the sample profiles can be captured in reasonable imaging time. The polarization states of
the THz source can be manipulated by rotating the PCA emitter and optionally adding a
polarizing component. Finally, we have developed wavelet-domain signal analysis tools to
investigate and mitigate any surface roughness present on the sample [62-64].

3. Results
3.1. Polarization-Sensitive Point Measurements

We start the signal processing with individual THz traces to determine the steps in
data analysis. The unidirectional CFRP is a highly homogeneous ply and therefore, it is
reasonable to compare the sample property as a function of the sample orientation angle.
Figure 3a presents the reflected THz time-domain signals at the orientations of 0° and
90°, which is the angle between the fiber axis and the fixed linear polarization of the THz
source. After deconvolving by a mirror reference measurement, the resulting spectra of the
reflection are presented in Figure 3b. The reflection of the TE mode is overall weaker than
that of the TM mode in either Figure 3a or Figure 3b, which is consistent with previous
reports [53]. However, there are also exclusive dips below 0.4 THz in the spectra of the
TE mode, which seem to be related to the “subsurface echoes” marked by the rectangle in
Figure 3a. To substantiate this point, we can turn to the estimated impulse response of the
sample, /i(t), which is obtained from the following relations:

w(t) = fur exp{*(ffHF)z} *fLFexP[*(ffLF)Z]r M

h(t) = FFT~'{H(w)FFT[w(t)]}. 2
where H(w), the transfer function, is given by

FFT[sample(t)]
H(w) = FFT([reference(t)]’ ®)
and w(t) is a double Gaussian function given by the choice of fyr and f1r, which have been
set to 1.5 THz and 0.3 THz, respectively. This filter was first designed for analyzing the
time-domain signals of tissue [65], and has been applied to CERP later [60]. As shown in
Figure 3¢, two separate pulses can be recognized in the impulse response of unidirectional
CFRP, with a relative time-delay of At =7.07 ps. Due to the destructive interference of these
two pulses, spectral dips are expected to occur at 0.21 THz and 0.35 THz, which agrees
well with the TE mode results in Figure 3b. This pattern of thin-film interference reveals
the penetration depth of the THz waves in the testing panel. The TE mode can effectively
propagate in the first ply of the unidirectional CFRP and be reflected at the next boundary,
whereas the TM mode is significantly screened. For reference, the geometric thickness (d)
of a single ply in this sample coupon was around 0.2 mm, while its optical thickness given
by At is 1.06 mm, equal to d multiplied by the THz refractive index (which we estimate
between 4.4 and 5 [59]).

Next, we apply the same procedure to the measurements of interwoven CFRP, whose
impulse responses are presented in Figure 3d. To address the spatial variation, imaging
scans of 39 x 39 pixels are conducted on a stationary sample with an interval of 0.25 mm,
while the THz emitter is set at an intermediate angle so that the reflections of two orthogonal
polarizations are observable simultaneously. The blue and red curves in Figure 3d are
captured at different pixels in the same polarimetric image (i.e., in the same detection
channel), representing the THz signals of the warp and weft, respectively. Similarly, two
separate peaks can be recognized in the TE mode (i.e., the weft); However, the relative
time-delay is 3.66 ps, reduced by half compared to the unidirectional sample. It is likely
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that the TE mode is reflected at the interface between warp and weft within the first ply,
and thus, the propagated distance is half of the ply thickness.

(a) (b)

angle 0 (TM)
50 angle 90 (TE)| T 1
I
08} angle 0 (TM) 4
= angle 90 (TE)
=
2
g 06}

-10 -5 0 5 10 15 20 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Time (ps) Frequency w (THz)

angle 0 (TM) 1} Warp (TM) | |
angle 90 (TE) ~ 09 Weft (TE)

©
a
e

Impulse function
o
Y N

Impulse function (a.u.)

o

-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20
Time (ps) Time (ps)
Figure 3. (a) The THz signals reflected from unidirectional CFRP at the sample orientations of 0° and
90°, corresponding to the TM and TE modes of polarization, respectively. The dashed box shows
the difference in the propagation of the TE and TM modes in a single CFRP ply. (b,c) are the spectra
of reflectivity and impulse responses retrieved from signals in (a). (d) The impulse responses are
measured at different locations of interwoven CFRP, where the fiber orientations are different.

3.2. Polarization-Sensitive Imaging

A complete set of data includes one pair of polarimetric images from the CFRP sample
and another pair obtained using a reference mirror. Thus, the earlier signal processing
steps are performed in each pixel. For comparison, we also conducted imaging scans on
the unidirectional sample using 41 x 41 pixels with an interval of 0.5 mm. Figure 4 shows
the cross-section view of the two CFRP samples, similar to the ultrasonic B-scan. In other
words, each column of the image is the impulse response in one pixel, and the entire image
constitutes a line scan. Two boundaries can be recognized in these figures: one is around
t = 0, corresponding to the air-CFRP interface; the other corresponds to the subsurface
echoes reflected by the interfaces in the first ply. In Figure 4b,c, the second echoes are
more visible in the columns with weaker first echoes, offering an intuitive depiction of the
screening effect of carbon fibers on THz E-field. The spatial pattern in the second echoes is
reversed when comparing the two polarimetric channels, suggesting that the THz property
of CFRP is well described by assuming “binary” responses to the TM and TE modes.

Alternatively, we can visualize the slices in the vicinity of the first and second boundary,
resembling the ultrasonic C-scan. Figure 5 shows these en face THz images in comparison
to the digital photo of a similar sample area. Despite the poorer spatial resolution, the THz
images still render the profile of CFRP with abundant details. The excellent complementary
relation between the two depth-resolved images from the x and y channels in the left and
right column, Figure 5b,c, suggests the binary effect of warp and weft. Also, it can be seen
that the spatial variation is related to the degree of screening.
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Figure 4. Cross-section images (B-scan) of (a) the unidirectional CFRP and the interwoven CFRP in
the (b) X and (¢) Y channels. The colors are on the same scale and have been extended to [—1, 1].

2z =0.00 mm z =0.52mm

X (mm} X {mm)

Figure 5. (a) Photo of the interwoven CFRP, top view. (b,c) are the C-scanned THz images of the X
channel, at the optical depths of z = 0 and z = 0.52 mm, respectively. (d,e) are the correlated images of
the Y channel, at the optical depths of z = 0 and z = 0.60 mm, respectively.

Lastly, we also investigated the joint functions of the two channels, such as the Stokes
parameters. Although interesting textures have been observed from these polarimetric
contrasts, as shown in Figure 6, it remains challenging to make objective interpretations.
Also, according to our discussion on the thin-film interference, any spectral image below
0.4 THz is contributed by both echoes, resembling a blended picture of Figure 5b,c. There-
fore, depending on the objectives of the NDT application, signal processing steps may be
used to either employ or mitigate the second echo in this specific analysis. At any rate,
Figure 6 clearly shows that the complementary regions of the sample are highlighted using
the first two elements of the Stokes vectors (i.e.,  and Q). Moreover, while the centers of the
carbon fiber tiles are shown by the two intensity elements, the edges of the weave patterns
are clearly resolved by the other two elements of the Stokes vector incorporating the phase
information (i.e., U and V).
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Figure 6. The spatial variation in the Stokes parameters I, Q, U, and V for the interwoven CFRP at
different frequencies. I is in arbitrary units while the other Stokes parameters are normalized by I.

4. Discussion

Our experimental data indicate that the spectral range between 0.4 and 0.6 THz may
be ideally suited to investigating carbon fiber samples. However, this ideal spectral range
can be heavily affected by the thickness of the carbon fibers. To illustrate this point, Figure 7
shows the sensitivity of THz measurements in the identification of the fiber orientations.

(a) z=0.00 mm (b) 4,
—F—Rol1
—F—RoOI 2
1
=
— 308
£ £
> g
> = 06
-2 ©
0.4
-4
0.2
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© £=0.2 THz (d) £=0.3 THz (e)1 £=0.4 THz f) ) £=0.5 THz
0.3 0.3
_ 0.6 4 0.6}
=
04 0.4
0.2 0.2) 0.2) 0.2
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02 04 06 08 1 0 02040608 1 9 02040608 1 % 02040608 1

Ir,J Ir,J Ird Ir,l

Figure 7. (a) Two ROIs (blue and red) are selected in the C-scan images of interwoven CERP. (b) The mean
value and standard deviation of the reflectivity in the two ROIs. (c—f) The distribution of pixels in the 2D
plane of IR« | and IRy I, indicating the separation of orthogonal fibers in the 0.4-0.6 THz range.
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Figure 7b shows the mean and standard deviations of the reflectivity over two ROIs
associated with the warp and weft regions, defined in Figure 7a. The frequency ranges
where ROI 1 and ROI 2 are statistically different (p < 0.01) have been marked with a gray
shade. The contrast between the warp and the weft is more profound in the high-frequency
range (>0.4 THz). On the contrary, the contrast at around 0.3 THz is not significant, which
can be related to the thin-film interference that occurred in ROI 2. The sensitivity of
classification can be seen intuitively in the 2D plane of Rx and Ry, shown in Figure 7c—f,
using the reflectivity data of the same pixel in the X and Y channels, respectively.

The polarimetric results presented in this paper can be used to investigate the unifor-
mity and intactness of carbon fiber samples through top coatings that are otherwise opaque
to other wavelengths of light. These results also highlight the importance of considering
the orientation of the sample and polarization-sensitive imaging using THz ellipsometry or
polarimetry instruments. Understanding the strong polarimetric signatures of carbon fiber
substrates in various structural forms can influence the interpretation of the recorded data.
For instance, if the thickness of various coating layers is to be measured, the polarization of
the incident THz beam and the orientation of carbon fibers should be considered.

5. Conclusions

We have performed polarization-sensitive THz testing on industrial carbon fiber
composites using our PHASR imaging scanner. The spectroscopic properties of these
samples are well described by a linear anisotropic model, represented by the axes of TM
and TE polarizations. For either the unidirectional or interwoven CFRP material samples,
the reflected signals of the TM mode only contain a single pulse, whereas those of the TE
mode have a secondary pulse, which is a subsurface echo due to the first ply. The THz
spectra of TM and TE polarizations can, thus, provide complementary information about
the CFRP, as we have shown by mapping the Stokes vector of the reflected THz beam. This
intrinsic anisotropy of CFRP can potentially lead to the application of THz polarimetric
imaging in the assessment of coatings or inspection of other issues such as surface quality,
fiber intactness, and uniformity.
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Abstract: This paper presents a method to enhance extended interaction oscillator (EIO) output power
based on a dual-cavity parallel structure (DCPS). This stucture consists of two conventional ladder-
line structures in parallel through a connecting structure, which improves the coupling efficiency
between the cavities. The dual output power fusion structure employs an H-T type combiner as
the output coupler, which can effectively combine the two input waves in phase to further increase
the output power. The dispersion characteristics, coupling impedance, and field distribution of the
DCPS are investigated through numerical and simulation calculations, and the optimal operating
parameters and output structure are obtained by PIC simulation. At an operating voltage of 12.6 kV,
current density of 200 A/cm?, and longitudinal magnetic field of 0.5 T, the DCPS EIO exhibits
an output power exceeding 600 W at a frequency of 140.6 GHz. This represents a nearly three-
fold enhancement compared with the 195 W output of the conventional ladder-line EIO structure.
These findings demonstrate the significant improvement in output power and interaction efficiency
achieved by the DCPS for the EIO device.

Keywords: extended interaction oscillator; terahertz radiation; vacuum electronic device; dual cavity
parallel; particle simulation

1. Introduction

The pursuit of high-frequency electromagnetic waves continues to propel technological
advancements across various domains. One particularly promising frontier in this endeavor
lies within the terahertz (THz) frequency range, spanning from 0.1 to 10 THz. This region of
the electromagnetic spectrum holds immense potential for a diverse array of applications,
including communication, imaging, sensing, and spectroscopy. However, the effective
utilization of the THz regime poses significant challenges, primarily due to the limited
availability of a suitable radiation source [1-3]. In this paper, vacuum electronic devices
(VEDs) emerge as an intriguing avenue, capitalizing on the unique characteristics of VEDs
to facilitate high-power, high-frequency operations. Among the notable classes of VEDs,
extended interaction oscillators (EIOs) stand out for their exceptional attributes, such as
high output power, superior frequency stability, and impressive phase noise performance.
Some EIO parameters are shown in Table 1 [4-8].
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Table 1. Parameters of the current EIOs.

Institution Frequency Voltage Current Power

(GHz) kV) (A) W)

CPI 93.8 20.3 0.69 1400
UESTC 140 18 15 661
CPI 140 / / 200
UESTC 220 16.6 3.2 500
CPI 214.5 11 0.095 13.3
UESTC 300 14.8 0.25 250

However, as the frequency increases from the millimeter-wave to the terahertz band,
the structure size of the traditional single-cavity EIO decreases, leading to a decline in
power capacity that is challenging to improve. In order to solve the limitation of single-
cavity EIO power, the combination of multibeam and multicavity is considered. In this case,
this paper proposes a dual-cavity parallel structure of EIO, which connects two traditional
ladder-line structure EIOs through a rectangular connection structure, and effectively
improves the efficiency of the beam-wave interaction. Due to the symmetry of the dual-
cavity parallel structure, both cavities can output electromagnetic waves with the same
power and frequency, so the power fusion structure is formed through the integration
of waveguides, which greatly improves the output power and break through the power
limitations of the traditional single-cavity EIOs [9-20].

2. Structural Design and Cold Cavity Analysis

EIO incorporates a slow-wave structure, exemplified by a ladder-line configuration,
as a crucial constituent component, which ensures the coupling impedance, power, and
efficiency, while realizing the miniaturization of the device, and also ensures that it is able
to interact well with the sheet beam.

The characteristic impedance (R/Q) is a critical factor in measuring the performance
of resonant cavities, which can be calculated as follows:

2
o y
R <f7w %f% Ezdy dz)
é - 2w Ws M

where E; represents the electric field strength in the Z-direction, w represents the frequency
of the resonant cavity, and W; represents the total stored energy.

As illustrated in Figure 1a, the device features a conventional single-cavity structure.
Compared to the TMj; mode, the TM3; mode allows for a more complete interaction
between the sheet beam and the electromagnetic field, thereby enabling the achievement
of a high output power. To further enhance the output power of the EIO, a dual-cavity
parallel structure is proposed in this paper, as shown in Figure 1b, which connects two con-
ventional ladder-line structure EIOs in parallel through a rectangular connecting structure,
and this dual-cavity parallel structure EIO not only retains the mechanism of the interaction
between the conventional single-cavity structure EIO and the higher order modes as well
as the higher efficiency of the beam-wave interactions, but also effectively enhances the
coupling efficiency between the cavities. Through extensive theoretical numerical and
simulation calculations to optimize the structural parameters, the operating frequency has
been determined to be 0.14 THz. The specific parameter values are shown in Table 2.

The dispersion curve is obtained as shown in Figure 2 after calculation and analysis.
The difference between the dispersion characteristics of the two structures in the same
operating mode is not significant. The operating frequency of the TM3;-27t mode is signifi-
cantly higher than that of the TM;1-271 mode, and the operating frequency of the TM3;-27t
mode of the DCPS EIO is 141.03 GHz. In the DCPS EIO, the characteristic impedance of the
TM3;-271 mode (464 Q) is much larger than that of the TM1;-27r mode (35 (2). Therefore,

13



Sensors 2024, 24, 5891

the structure effectively suppresses the TM11-271 mode, the TM3;-27r mode is more easily
stimulated for oscillation, and this DCPS has a larger cavity volume and, therefore, a larger
power capacity.

(a) (b)

Figure 1. Physical model of the resonant cavity. (a) The single-cavity structure. (b) The dual-cavity
parallel structure.
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Figure 2. The cold cavity characteristics.

Table 2. Parameters of the resonant cavity.

Parameter Quantity Value (mm)
al Gap depth 0.42
a2 Coupling cavity width 1.68
a3 Beam tunnel width 0.40
a4 Coupling cavity width 1.68
hl Beam tunnel height 2.00
h2 Gap height 3.00
h3 Coupling cavity height 1.50
h4 Coupling cavity height 1.10
d Gap width 0.22
P Period length 0.44
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The electric field distribution of the two structures of EIO and the E; electric field
strengths measured along the two lines are shown in Figure 3. Figure 3a,b depict the electric
field profiles of the TM3; and TM;; modes, respectively, along with the centerlines in the
Y and Z directions. The electric field intensity is then calculated along these central axes.
Figure 3c shows the amplitude distribution of the E field in the Z-direction. The results
show that the Ez field in the gap of the TM3; mode is large and stable, and much larger
than that of the TMy; mode, which indicates that the TM3; mode has a stronger beam-wave
interaction capability. Figure 3d shows the amplitude distribution of the E7 field in the
Y-direction. The results show that the electric field strength in the beam tunnel of the
TM3; mode is larger than that of the TMj; mode, which is favorable to the beam-wave
interaction, and that the excessive electric field strength of the TM1; mode in the coupling
cavity at the lower end may lead to the unbalanced coupling of the electromagnetic wave.
Through the cold cavity analysis, the TM3; mode was finally selected as the operating
mode for the DCPS EIO. The S;; parameters of the EIO are shown in Figure 4, from which
it can be concluded that there is a good scattering parameter at the output frequency point,
the power generated can be well coupled away from the output port.

The centerline in Y direction

The centerline in Y direction

I The centerline in Z direction

The centerline in Z direction

(a) (b)
AB0R10 T™,, mode 5.00%10° | TM,; mode
380100 .""\/.‘ A AN —— TM,, made i A [—— ™, mode
3005 10 JATATAYAW. WS LAWY A [
g rsoaiee ,"\‘ 'y "\n"’\-'l VYV '\/‘.I B /-'—«..o'l Y
= T II \ ; amxierd \
= 150107 | Fi Vo e
Lo 10 | . I\ 100x10° ;.: f/‘-\i< = \
500 % 1 | IS N oo, i ~ A
0 ) i /\J{ ; S—— ¥, =y
o 2 4 M ] 3 7 Y z
Length (mm) Length (mm)
(9) (d)

Figure 3. Ey field distribution. (a) Ez field distribution in the TM3;-27r mode. (b) Ez field distribution
in the TM;;-27r mode. (c¢) Amplitude of the centerline in the Z-direction. (d) Amplitude of the
centerline in the Y-direction.
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138 139 140 141 142 143 144 145
Frequency (GHz)

Figure 4. S;; parameters of the DCPS EIO and the field distribution of the TM3; mode.

3. PIC Simulation

The optimal structural parameters were determined through cold cavity analysis.
To verify the efficacy of the DCPS EIO in enhancing the beam-wave interaction efficiency,
PIC simulations were conducted to determine the optimal operating parameters. The size of
the electron beam was 2 mm x 0.3 mm, and the current density of each beam was 200 A/ cm?
with an operating voltage of 12.6 kV and longitudinal magnetic field of 0.5 T. Considering
the effect of machining roughness and ohmic loss in the DCPS EIO, the Hammerstad-
Bekkadal formula can be used to predict the excessive resistance loss and the formula is
shown below:

-2
Oeff = 00" {1 + %arc tan [1.4(%)2} } )

where 0 is the conductivity of the ideal smooth surface (o¢, = 5.8 x 107 S/m), o, 7 is the
effective conductivity of the rough surface, ¢ is the skin depth under the ideal smooth plane,
and h is the root mean square (RMS) height of the surface. The equivalent conductivity
was calculated to be 3 x 107 S/m.

In order to achieve the purpose of significantly increasing the output power, on top of
this single output structure, a single output structure with the same structural dimensions
was set above both the left and right cavities, and then a 90° curved waveguide was utilized
to connect these two single output structures to a rectangular waveguide, which was
then connected to the standard waveguide above, to realize the integration of the output
structure and to complete the fusion of power. The three structures with output structures
are shown in Figure 5.

Figure 6 shows the comparison of the output power of the normal structure, the dual-
cavity parallel structure, and the dual-cavity parallel structure with power fusion. Obvi-
ously, the output power obtained at 140.6 GHz in the dual-cavity parallel structure was
366 W, which was nearly twice the output power of the normal structure, and both the left
and right cavities can output electromagnetic waves, and the output power with power
fusion was 610 W. In this study, the coupling of electromagnetic waves was achieved by
incorporating a connecting structure between the two cavities. As such, the analysis of the
coupling cavity is of critical importance. As shown in Figure 7, the output power results
were plotted by changing the length and width of the output cavity. The final dimensions
of the coupling cavity were 1.68 mm x 0.44 mm. The phase space of the EIO and the
electron beam are shown in Figure 8, where it can be observed that the electron beam was
continuously modulated in the resonant cavity and reached the optimal modulation at
the end.
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Figure 5. Physical model of the resonant cavity with output structure. (a) The single-cavity structure.
(b) The DCPS structure. (c) The DCPS structure with power fusion.
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4. Discussion

To improve the output power of the EIO operating in the terahertz frequency range,
this study proposes a new structure called DCPS (dual-cavity parallel structure). DCPS
achieves multi-cavity coupling through a coupling structure at the bottom of the cavities.
Numerical and simulation analyses of the DCPS demonstrate several key advantages.
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First, by adopting DCPS, the power capacity is significantly improved compared to the
traditional ladder-line EIO structure, providing critical support for the realization of high-
power terahertz sources. This is a crucial advancement, as high-power terahertz sources
are in high demand for many sensing and imaging applications.

Second, the symmetric design of the DCPS cavities allows for convenient integration
of a power fusion structure, such as the H-T type combiner used in this study, to further
increase the overall output power. Under the operating conditions of 12.6 kV voltage,
200 A/cm? current density, and 0.5 T longitudinal magnetic field, DCPS EIO exhibits
an impressive output power exceeding 600 W at a frequency of 140.6 GHz. This repre-
sents nearly a three-fold improvement compared with the 195 W output power of the
conventional ladder-line EIO. Compared with other EIOs in the same frequency band,
the output power is at an optimal level. The significant improvements in output power
and interaction efficiency of DCPS can be attributed to the effective coupling between the
two parallel cavities and the power combining structure. The design of the electro-optical
system will be carried out in a follow-up study and the structure will be processed using
the Ultraviolet Lithographie Galvanoformung Abformung (UV-LIGA) technique. This
power fusion approach provides a new idea for the subsequent development of high-power
terahertz sources.

High-power terahertz sources have a profound impact on the sensor field. For instance,
in security screening, the increased output power enables more sensitive and reliable de-
tection of concealed threats, such as explosives and weapons, through enhanced terahertz
imaging technology. This capability is particularly valuable in crowded environments,
where rapid and accurate screening can significantly enhance public safety. In the medical
domain, high-power terahertz sources can improve the quality and penetration depth of
imaging, playing a crucial role in the early detection and diagnosis of cancer. By provid-
ing more detailed images of tissue structures, these sources can help clinicians identify
abnormalities that may be missed with traditional imaging methods. Additionally, these
high-power terahertz sources find applications in industrial sectors, such as non-destructive
testing and quality control, helping companies ensure the safety and compliance of their
products while reducing waste and downtime.

Therefore, I believe that further research on high-power terahertz sources can signifi-
cantly facilitate the advancement of sensors. This not only enhances the performance of
existing technologies, but also drives innovation in new sensor applications, laying a solid
foundation for various fields.

5. Conclusions

This paper proposes a dual-cavity parallel structure-based extended interaction oscil-
lator that effectively addresses the problem of low output power in traditional single-cavity
EIOs at THz frequencies. Under optimal operating conditions, this EIO device achieves an
output power exceeding 600 W at 140.6 GHz, nearly tripling the output of conventional
EIOs. These findings demonstrate the immense potential of the DCPS approach in devel-
oping high-power THz EIO devices and provide an effective technical pathway for the
advancement of high-power THz sources.
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Abstract: As artificially engineered subwavelength periodic structures, terahertz (THz) metasurface
devices exhibit an equivalent dielectric constant and dispersion relation akin to those of natural
materials with specific THz absorption peaks, describable using the Lorentz model. Traditional
verification methods typically involve testing structural arrays using reflected and transmitted optical
paths. However, directly detecting the dielectric constant of individual units has remained a signifi-
cant challenge. In this study, we employed a THz time-domain spectrometer-based scattering-type
scanning near-field optical microscope (THz-TDS s-SNOM) to investigate the near-field nanoscale
spectrum and resonant mode distribution of a single-metal double-gap split-ring resonator (DSRR)
and rectangular antenna. The findings reveal that they exhibit a dispersion relation similar to that of
natural materials in specific polarization directions, indicating that units of THz metasurface can be
analogous to those of molecular structures in materials. This microscopic analysis of the dispersion
relation of artificial structures offers new insights into the working mechanisms of THz metasurfaces.

Keywords: subwavelength; THz metasurface; THz-TDS s-SNOM; nanoscale spectrum

1. Introduction

THz metasurface devices have long been utilized in electromagnetic emission [1-3],
control [4-7], imaging [8] and biochemical sensing [9-12], owing to their distinctive elec-
tromagnetic properties, with metallic resonant structures being among the most prevalent
applications. The interaction between these structures and electromagnetic waves is pre-
dominantly explained using the LC circuit resonance model [13,14] and the equivalent
dielectric constant model [15,16]. However, due to the sub-wavelength nature of metasur-
face elements, their interaction efficiency with THz waves is inherently low, necessitating
the use of large-scale arrays to observe their influences on electromagnetic waves effectively.
Through traditional THz far-field transmission and reflection experiments, researchers
have demonstrated that the resonant absorption properties of arrays of artificial metal
structures exhibit similarities to those of natural materials with specific absorption peaks
in the THz frequency band, such as lactose [17], lead, and vermilion [18], the permittivity
of which can be described by the Lorentz model. Nonetheless, artificial structures differ
from natural materials in that their equivalent dielectric constant can be freely tuned by
adjusting structural parameters, thereby offering broader application scenarios.

In THz metasurface devices, the electromagnetic characteristics of each unit can be
significantly altered by micron-level parameter changes, thereby almost directly deter-
mining the electromagnetic properties of the entire array. The detection and analysis of
individual elements are crucial for enhancing our understanding of the interaction mech-
anisms between metasurfaces and electromagnetic waves. Traditional far-field imaging
methods are constrained by spatial resolution limitations, necessitating the diffraction limit
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to be broken to directly detect the equivalent dielectric constant or surface field distribu-
tion of a single metasurface element. The advent of THz near-field imaging technology
has increased the imaging and spectral resolution of THz waves to the micron and even
nanometer scale [19,20], enabling the direct measurement of nanoscale phenomena that
have experienced rapid advancements in recent years, such as nanoresonators, surface
plasmons [21], and phonon-polaritons [22]. Among these technologies, photoconductive
probe, aperture, and scattering THz near-field imaging systems have reached considerable
maturity in recent years. The fundamental principle of the first two methods involves
positioning the detector at a distance of within a few or tens of microns from the sample
surface for near-field detection [23,24]. Recent advancements have seen research teams
utilizing these methods to achieve micron-level imaging and spectral formation of single-
symmetric bimetallic antennas [25] and asymmetric resonant rings [26]. The scattering
near-field system leverages an atomic force microscope (AFM) probe to scatter near-field
information from the sample surface, thereby achieving imaging resolutions comparable
to those of AFM [27-30]. Paul Dean’s team has recently employed this system to observe
the near-field surface resonance modes of single-rectangular-metallic antenna and ring
structure [31]. Building on these studies, we designed a DSRR structure and a simple
rectangular antenna, then employed THz-TDS s-SNOM to simultaneously obtain the THz
broadband near-field intensity and phase information from its surface. This approach
enabled the two-dimensional imaging of the surface resonance mode and the dispersion
analysis of the equivalent dielectric constant in the resonance region. Additionally, by
incrementally altering the position of one of the gaps, we observed notable differences
between far-field and near-field detection.

2. Materials and Methods
2.1. Experimental Setup

The THz-TDS s-SNOM used in the experiment is a commercial product from Neaspec
GmbH, and is composed of AFM and THz-TDS. The schematic diagram of the experimental
optical path is illustrated in Figure 1. A collimated P-polarized THz pulse is obliquely
incident and converged at the tip of the AFM probe, which operates in tapping mode,
via an off-axis parabolic mirror with a focal length of 16 mm and an incident angle of
approximately 52 degrees. In this configuration, the local field between the probe and
the sample is modulated at the probe’s tapping frequency and scattered into free space.
Both the reflected and scattered signals are captured by a photoconductive antenna (PCA)
receiver. When demodulating high-order near-field signals, which is carried out to extract
relatively pure THz near-field information, the process is typically executed at each time
delay point. In conventional far-field time-domain scanning, the signal at each time
delay point remains relatively stable. However, in near-field systems, the signal at each
time delay point encapsulates modulated scattered near-field information, rendering it
inherently unstable. These weak near-field components can be extracted from the signal
received by the PCA by utilizing a phase-locked demodulation system, which demodulates
the higher-order harmonics of the probe’s oscillation frequency. By scanning the delay line,
the time-domain signal of the near-field can be incrementally reconstructed. The probe
used in this setup is a 25PtIr500B-H50 type, customized by RMN Ing, the cantilever length
of which exceeds 500 um and the tip shank of which is about 80 pum, featuring a resonant
frequency of 15.5 kHz and an amplitude of approximately 150 nm. To mitigate the influence
of water vapor on the THz spectrum, the system operates in an environment with humidity
maintained below 10%.
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Figure 1. Schematic diagram of the THz-TDS s-SNOM.
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2.2. Material Preparation

Figure 2a,b present scanning electron microscope (SEM) images of the sample and a
schematic diagram of a single DSRR structure, respectively. The parameters of the designed
DSRR are as follows: p =70 pm, L =40 pum, w = 6 pm, and s = 2.5 um. The horizontal distance
between the center of the upper gap and the center of the structure, defined as the asymmetric
coefficient, ac, is another critical parameter. In addition, 25 metallic rectangular antennas of
different lengths were fabricated, each with a uniform width of 3 um and lengths ranging from
38 pm to 86 um in 2 pm increments. To minimize coupling effects and mutual interference
between adjacent antennas, the inter-antenna spacing was designed to exceed 300 um. In the
experiment, these structures were fabricated from gold using a photolithography process,
achieving a thickness of approximately 100 nm. The substrate material was high-resistance
silicon (HR-Si) with a resistivity exceeding 10,000 Q)-cm and a thickness of 1 mm.
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Figure 2. (a) SEM image of a symmetric DSRR array; the scale bar is 50 pm. (b) A schematic diagram
of DSRR, in which ac is the asymmetric coefficient. (c) Topography (top) and 3rd-order near-field
imaging of the time-domain peak (bottom). (d) The normalized far-field reflection spectrum of DSRR
arrays with different asymmetric coefficients. We can see that the absorption peak increases and
undergoes a redshift as the ac increases.

2.3. Methods of Detection

To achieve such high imaging resolution in the s-SNOM system, the most crucial
aspect is the extraction of pure near-field signals amidst substantial background noise.
Enhancing near-field scattering efficiency is typically accomplished by utilizing a metallic
tip within the THz frequency band. The metallic tip significantly amplifies the local electric
field at the probe tip due to its pronounced lightning rod effect, while simultaneously
leveraging the mirror dipole interaction between the probe tip and the sample surface to
scatter the surface electric field. Consequently, the spatial extent of the near-field electric
field is primarily determined by the curvature radius of the probe tip. The quantization of

23



Sensors 2024, 24, 5866

the scattered signal can be effectively modeled via the polarization and radiation processes
of the point dipole formed between the probe tip and the sample, commonly referred to as
the point dipole model of the near field [32]. In this model, the probe tip is approximated as
a sphere with radius 7 . As the probe oscillates with a certain frequency, (2, and amplitude,
A, the minimum distance between the probe tip and the sample surface is z. Following
the probe’s oscillation, the distance, d, between the center of the probe tip and the sample
surface can be expressed as follows:

d=z+r+ A[l+ cos(2mQt)]
At the same time, the polarizability, «, of the probe tip can be expressed as follows:
a=4rr(ep — 1)/ (g1 +2)

In the aforementioned equation, ¢; represents the dielectric constant of the probe
material. When a P-polarized THz signal impinges upon the probe tip, the effective
polarizability of the probe sample dipole is given by the following:

appf=a/ (1 —uap/ (167‘({13))

where B is related to the sample reflection coefficient, which is calculated via f = (es — 1)/
(&5 + 1), including e for the dielectric constant of the sample. Combined with the reflection
coefficient, 7, of the sample surface and the incident electric field intensity, E;, the final
scattered signal, E, of the probe can be expressed as follows:

Es x Dégff(l + ’)’)2E1'

The above equation represents the modulation process of the probe on the near-field
signal, where demodulation involves determining the Fourier expansion coefficients of the
effective polarizability. As the probe retracts from the sample surface, the local field between
the probe and the sample undergoes significant variation, decreasing exponentially with
increasing distance from the sample. In contrast, the reflected background signal decreases
almost linearly with increasing distance due to the large spot size. Therefore, theoretically,
higher-order demodulation yields purer near-field signal extraction. However, due to
the characteristics of Fourier expansion in exponentially decaying signals, higher-order
near-field signals are inherently weaker, resulting in a lower signal-to-noise ratio (SNR) in
practical experiments. Thus, it is crucial to select an appropriate order based on the specific
experimental conditions.

2.4. Data Processing

Due to the normalization of the THz pulse being influenced by the time delay and
the unknown flatness of the sample surface, a substrate region within tens of micrometers
near the structure is typically selected when acquiring the reference near-field signal. This
approach ensures a minimal delay difference between the sample and the reference signal.
During the time-domain near-field signal scan, each delay point is integrated for 200 ms to
achieve a sufficient SNR for the 2nd-order signal. While the 3rd-order near-field signal can
also be observed under these conditions, the reference signal generally exhibits a relatively
lower SNR. The normalization uses the following method:

Sy sample(w)
Norm S (w) = | —F—+——
2( ) SZ,ref(w)
Norm P> (w) = P2,sample(w) - PZ,ref (w) @

where S) sumple and Pa sapple are the 2nd-order near-field amplitude and phase obtained
in the surface of our DSRR, respectively. Also, S, r and P, . are the same kinds of
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data obtained in the surface of substrate, which is HR-Si. In phase processing, it may be
necessary to subtract the baseline. In addition, the far-field reflection spectrum of periodic
structures in the following figures should be normalized to the reflection spectrum of the
pure substrate, which is also HR-Si.

3. Results

Initially, AFM topography and third-order near-field time-domain peak imaging were
performed on a single symmetric DSRR with an asymmetric coefficient of ac = 0 pm, which
landed in the center area of the array. The results are presented in Figure 2c. Due to the scan-
ning range approaching the maximum imaging region of the AFM (57 pm x 66 pm), some
distortions are observed at the edges of the topograph and near-field images. Nevertheless,
these distortions do not impact the analysis of the near-field signal strength. It is evident
that the near-field signal from gold is significantly higher than that from high-resistance
silicon, while the near-field signal strength from gold remains nearly uniform. To ascertain
the distribution of the resonance mode, it is imperative to collect the time-domain signal
at each point and image the single-frequency point. To determine the actual resonant
frequency of the designed DSRR, the far-field reflection spectrum of the periodic structure
was measured. For comparative purposes, array structures with varying asymmetric coeffi-
cients (ac =0, 2, 4, 6, and 8 um) were fabricated on the same silicon substrate. Each array
comprised 100 elements (10 x 10) spanning an area of 700 um x 700 pm, with an inter-array
spacing exceeding 1.3 mm (see Figure A1), ensuring that the THz spot illuminated only
one array at a time. In the experiment, the far-field reflection and near-field tests share the
same optical path, allowing the far-field measurements to reliably predict the near-field
resonance frequency. The far-field reflection spectra for different asymmetric coefficients
are depicted in Figure 2d. These results indicate that all absorption peaks are centered
around 0.73 THz (A = 6p), with larger asymmetric coefficients corresponding to lower
absorption peak frequencies. This observation suggests that lower frequencies correlate
with the resonance of a longer arm, implying that the absorption peak is predominantly
influenced by the long arm of the structure.

According to the antenna effect of the THz probe [33,34] and the finite dipole model
theory [32], the probe in the THz near-field system primarily couples and scatters the
external component of the sample surface. The E, contour plot and surface current distribu-
tion of the asymmetric DSRR at the resonant frequency, obtained through CST simulation,
are presented in Figure 3b. We can see that the surface current forms a closed loop, in-
dicating that the resonant mode corresponds to a magnetic dipole mode. Additionally,
the electric field resonance is predominantly concentrated near the vicinity of the split
gap, highlighting the localization of the electromagnetic field in that region. Figure 3a
illustrates a schematic diagram of the optical path used in our actual test. The THz wave is
obliquely incident from the left side, with the probe positioned on a metal arm near the
opening, specifically at the red dot indicated in Figure 3b. For an asymmetric coefficient
of ac = 0 um, the second-order time-domain near-field signal and corresponding normal-
ized second-order near-field intensity and phase spectra with a time window of 2-10 ps
measured at the red dot are shown in Figure 3c. Approximately 4 ps behind the main peak
(indicated by the gray dashed line box), a peak misalignment between the substrate and
the DSRR begins to manifest, leading to the subsequent spectral differences. We can see
that the intensity and phase spectra align closely with the real and imaginary parts of the
dielectric constant, as described by the typical Lorentz model. In 2019, Haewook Han’s
team reported near-field observations of a-lactose and B-lactose, calculating the equivalent
permittivity of these lactose molecules using the probe sample line dipole model and HDPE
as references, achieving a good fit with the Lorentz model [35]. Similar structures have
been tested in the infrared near-field for organic materials such as polystyrene (PS) and
polymethyl-methacrylate (PMMA) [36]. The near-field model reveals that the strength of
the near-field signal is positively correlated with the real part of the dielectric constant,
and the phase of the near-field signal is positively correlated with the imaginary part of
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the dielectric constant. Consequently, the equivalent dielectric constant extracted from
the near-field information at the electric field resonance locations on the metasurface is
consistent with the Lorentz model. Using the Lorentz model formula,

w
e(w) = €0 + S N ST 2
wi — w? —iyw

a preliminary fit can be applied to the intensity and phase of the second-order near-field
normalization using the Lorentz model. In the equation, wy and 7 represent the resonant
frequency and damping parameters, respectively. The fitting results are depicted by the
dashed line in Figure 3c, with the resonant frequency, according to the fitting coefficients,
these also being 0.73 THz. To further elucidate the resonant size-sensitive properties of the
metasurface elements, we varied the asymmetric coefficients of the DSRR and conducted
near-field experiments on individual structures. The second-order normalized near-field
phase spectra for different asymmetric coefficients are shown in Figure 3d. The testing
positions remained consistent, revealing significant changes in the resonant frequency
of a single resonant ring. Although there are minor discrepancies between the resonant
frequencies and the positions of the far-field absorption peaks, the trend is consistent with
that observed in the far-field measurements.
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Figure 3. (a) A schematic diagram of our near-field experiment. (b) A simple diagram of the
symmetric DSRR; the red dot indicates where the tip scatters the near-field signal (top). The contour
of the z component of the electric field (center) and surface current (bottom) as ac = 2 um. (c) The
top picture shows the 2nd-order near-field time-domain signal measured at the base and at the red
dot, and the bottom shows the 2nd-order near-field spectrum of the DSRR normalized to the HR-Si
substrate, where the real and dashed lines correspond to the experimental and Lorentz fitting results,
respectively. (d) The normalized 2nd-order near-field phase spectrum measured at the red dot with
the increasing ac from the bottom up.

As a typical rectangular antenna within a metallic metasurface structure, although
the resonance phenomena are less pronounced compared to those of resonant rings, it
still enables efficient tuning of the resonant frequency. Additionally, an isolated metallic
rectangular antenna typically functions as a half-wave antenna, with its resonant frequency
primarily dependent on its physical length and the dielectric constant of the substrate
material. The resonant wavelength exhibits direct proportionality to the antenna’s length,
facilitating the analysis of the experimental results. The optical image of some metallic rect-
angular antennas is shown in Figure 4a, and Figure 4b illustrates the antenna’s structural
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diagram (top) and the corresponding simulation contour diagram at the resonant frequency
(bottom), where the electric field in the simulation is an out-of-plane component, consis-
tent with the characteristic resonant mode distribution of a half-wave antenna. Figure 4e
presents the optical path diagram for both the simulation and the actual experiment. To
conduct a more detailed analysis of the antenna’s resonance, we initially compared the
normalized second-order near-field time-domain signals of metallic antennas with varying
lengths, as shown in Figure 4c. Given that the water vapor content in the experimental
environment was below 3%, the near-field time-domain signals in the pure substrate exhib-
ited only the primary and secondary reflections resulting from surface wave propagation
on the probe [37]. When the near-field signal was collected at the edge of the metal antenna
(indicated by the red dot in Figure 4b), a clear observation could be made of the electric
field oscillation occurring subsequent to the main peak in the near-field signal. This os-
cillation persisted until the reflected signal from the probe cantilever’s end reached the
probe tip and was scattered, corresponding to the reflection time in the time domain. For
longer rectangular antennas, it was observed that the period of electromagnetic oscillation
increased correspondingly, directly confirming the resonant behavior of THz waves on
metallic antennas through time-domain analysis.
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Figure 4. (a) An optical image of metallic rectangular antennas; the scale bar is 50 pm. (b) A simple
diagram of a rectangular antenna; the red dot indicates where the tip scatters the near-field signal
(top). A contour picture of the z component of the electric field (center) and surface current (bottom)
as L = 60 um. (c) The 2nd-order near-field time domain signal measured at the base and at the
red dot when L = 40, 50, 60 and 70 um. The embedded picture is an enlarged graph of the signal.
(d) The corresponding 2nd-order near-field amplitude and phase spectrum normalized to those of
the HR-Si substrate. (e) A schematic diagram of our near-field experiment. (f) The experimentally
measured resonant wavelengths of rectangular antennas with different lengths (black circles) and
corresponding linear fitting results (blue solid lines).

Based on the time-domain signal, it is possible to predict the corresponding charac-
teristics in the frequency domain. Figure 4d presents the FFT results of the time-domain
signal shown in Figure 4c. In this analysis, a signal within the time window from 1 ps to
6.5 ps—spanning from the main peak to the primary reflection—was selected. However,
due to the prolonged duration of resonance in the metal antenna, this method may have
resulted in a reduced measured near-field resonance Q-factor. The choice of different time
windows for signal extraction introduced minor variations in the measured resonance
frequency (refer to Figure A2b), but it did not affect the overall linearity of the resonant
spectrum or the trend of resonant frequency changes for metal antennas of varying lengths.
In addition, the resonant spectra could still be accurately modeled using the Lorentzian
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profile. We observed that the trend of resonant frequency corresponding to metal antennas
of different lengths aligned with our predictions. Additionally, the relationship between
the resonant wavelength and the lengths of all 25 antennas is plotted as a scatter plot
in Figure 4f, with a linear fit applied. The slope of the fitted line was determined to be
5.708, allowing us to approximate that the THz propagation velocity in a metal with a
high-resistance silicon substrate, whose reflective index is 3.4, is approximately c/2.854.
The dielectric properties of the engineered metasurface elements were further validated
through near-field spectral testing of the metallic rectangular antenna.

To obtain the resonant field distribution on the surface of the DSRR, time-domain
scanning was performed along the metal edge of the DSRR with a scanning interval of
1 um. By performing FFT for each point and normalizing it to the substrate, a phase
contour diagram for a single frequency point, as shown in Figure 5c, was obtained (the
phase of substrate is defined as 0 rad). To eliminate inter-structure interactions within the
array, this DSRR was positioned in an isolated location with no other structures within a
400 pm radius. The corresponding frequency gradually increased from bottom to top, with
0.73 THz being the resonant frequency of the DSRR. It can be observed that the electric
field of the resonance is primarily concentrated on both sides of the opening and gradually
weakens as it moves away from the opening. The resonance disappears at the 2.5 pm
opening, fully demonstrating the spatial resolution of the near-field scattering. Figure 5a,b
show the near-field phase spectra obtained via scanning along the red and green dashed
lines of the DSRR in Figure 5c, respectively. It can be intuitively observed that there is
essentially no resonant electric field in the central region of the opening and the unopened
edges. For the metallic rectangular antenna, we also conducted near-field spectrum tests at
different locations, the results of which are basically consistent with the simulation results.
The details are shown in Figure A2a.
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Figure 5. (a) The line scanning the normalized 2nd-order near-field phase spectrum of the opening
side, where the scanning direction and range correspond to the red dashed line in (c). (b) The same as
(a), except the scanning direction and range correspond to the green dashed line in (c). (c) Normalized
2nd-order near-field phase contour diagram with different frequencies (the resonant frequency of
this DSRR is 0.73 THz).
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4. Discussion

Although we observed the field distribution and nanoscale spectrum on the surface of
the metasurface element, when we pay attention to the simulation results (see Figure 3b)
and the experimental results (see Figure 5¢), it can be found that a phase difference between
the two sides of the opening was not detected, and the same result can also be observed
in metallic rectangular antennas (see Figures 4b and A2a), which may be caused by the
disturbance of the surface electric field by the probe. The metal probe’s lightning rod effect
causes a large accumulation of charge at the tip [38], forming a strong local electric field.
Consequently, when the probe is near the surface of the structure, some coupling between
the local field and the resonant field on the surface of the structure inevitably occurs,
affecting the intensity and phase information of the scattered field. This phenomenon was
also noted by other research teams in previous studies [39].

Given that the resonant mode of the DSRR corresponds to a magnetic dipole, the
entire ring effectively constitutes a resonant wavelength. Consequently, the measured
results should approximate the resonant frequency of an 80 um antenna in a half-wave
antenna configuration. As observed in Figure 3, the resonant frequency of the DSRR is
approximately 0.72 THz, which closely aligns with the resonant frequency of the 76 pm
rectangular antenna. Considering the inherent uncertainties in structural fabrication and
experimental measurement, it is reasonable to conclude that the two structures exhibit a
strong correspondence in their resonant behaviors.

Additionally, it is noteworthy that as we reduce the asymmetry coefficient, the absorp-
tion peak in the far-field reflection spectrum continuously diminishes (see Figure 2d). In
the case of structural symmetry, the absorption peak is almost imperceptible. Even when
the sample is rotated by 90 degrees, no significant far-field absorption peak is observed
(as shown in Figure 6). However, near-field tests reveal a strong resonance near 0.73 THz,
indicative of a typical radiation interference cancellation phenomenon. Previous studies
by Longqging Cong’s team demonstrated that symmetric structures produce the bound
states in the continuum (BIC) phenomenon under a normally incident Y-polarized electric
field due to the radiation interference of two symmetric metal arms [40]. Although our
experiment involves oblique incidence, the two metal arms remain symmetric relative to
the incident THz wave, causing interference cancellation. When the asymmetry coefficient
increases and the structure loses its symmetry, the interference cancellation condition is no
longer met, and the structure’s resonance is reflected in the far-field absorption peak.
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Figure 6. Normalized far-field reflection spectrum of symmetric DSRR array at two angles perpen-
dicular to each other. The solid lines are the same as those in Figure 2d, and the dashed lines are
measured by rotating the sample by 90 degrees. When ac is 0 pm, the array has no apparent absorp-
tion in both conditions. Since the reference signal comes from the HR-Si substrate, it is reasonable for
the normalized reflection of the periodic structures to be greater than 1.
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5. Conclusions

In conclusion, we employed THz-TDS s-SNOM to conduct nanoscale spectrum testing
of a single metallic DSRR and to achieve sub-micron imaging of its resonant mode. By
extracting the near-field spectrum and normalizing it to that of high-resistance silicon
substrate, we found that the intensity and phase conformed to the typical Lorentz model,
aligning closely with results obtained for natural resonant materials. At the same time,
the near-field spectrum of rectangular metal antennas of different lengths was observed,
and the propagation speed of THz in metal with silicon substrate was estimated roughly.
Additionally, we simulated both resonant and non-resonant frequencies on the surface of
the structure with a sub-micron resolution, directly observing that the resonant field was
concentrated on both sides of the opening and decayed towards the metal center. For the
symmetric DSRR, the persistence of near-field resonance indicates that the disappearance
of the absorption peak in the far-field reflection is due to interference cancellation of
structural radiation. These testing methodologies can be broadly applied to various metallic
metasurface structures. Our findings offer novel insights into the working mechanisms of
metasurface units at a microscopic level and are anticipated to advance the development of
THz emission, regulation, and sensing technologies.
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Appendix A

These pictures present the optical micrographs of the fabricated object, the near-field
spectrum at various positions along the rectangular antenna, and a comparison of near-field
spectra derived from different time-domain intervals. The measurement results for the
rectangular antenna and DSRR exhibit a commonality: the anticipated phase-opposite
behavior, as predicted via simulations, was not observed at both edges. For an analysis of
this discrepancy, please refer to the Section 4. Additionally, it was noted that reflections
originating from the probe’s tip had a minimal impact on the near-field measurement of
the resonant frequency.
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Figure A1. (a) Physical diagram of processed DSRR sample. Six DSRR arrays with six asymmetric
coefficients are processed in the same high-resistance silicon wafer, and the region with the single
DSRR is in the lower right corner. (b) Optical images of the rDSRR array at ac = 0 um; the scale bar is
100 pm.
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Figure A2. (a) Normalized 2nd-order near-field phase spectrum of 7 points uniformly acquired

on a metallic rectangular antenna with L = 72 um. The corresponding acquisition position of each

spectrum is shown in the embedded figure. (b) Normalized 2nd-order near-field phase spectrum

comparison under two time window interceptions, where time window 1 is from 1 to 10 ps, and time

window 2 is from 1 to 6.5 ps.
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Abstract: For the purpose of improving performance and reducing the fabrication difficulty of
terahertz traveling wave tubes (TWTs), this paper proposes a novel single-section high-gain slow wave
structure (SWS), which is named the symmetrical quasi-synchronous step-transition (SQSST) folded
waveguide (FW). The SQSST-FW SWS has an artificially designed quasi-synchronous region (QSR)
to suppress self-oscillations for sustaining a high gain in an untruncated circuit. Simultaneously, a
symmetrical design can improve the efficiency performance to some extent. A prototype of the SQSST-
FW SWS for 650 GHz TWTs is designed based on small-signal analysis and numerical simulation. The
simulation results indicate that the maximum saturation gain of the designed 650 GHz SQSST-FW
TWT is 39.1 dB in a 34.3 mm slow wave circuit, occurring at the 645 GHz point when a 25.4 kV 15 mA
electron beam and a 0.43 mW sinusoidal input signal are applied. In addition, a maximum output
power exceeding 4 W is observed at the 648 GHz point using the same beam with an increased input
power of around 2.8 mW.

Keywords: self-oscillation suppressing; terahertz radiation; traveling wave tubes

1. Introduction

Being at the overlap of electronics and photonics, terahertz radiation has many attrac-
tive properties and has great potential for applications in areas such as wireless communi-
cations [1-4], imaging [5-7], and biomedicine [8-10]. On the other hand, the terahertz band
is known as the “terahertz gap” due to the inadequate power of sources.

As a popular type of vacuum electronic device, the TWT can amplify terahertz signals
and give remarkable output power with much higher efficiency over solid-state power
amplifiers, which is critical for the application of terahertz waves.

In recent years, many institutes have conducted experimental research on terahertz
TWTs. Hu et al. [11,12] reported the development of a 0.22 THz and a 0.34 THz TWT at the
China Academy of Engineering Physics. Their maximum output powers reach 30 W and
3.17 W, respectively. The corresponding gains are 31.2 dB and 26.2 dB, respectively. Liu
et al. [13] of the Aerospace Information Research Institute reported a power amplifying
scheme by two cascaded TWTs at 0.22 THz and achieved a 60 W peak output power and a
33 dB peak gain. The recent advances in terahertz TWTs at the Beijing Vacuum Electronic
Research Institute were reported by Pan et al. [14,15]; they successfully fabricated an 11.9 W
25.5 dB 0.26 THz TWT and a 1.6 W 0.34 THz power module, in which a TWT with a
maximum gain of 22 dB was applied. Northrop Grumman Corporation developed a series
of high-frequency terahertz TWTs. The operating frequency band includes 0.67 THz [16],
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0.85 THz [17], and 1.03 THz [18]. Among them, the 1.03 THz TWT holds the highest
operating frequency record for TWTs to date, which has a peak output power of 29 mW
and a peak gain of 20 dB.

It is known that fabrication tolerance is very crucial at the terahertz band; thus, a SWS
with a simple structure is helpful for the success of a terahertz TWT. In our previous work,
we proposed an attenuator-free SWS, named the modified angular log-periodic (MALP)
FW [19], for single-section high-gain terahertz TWTs and validated its principle by a
prototype TWT at the Ka band [20]. Based on the concept of the QSR in the MALP-FW SWS,
this paper proposed a novel SQSST-FW SWS to further reduce the fabrication difficulty and
improve the output power of terahertz TWTs. In addition, a prototype 650 GHz SQSST-FW
TWT is designed in this paper as an example to illuminate the scheme and design method.
According to the simulation, it can produce an output of over 3 W with an input of 0.4 mW
around 650 GHz. As a high-power terahertz source, the SQSST-FW TWT would benefit the
development of the terahertz sensors for fields including nondestructive inspection and
testing, electromagnetic biology effects, and recognition of protein structural states.

The structure of this paper is as follows: Section 2 describes the scheme of the SQSST-
FW SWE; Section 3 briefly reviews the small-signal theoretical foundation of the backward-
wave oscillations in the SQSST-FW SWS; Section 4 verifies the accuracy of the small-signal
theory in predicting the starting length of oscillation (hereafter referred to as starting
length) by using particle-in-cell (PIC) simulations; Section 5 introduces the simulation for
the performance of the designed 650 GHz TWT.

2. Scheme of SQSST-FW SWS

Figure 1 shows the overall structure of the SQSST-FW SWS, including 9 segments
marked in different colors. The overall structure is symmetrical about the middle plane
in the z-direction. The zoom-in view shows the line art of a unit cell, where the deep blue
dash curve is the meandering path. The total length and the projected length in the z-axis
of the meandering path are L and p, respectively. Within one segment, there are several
unit cells with the same L and p, which are different in different segments.

i Symmetrical

=  plane

DODODDROOO0M@

*— zoom-in view
| of a cell
Sweep path

Figure 1. A schematic diagram of the SQSST-FW SWS.

The first half of the SQSST-FW SWS becomes wider gradually, being similar to that
in [19]. By changing the values of & and p, we made the SQSST-FW SWS have a QSR.
The significant difference from the MALP-FW SWES is that the SQSST-FW SWS is step-
transition by segments, while the latter is transition by every cell. The novel topology
reduces the requirement for SWS machining accuracy. On the other hand, the performance
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of suppressing self-oscillations is also reduced. Hence, the number of cells in every segment
should be limited to avoid oscillations, which will be discussed in Sections 3 and 4.

In addition, the symmetrical design makes the axial wave phase velocities vary in
reversed trends in the two halves, allowing for the creation of a positive-/negative-tapering
phase-velocity curve in a certain frequency range and the improvement of output power.

With waveguide cross-sectional dimensions of 0.26 mm x 0.055 mm and the electron
beam channel radius 7. of 0.05 mm, Table 1 lists the other dimensions of the cells in different
segments of the 650 GHz SQSST-FW SWS, where the subscript represents the number of
the segment.

Table 1. Cell dimensions in different segments.

Symbol Value (mm) Symbol Value (mm)
P 0.103 I 0.105
P2 0.10403 Iy 0.109
p3 0.10478 I3 0.113
Pa 0.10578 N 0.118
Ps 0.10682 hs 0.123

As mentioned above, the number of cells in every segment should be limited due to
the reduction in the oscillation-suppressing performance. A simple method to determine
this number is based on the small-signal theory introduced in the following sections.

3. Analysis of the Oscillations

The most common self-oscillations in TWTs can be divided into reflection oscillation
and backward-wave oscillation [21]. The reflections of the wave are the main contributor
to the reflection oscillations because they construct the energy feedback loop. Fortunately,
the oscillations caused by the reflections can be naturally suppressed in the terahertz
TWTs due to the high transmission loss. Therefore, this section focuses on the analysis of
backward-wave oscillations.

The small-signal equations of backward-wave oscillators (BWOs), whose detailed
derivation was given in Liu’s book [21], were employed to evaluate the effect of backward-
wave oscillations in the TWT. The key equations are reorganized and summarized here.

3.1. 1-D Characteristic Equation for BWOs

In the small-signal theory, one-dimensional (1-D) electronic Equation (1), which de-
scribes the effect of the circuit field on the electron beam, is the same for a BWO and

aTWT. .
__ JB DLE
(T~ jpe)* + B3 2V
Here, i1 is the AC component of the beam current; 8, is the phase constant for the
electron beam; I' is the propagation constant of the waves with the beam loaded (to be
solved); B, is the phase constant of the plasma wave; Iy is the dc beam current; E is the
circuit field; and Vj is the dc beam voltage.
The circuit equation, which describes the effect of the electron beam on the circuit field,

for BWOs is also essentially the same as that for TWTs except for the sign change caused by
the change in the equation of the definition of the interaction impedance, as follows:

@

i] =

£ _ ToKe
-

i1 (2)

where Iy is the propagation constant of the wave in the SWS without the electron beam
loaded; K, is the interaction impedance.
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Joining (1) and (2), the characteristic equation for BWOs can be obtained, as follows:

I2ToK,
213

Following the method for solving the characteristic equation for TWTs, let

{ T = B — BeCo @
To = jBe + jBeCb — B.Cd

e To
(T —jBe) + p3 2Vo

-1=0 (©)]

and

6 =x+jy. ()

where C, b, and d are the gain, velocity, and loss parameters, respectively.
By substituting (4) and (5) into (3) and assuming that C << 1, and that b, d, and J are

not far from 1, one can obtain a pair of numerically solvable equations of x and y, as follows:
(x2 —y>+4QC)(d —x) +2xy(y +b) = 0 ©)

(x> —y2+4QC)(b+y) +2xy(x —d) —1=0

3.2. The Starting Length of the Backward-Wave Oscillation

Similar to the case in TWTs, the gain equation for BWOs can be obtained by associating
the boundary conditions, the electronic equation, and the current continuity equation. The
gain of the backward wave “G” is

3 .
Y (8nv2 = 8ny1) (67 +4QC) ™
G= ’3‘:1 . ?)
Z (5n+2 - ‘5n+1)(5% + 4Qc)ej27rCN¢5n

n

where J5 = dy; 64 = 61; QC is the space charge parameter; and N is the ratio of the circuit
length to the wavelength for the electron beam.
Apparently, the starting condition of the backward-wave oscillation is G — oo or
1/G =0, that is,
52 + 4QC) /2N

2 (
L Gz o) Gors =) ®

6, Q, and C are all functions of the cell dimensions and the beam parameters, so the
starting length of the backward-wave oscillation can be obtained by finding the proper b
and CN that satisfy (8).

4. Starting Length in a Periodic SWS
4.1. llumination of the Sample SWS

Here, a periodic FW SWS model was built and simulated for Segment 1 using PIC
methods in CST [22] Particle Studio to verify the accuracy of the predicted starting length
from (8).

The simulation results of the dispersion characteristic curves of this periodic SWS are
shown in Figure 2a, from which the frequency of the backward-wave oscillation point is
found to be around 850 GHz, and the interaction impedance around the backward-wave
oscillation point is shown by Figure 2b, where r represents the radial coordinate.
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Figure 2. (a) A dispersion diagram and (b) the interaction impedance around the backward-wave
oscillation point of the sample for periodic FW SWS.

To obtain the accurate oscillation frequency, a zero-drive PIC simulation model with
an electron beam of 25.4 kV and 15 mA was built, and the simulation results found it to be
851 GHz, where the beam radius is 0.035 mm, and a 1 T uniform focusing magnetic field
is applied. The average beam-wave interaction impedance of the backward wave at that
point obtained by numerical simulation was 1.5 Q.

4.2. Numerical Solutions of the Characteristic Equation

A prerequisite of numerically solving (6) is that Q, C, b, and d are known, where Q and
C can be directly obtained by the known beam parameter and the interaction impedance.
The loss parameter d is not directly calculable but can be obtained by substituting the
simulation result of insertion loss into its definition equation. When neglecting the con-
ductor loss of the SWS material, d is equal to zero apparently, while it changes to 0.507 if a
conductivity of 2 x 107 S/m was considered. The numerical solutions of (6) under these
two conditions are given in Figure 3.

Figure 3. Solutions of ¢: (a) d = 0; and (b) d = 0.507.

4.3. Calculated Starting Length Using the Small-Signal Equation

Once ¢ is solved, G or 1/G would be a singular value function of CN. The variation of
1/G with CN for different values of b is shown in Figure 4.

197 cep=13 25| ——b=12
b= 1487 b=1353
Loz p=ad 2f ----p=15
o Q15
0.5 L
0.5
0
0 ; ; 0.6 ] 0.2
CN
(@) (b}

Figure 4. Variation of 1/G with CN: (a) d = 0; and (b) d = 0.507.
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The red solid curve in Figure 4a indicates that the starting condition of the backward-
wave oscillation in the loss-free model of the sample SWSis b = 1.497 and CN > 0.336, which
corresponds to an actual starting length of about 5.95 mm. Also, the starting length under
the lossy condition (¢ = 2 x 107 S/m) shown in Figure 4b is about 7.79 mm.

4.4. Starting Length by PIC Simulation

In the loss-free condition, the time-domain signal output from the “input port” of the
TWT is shown in Figure 5. The number of cells was gradually added until a remarkable
oscillation was observed. In order to characterize the oscillation more clearly, the time-
dependent spectra were computed by Fast Fourier Transform (FFT) with a 0.2 ns rectangular
window, which is shown in Figure 6.
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=107t
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o
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Figure 5. Time-domain signals from the “input port” of the loss-free sample TWT: (a) 52 cells;
(b) 56 cells; (c) 60 cells; and (d) 62 cells.
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Figure 6. Frequency spectra of the signals from the “input port” of the loss-free sample TWT:
(a) 52 cells; (b) 56 cells; (c) 60 cells; and (d) 62 cells.

The frequency spectra of the 52- and 56-cell TWT look disordered, and their magni-
tudes are at the level of 1078-107, as shown in Figure 6a,b. This means that there is no
obvious oscillation formed in these situations. As the number of cells increased to 60, a clear
peak occurred in Figure 6¢c, whose frequency gradually moved to 851 GHz, with a main
backward-wave oscillation frequency of mode 2. However, its magnitude is rather very
low (1077 level), and it is stable and does not grow exponentially over time, which means
oscillations are primed but not pronounced. When the number of cells is further increased
to 62, a typical self-oscillation signal arises, as shown in Figure 5d. These results indicate
that the starting number of cells for the loss-free sample SWS is 5662, corresponding to a
starting length of 5.77-6.39 mm.

Figure 7 shows the frequency spectrum results in the lossy situation, indicating that
the starting number of cells for the lossy sample SWS is 72-76, corresponding to a starting
length of 7.42-7.83 mm.
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Figure 7. Frequency spectrum of the signals from the “input port” of the lossy sample TWT:
(a) 60 cells; (b) 72 cells; (c) 74 cells; and (d) 76 cells.

4.5. Comparison between Analytical and Simulation Solutions

This section compares the starting length for a periodic FW SWS by using two methods,
which are the small-signal equation and the PIC simulation, respectively. The calculated
results of the starting length for the loss-free and the lossy situations are 5.95 mm and
7.79 mm, respectively, using the small-signal equation. The computed results by the
PIC simulation are in two ranges, namely 5.77-6.39 mm and 7.42-7.83 mm. The results
provided by the two methods show good agreement. Hence, the simple small-signal

equation would be a convenient tool for calculating the starting length in a periodic FW
SWS with great accuracy.

5. Performance Simulation
5.1. Simulation of the Dispersion Characteristics

Figure 8 shows the simulation results of the cell dispersion characteristics in differ-

ent segments, where the part of Segments 6-9 was neglected due to the symmetry of
the structure.

—Segment1 | | . — Segment 1 |
¥ ?80 -=-segmen2 ;L L B i) —Sement2 |
o ?20' <:-- Segment3 | | <+« - Begment 3 |
vl | —-—-Segment4 = —-—- Segment 4 |
g ;. ~--—-Segment 5/ g"ooo —--—-Segmenls AT
> 8604 / 3 |
g /o8
I oo/ 7 Lo !

20,000 40,000 60,000 50,000 60,000 70,000
Phase Constant (rad/m) Phase Constant (rad/m)

(@) (b)

Figure 8. Simulation results of the dispersion characteristics of designed 650 GHz SQSST-FW SWS:
(a) mode 1; and (b) mode 2.

The frequency of the designed perfect-synchronous point (PSP) is 650 GHz, which can
be observed in Figure 8a. By the same method in Section 4, one can find that the oscilla-
tion frequencies in Segments 2-5 are 841.8 GHz, 833.9 GHz, 824.5 GHz, and 816.2 GHz,

respectively, corresponding to the main backward-wave oscillation of mode 2, as shown in
Figure 8b.

5.2. Starting Lengths in Segments 2—5

Table 2 lists the parameters of these oscillation points, where the conductivity of the
background metal is still set as ¢ =2 x 107 S/m.
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Table 2. Oscillation-point parameters in Segments 2-5.

Interaction
Segment Frequency (GHz) Impedance (Q) Loss Parameter d
2 841.8 1.5 0.511
3 833.9 1.6 0.516
4 824.5 1.8 0.489
5 816.2 1.9 0.473

The diagrams of 1/G versus CN for Segments 2-5 can then be easily obtained by
substituting the data in Table 2 into (6), as shown in Figure 9.

02 04
CN
(b)

O

CN
(d}

Figure 9. Relations of 1/G versus CN: (a) Segment 2; (b) Segment 3; (c) Segment 4; and (d) Segment 5.

The calculated results in Figure 9 indicate that the starting lengths for Segments 2-5

are 7.91 mm, 7.82 mm, 7.41 mm, and 7.27 mm, respectively, corresponding to cell numbers
76,74,70, and 68.

5.3. Overall Structure Design and Transmission Characteristics

As the oscillation frequencies for Segments 1-5 are different, the potential backward-
wave oscillations in them are non-coherent. So, the oscillation would not start as long as the
number of cells with different dimensions in the overall SWS remains less than the starting
number of cells.

Following the above principle, the number of cells in Segment 5 is designed as a
conservative value of 63, and that in others are all 33.

The simulation results of the transmission characteristics of the overall SWS are shown
in Figure 10, where S;; is about —15 dB to —17 dB, and Sy; is about —45 dB to —65 dB in
the frequency range of 630 GHz-670 GHz.

-40
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o N\ o
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Figure 10. Simulation results of the characteristics of the 650 GHz SQSST-FW SWS: (a) S1;; and
(b) Sx1.

5.4. PIC Simulation

A 25.4kV 15 mA ideal electron beam with a radius of 0.035 mm was then applied to the
PIC simulation. At first, a zero-drive simulation was performed to evaluate the oscillation
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state in the designed 650 GHz SQSST-FW TWT. Figure 11 shows the time-domain output

signals from the two ports of the TWT.
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Figure 11. Time-domain signals from the (a) “input port” and (b) “output port” of the 650 GHz
SQSST-FW TWT.

The simulation results in Figure 11 indicate that the powers of the self-excited signals
from the two ports of the TWT are quite low, whereas the power output from the “output
port” is at the pW level and that from the “input port” is even at the fW level. The insets
in Figure 11a,b show that the self-excited signals have no upward trend. The frequency
spectra of these two signals are shown in Figure 12, in which one can find that the peak
frequency is very close to 650 GHz, the frequency of the PSP.
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Figure 12. Frequency spectrum of the (a) “input port” and (b) “output port” signals of the 650 GHz
SQSST-FW TWT.

According to the above information, it is reasonable to determine the output signal
from the “output port” of the TWT as a tiny reflection oscillation, and the output signal
from the “input port” as its reflection. The reason for such a tiny oscillation is that the
phase velocity of the forward wave of 650 GHz, the frequency of the PSP, is constant along
the z-axis, and thus the SWS has no function of suppressing reflection oscillation of this
frequency.

However, there is no positive energy feedback loop for the reflection oscillation in the
tube, and the steady oscillation power is only at the pW level. So, the effect of this tiny
oscillation on the performance of the tube can be neglected.

Figure 13 shows the drive curves in the frequency range of 641 GHz-651 GHz with a

step of 1 GHz, and Figure 14 shows the output powers at different frequencies with a fixed
0.4 mW input power.
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Figure 13. PIC simulation results of the drive curves of the 650 GHz SQSST-FW TWT:
(a) 641 GHz-644 GHz; (b) 645 GHz-648 GHz; and (c) 649 GHz-651 GHz.
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Figure 14. PIC simulation results of the equal-drive output powers at different frequencies.

The PIC simulation results indicate that the designed SQSST-FW TWT has a saturated
output power of 3.46 W when the input power is 0.43 mW at 645 GHz, corresponding to
a gain of 39.1 dB and an electronic efficiency of 0.91%. In addition, the maximum output
power can reach 4.46 W when the input power is 2.8 mW at 648 GHz. The gain would be
reduced to 32 dB, but the electronic efficiency would increase to 1.17%. In addition, the
3 dB bandwidth with a 0.4 mW input power is about 6.5 GHz.

6. Discussion

In Sections 3 and 4, the backward-wave oscillation starting length for the sample
periodic FW SWS is analyzed by 1-D linear theory for BWOs and successfully verified by
PIC simulations. However, it has actually been conditionally simplified there, including
ignoring the impact of the plasma frequency reduction factor and adopting the simplified
formula for the space charge parameter (QC = w;z,/ w?/C%/4, where wp is the plasma
frequency). The condition is that both C and QC are relatively low, which can be satisfied
in most terahertz FW TWTs. For the TWTs with high C or high QC, the calculation results
may need to be modified.

The designed 650 GHz SQSST-FW TWT performs well in gain, output power and
electronic efficiency but shows disadvantages in some other respects. One disadvantage
is its relatively narrow 3 dB bandwidth, about 1%, and another is the high requirement
for machining accuracy. Further detailed studies need to be conducted to explore its
optimization potential.

7. Conclusions

This paper presents a novel SQSST-FW SWS based on the QSR and a design method for
it by the combination of the 1-D linear theory for BWOs and numerical simulations, which
is illuminated by a design example for 650 GHz TWT applications. The designed SQSST-FW
SWS consists of nine segments, which are symmetrical about the fifth segment. Following
the principle that the cell number in every segment did not exceed the oscillation-starting
cell number, the finally designed 650 GHz SQSST-FW TWT reached a maximum saturated
gain of 39.1 dB without the help of attenuators or severs in PIC simulation. It also performs
well in output power and electronic efficiency. The simulation results verify the validity of
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the proposed concept and method and show the great potential of the SQSST-FW SWS for
applications in terahertz high-gain high-power TWTs.

Author Contributions: Conceptualization, D.X. and S.W.; methodology, D.X. and T.H.; software, D.X.
and T.H,; validation, Y.Z., Z.L. and Z.W.; formal analysis, D.X. and H.G.; investigation, D.X. and Z.W.;
resources, Z.W., Z.D. and S.W.; data curation, T.H. and Z.D.; writing—original draft preparation,
D.X.; writing—review and editing, Z.D. and S.W.; visualization, Z.L.; supervision, S.W.; project
administration, S.W.; funding acquisition, S.W. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
nos. T2241002, 61921002, 92163204, and 61988102) and the National Key Laboratory of Science and
Technology on Vacuum Electronics (grant no. 2023KP006).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Kanno, A_; Sekine, N.; Kasamatsu, A.; Yamamoto, N.; Yoshida, M.; Masuda, N. Terahertz-Wave Communication System Using a
Traveling-Wave Tube Amplifier. In Proceedings of the 2018 Progress in Electromagnetics Research Symposium (PIERS-Toyama),
Toyama, Japan, 1-4 August 2018.

Lin, C; Li, G.Y.L. Terahertz Communications: An Array-of-Subarrays Solution. IEEE Commun. Mag. 2016, 54, 124-131. [CrossRef]
Song, R.; Cui, D.; Li, Y.,; Zhang, N.; Lv, Q.; Wang, C. The Progress of Terahertz Wave Source in Communication. In Proceedings of
the 2016 IEEE 9th UK-Europe-China Workshop on Millimetre Waves and Terahertz Technologies (UCMMT), Qingdao, China, 5-7
September 2016; pp. 64-66.

Zhou, T.; Zhang, Y.; Zhang, B.; Zeng, H.; Tan, Z.; Zhang, X.; Wang, L.; Chen, Z.; Cao, J.; Song, K.; et al. Terahertz Direct Modulation
Techniques for High-Speed Communication Systems. China Commun. 2021, 18, 221-244. [CrossRef]

Hu, Q.; Wei, X.; Pang, Y,; Lang, L. Advances on Terahertz Single-Pixel Imaging. Front. Phys. 2022, 10, 982640. [CrossRef]

She, R.; Liu, W.; Lu, Y.; Zhou, Z.; Li, G. Fourier Single-Pixel Imaging in the Terahertz Regime. Appl. Phys. Lett. 2019, 115, 021101.
[CrossRef]

Shen, Y.C.; Gan, L.; Stringer, M.; Burnett, A.; Tych, K.; Shen, H.; Cunningham, J.E.; Parrott, E.PJ.; Zeitler, ].A.; Gladden, L.E; et al.
Terahertz Pulsed Spectroscopic Imaging Using Optimized Binary Masks. Appl. Phys. Lett. 2009, 95, 231112. [CrossRef]

Jiao, Y;; Lou, J.; Ma, Z.; Cong, L.; Xu, X.; Zhang, B.; Li, D.; Yu, Y.; Sun, W.; Yan, Y,; et al. Photoactive Terahertz Metasurfaces for
Ultrafast Switchable Sensing of Colorectal Cells. Mater. Horiz. 2022, 9, 2984-2992. [CrossRef] [PubMed]

Wang, P; Lou, J.; Yu, Y,; Sun, L.; Sun, L.; Fang, G.; Chang, C. An Ultra-Sensitive Metasurface Biosensor for Instant Cancer
Detection Based on Terahertz Spectra. Nano Res. 2023, 16, 7304-7311. [CrossRef]

Wang, R.; Xu, L.; Huang, L.; Zhang, X.; Ruan, H.; Yang, X.; Lou, J.; Chang, C.; Du, X. Ultrasensitive Terahertz Biodetection Enabled
by Quasi-Bic-Based Metasensors. Small 2023, 19, 2301165. [CrossRef] [PubMed]

Hu, P; Lei, W,; Jiang, Y.; Huang, Y.; Song, R.; Chen, H.; Dong, Y. Development of a 0.32-THz Folded Waveguide Traveling Wave
Tube. IEEE Trans. Electron Devices 2018, 65, 2164-2169. [CrossRef]

Hu, P; Lei, W,; Jiang, Y.; Huang, Y.; Song, R.; Chen, H.; Dong, Y. Demonstration of a Watt-Level Traveling Wave Tube Amplifier
Operating above 0.3 THz. IEEE Electron Device Lett. 2019, 40, 973-976. [CrossRef]

Liu, W.; Zhang, Z.; Liu, W.; Jin, Z.; Zhao, K.; Zhao, C.; Guo, X,; Zhang, Z.; Yin, S.; Zhang, Z. Demonstration of a High-Power
and Wide-Bandwidth G-Band Traveling Wave Tube with Cascade Amplification. IEEE Electron Device Lett. 2021, 42, 593-596.
[CrossRef]

Pan, P.; Zhang, L.; Cui, H.; Feng, J. Terahertz Power Module Based on 0.34 THz Traveling Wave Tube. IEEE Electron Device Lett.
2022, 43, 816-819. [CrossRef]

Pan, P; Zheng, Y.; Li, Y.; Song, X.; Feng, Z.; Feng, ].; Britt, R.D.; Luhmann, N.C. Demonstration of a 263-GHz Traveling Wave Tube
for Electron Paramagnetic Resonance Spectroscopy. IEEE Trans. Electron Devices 2023, 70, 5897-5902. [CrossRef] [PubMed]
Tucek, J.C.; Basten, M.A.; Gallagher, D.A_; Kreischer, K.E.; Lai, R.; Radisic, V.; Leong, K.; Mihailovich, R. A 100 Mw, 0.670 THz
Power Module. In Proceedings of the International Conference on Vacuum Electronics, Monterey, CA, USA, 24-26 April 2012.
Tucek, J.C.; Basten, M.A; Gallagher, D.A; Kreischer, K.E. 0.850 THz Vacuum Electronic Power Amplifier. In Proceedings of the
IEEE International Vacuum Electronics Conference, Monterey, CA, USA, 22-24 April 2014.

Tucek, J.C.; Basten, M.A_; Gallagher, D.A; Kreischer, K.E. Operation of a Compact 1.03 THz Power Amplifier. In Proceedings of
the 2016 IEEE International Vacuum Electronics Conference (IVEC), Monterey, CA, USA, 19-21 April 2016.

44



Sensors 2024, 24, 5289

19. Xu, D.; Wang, S.; Wang, Z.; Shao, W.; He, T.; Wang, H.; Tang, T.; Gong, H.; Lu, Z.; Duan, Z.; et al. Theory and Experiment of
High-Gain Modified Angular Log-Periodic Folded Waveguide Slow Wave Structure. IEEE Electron Device Lett. 2020, 41, 1237-1240.
[CrossRef]

20. Xu,D.;Wang, S, Lu, C; He, T.; Wang, Z.; Lu, Z.; Gong, H.; Duan, Z.; Gong, Y. Demonstration of a Modified Angular Log-Periodic
Folded Waveguide Traveling Wave Tube at Ka-Band. IEEE Trans. Electron Devices 2023, 70, 1323-1329. [CrossRef]

21. Liu, S. Introduction to Microwave Electronics; National Defense Industry Press: Beijing, China, 1985. (In Chinese)

22.  Cst Studio Suite. Available online: https:/ /www.3ds.com/products-services/simulia/products/cst-studio-suite (accessed on 21
November 2022).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

45



E Sensors

Communication

A Staggered Vane-Shaped Slot-Line Slow-Wave Structure for
W-Band Dual-Sheet Electron-Beam-Traveling Wave Tubes

Yuxin Wang !, Jingyu Guo !, Yang Dong !, Duo Xu !, Yuan Zheng !, Zhigang Lu !, Zhanliang Wang !

and Shaomeng Wang 1-2-*

Citation: Wang, Y.; Guo, |.; Dong, Y.;
Xu, D.; Zheng, Y.; Lu, Z.; Wang, Z.;
Wang, S. A Staggered Vane-Shaped
Slot-Line Slow-Wave Structure for
W-Band Dual-Sheet Electron-Beam-
Traveling Wave Tubes. Sensors 2024,
24,3709. https://doi.org/10.3390/
$24123709

Academic Editor: Francesco De

Leonardis

Received: 8 May 2024
Revised: 28 May 2024
Accepted: 5 June 2024
Published: 7 June 2024

©_®

i BY

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Electronic Science and Engineering, University of Electronic Science and Technology of China,
No. 2006 Xiyuan Avenue, High-Tech District (West District), Chengdu 611731, China;
202211022437@std.uestc.edu.cn (Y.W.); 202111022436@std.uestc.edu.cn (J.G.);
202111022405@std.uestc.edu.cn (Y.D.); d.xu@uestc.edu.cn (D.X.); zyzheng@uestc.edu.cn (Y.Z.);
1zhgchnn@uestc.edu.cn (Z.L.); wangzl@uestc.edu.cn (Z.W.)

Yangtz Delta Region Institute (Quzhou), University of Electronic Science and Technology of China, No. 1,
Chengdian Road, Quzhou 324003, China

*  Correspondence: wangsm@uestc.edu.cn

Abstract: A staggered vane-shaped slot-line slow-wave structure (SV-SL SWS) for application in
W-band traveling wave tubes (TWTs) is proposed in this article. In contrast to the conventional slot-
line SWSs with dielectric substrates, the proposed SWS consists only of a thin metal sheet inscribed
with periodic grooves and two half-metal enclosures, which means it can be easily manufactured
and assembled and has the potential for mass production. This SWS not only solves the problem
of the dielectric loading effect but also improves the heat dissipation capability of such structures.
Meanwhile, the SWS design presented here covers a —15 dB Sj; frequency range from 87.5 to
95 GHz. The 3-D simulation for a TWT based on the suggested SWS is also investigated. Under
dual-electron injection conditions with a total voltage of 17.2 kV and a total current of 0.3 A, the
maximum output power at 90 GHz is 200 W, with a 3 dB bandwidth up to 4 GHz. With a good
potential for fabrication using microfabrication techniques, this structure can be a good candidate for
millimeter-wave TWT applications.

Keywords: slot line; slow-wave structure (SWS); W-band; dual sheet electron beam; traveling
wave tube

1. Introduction

Miniaturized vacuum electronics are commonly employed in millimeter-wave bands
for applications such as high-data-rate wireless communications, satellite communications,
and high-resolution radars [1,2]. Among them, the planar traveling wave tube (TWT) [3-5]
is one of the most promising vacuum electronic devices due to its simple structure and
compatibility with microfabrication methods in the millimeter-wave band.

One core part of a TWT is its slow-wave structure (SWS), which serves to slow down
and synchronize the electromagnetic waves with a high-energy electron beam. Meander-
line SWSs [6-9] have been extensively utilized in planar SWSs due to their low operating
voltage and mass manufacturing capability. However, meander-line (ML) SWSs are typi-
cally kept in place by dielectric rods or dielectric substrates, which are susceptible to charge
accumulation effects that can cause destructive damage to the device [10,11].

Dielectric slab-supported slot-line SWS [12] and co-planar SWS [13] can effectively
minimize the dielectric’s exposed area, thereby reducing the probability of charges bom-
barding the dielectric. The backward wave has a higher coupling impedance; hence, this
SWS is commonly employed in backward wave oscillators (BWOs). However, the presence
of the dielectric limits the thickness of the metal layer in these two types of SWSs, and in
actual processing, the loss of the intermediate seed layer, which connects the dielectric to
the metal layer, can have a negative impact on wave transmission [14].
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Due to the size co-transition effect, the transverse dimension of the SWS decreases
with increasing frequency, and then the use of large compression ratios for multiple sheet
electron beam injections can effectively increase the output power. Several designs of
multiple-tunnel TWTs operating in millimeter-wave bands have been proposed [15,16].

In this condition, a novel planar-staggered vane-shaped slot-line (SV-SL) SWS is
proposed. This slot-line SWS dispenses with a dielectric substrate and consists of a metal
sheet and a metal shell. The structure operates in the traveling wave region by adjusting
the structural parameters. Similar to the meander-line SWS, the SV-SL SWS is simple to
fabricate, can be mass-produced, and has better heat dissipation characteristics. Meanwhile,
this SWS has two natural electron injection channels, which can be used for dual-electron
injection operations and can effectively increase the output power.

2. SWS Design and Discussion
2.1. Design and Electromagnetic Parameters

The schematic design of the proposed SV-SL SWS with natural dual beam tunnels
is shown in Figure 1. This model is partitioned into the following three parts: the upper
shell, the middle sheet, and the lower shell. The distance between the upper and lower
shells is drawn out for easy observation. The center part is engraved with staggered vane
patterns and fixed between the grooved upper and lower shells, while the gaps between
the shell and centerpiece become nature beam tunnels. The dimensions of the structure are
presented in Table 1.

(b)

Figure 1. Schematic of the single period SV-SL SWS. (a) Perspective view of the proposed SWS with
cut shell and (b) cross-section view of staggered vane slot line.

Table 1. Dimension parameters.

Parameters Dimension (mm) Parameters Dimension (mm)
4 1.2 ws1 0.55
wa 1.5 ws2 0.1
ta 0.375 d 0.05
ds 0.65 ts 0.05

We simulated a single period of the proposed SWS with Floque periodic boundary
conditions along the axial direction. The results are presented in Figure 2. To effectively
avoid the occurrence of backward wave oscillations and band-edge oscillations, the electron
injection voltage line should avoid intersecting the backward wave region (with phase
shifts ranging from 0° to 180°) and move away from points with phase shifts of 7w and
2. Therefore, by increasing the length of the single period and decreasing the height of
the electron injection tunnels, the 17.2 kV beam line and the fundamental mode of the
SWS intersect in the forward wave region at 90 GHz, which means that signals near this
frequency may be amplified.
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Figure 2. The dispersion diagram of the proposed SWS.

In addition, the variation in the normalized phase velocity and coupling impedance
with frequency is shown in Figure 3. In the frequency range of 85-95 GHz, the dispersion
characteristic curves are relatively flat, and the coupling impedance calculated for the
fundamental forward harmonic mode of the SV-SL SWS is about 2.89-5.93 () at 0.075 mm
from the surface of the slot line.
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Figure 3. (a) Normalized phase velocity curve and (b) coupling impedance curve of the SV-SL. SWS
with frequency.

2.2. S-Parameters

Figure 4 depicts the whole assembly model of the proposed SWS with coupling devices.
A thin central sheet of metal is laser-engraved with periodic staggered vane grooves, and
the metal enclosure is divided into two halves that can be fabricated with a computer
numerical control (CNC) milling or casting machine. The gap between the middle metal
sheet and the upper and lower enclosures can serve as a dual electron injection channel.

To eliminate extra reflections, a transition section, as seen in Figure 5, is employed
to connect the SWS to the input/output structure. A stepped ridge waveguide is usually
adopted as the transmission transition structure for a planar meander-line SWS, where
impedance matching can be achieved by adjusting the height of the ridge waveguide (the
dimension along the x-direction); during this process, the transition from the TE;y mode of
the standard rectangular waveguide to the quasi-TEM mode of the meander line can be
realized. However, this matching method requires the meander-line and ridge waveguide
to be processed separately and then assembled as a whole unit, which is troublesome to
accurately assemble and prone to introduce more assembly errors. In order to simplify
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the assembly of the whole SWS, in this SV-SL SWS, we controlled the height of the ridge
waveguide in the x-direction to match the thickness of the centerpiece, i.e., the beam
tunnel height, and achieved impedance matching by adjusting the dimensions of the ridge
waveguide in the z- and y-directions. The dimensional parameters are listed in Table 2.

PR _— N

z
The input of : N
electron beam N
from cathode .~ Blectron beam v /
=== B The output of

1 electron beam
h o collector

b

i 4
[nput port Output port
Figure 4. Assembly model of the proposed SWS with coupling structures.

— | _(i.\' .I
|_-|'-_—i' I 52 | wijll 4
3

_|| sl Fws2
|

Figure 5. Schematic of the SV-SL SWS with transition coupler parts.

Table 2. Dimension parameters for transition.

Parameters Dimension (mm) Parameters Dimension (mm)
sl 0.5 w3 0.6
s2 0.4 w4 0.9
s3 0.8 g1 0.95
wl 024 2 1
w2 0.39 %3 1

Meanwhile, the electric field distribution of the transmission model of the proposed
SWS is shown in Figure 6. After optimizing the dimensional parameters of the connection
portion, this model can complete the wave transmission.

To examine the transmission characteristics of the SWS, we simulated a 50-period
circuit with input/output couplers on both sides using the CST Studio Suite simulator [17].

49



Sensors 2024, 24, 3709

AV
L&

L0s

nn

Figure 6. Electric field distribution of the transmission model of the proposed SWS.

In our previous research [18], the effects of laser cutting, acid cleaning, and copper
plating on the surface roughness and S-parameter of the meander slot-line were inves-
tigated. The experimental results show that after plating a 3-5 um copper layer on the
surface of the laser-cut molybdenum sheet, the surface roughness reaches 1.67 pm, and
its effective conductivity is 1.48 x 107 S/m. Therefore, in the SV-SL SWS simulation, the
upper and lower shells are assumed to be copper with a conductivity of 3 x 107 S/m.
And the central slot-line is considered to be a molybdenum sheet with an effective con-
ductivity of 1.48 x 107 S/m; the effective conductivity r was calculated according to the
well-known formula.

5= — (1)

Oef = 2 (2

)

where the ¢ is the skin depth, w is the angular frequency, y = 47 x 1077 H/m is the
magnetic conductivity, ¢ = 5.8 x 107 S/m is the bulk conductivity of copper, and R is the
surface roughness.

The obtained S-parameters are presented in Figure 7a. In the frequency range of
87.5-95 GHz, the reflection loss S does not exceed —15 dB (black line), and the transmis-
sion loss Syq varies from —5.5 dB to —8 dB (red line). Due to the influence of high-frequency
loss, the value of Sp; decreases significantly with frequency (the value of Sy; is negative
while the absolute value of Sy; increases). During the actual processing, the meander line
SWS with the dielectric support or substrate needs to consider the loss of the intermediate
seed layer connecting the dielectric layer and the metal layer, which causes a serious nega-
tive impact on wave transmission [19,20]. Clearly, the transmission loss of SV-SL SWS with
the seed layer removed is much lower.
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Figure 7. (a) Transmission characteristics of the 50-period SWS with input/output couplers. (b) S1;
at the interaction of the wave with an electron beam in the manuscript.
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The S1; at the interaction of the wave with the electron beam is calculated through the
input and reflected power at different frequencies, and the simulation results are shown in
Figure 7b, which are less than —15 dB within the frequency 88-95 GHz and are in good
agreement with the results in Figure 7a.

3. Beam-Wave Interaction Simulation

To evaluate the output performance of the W-band TWT with the proposed dual-beam
SV-SL SWS, we used the 3-D particle-in-cell (PIC) CST Particle Studio simulator [21]. In the
simulation, we considered two identical 0.15 A electron beams (with a total current of 0.3 A)
focused by a uniform magnetic field. And the beam voltage was 17.2 kV. The axis of the
electron beam was positioned at 0.075 mm above the SWS. Considering the electron beam
tunnel size, the transversal dimension of the beams was 0.8 mm x 0.1 mm (current density
of 187.5 A/cm?), corresponding to a broadside filling factor of 40%. The total length of
the SWS with 50 periods plus the input/output coupling section was 66 mm. Considering
the stable beam transportation without current interception by the beam tunnel walls, the
uniform magnetic field should be 0.6 T or higher.

Figure 8a depicts the output power and gain versus input power plot. The simula-
tion maximum output power can reach 200 W with an input power of 0.12 W, and the
corresponding gain is 32.2 dB at 90 GHz. By contrast, in Figure 8b, the driving power
is set to 0.1 W. The simulation forecasts a maximal gain of 32.9 dB at 90 GHz, and the
corresponding output power of 197 W. And the 3 dB bandwidth is 4 GHz.
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Figure 8. (a) Output power versus the input power at 90 GHz. (b) Output power versus frequency
with 0.1 W input power.

As shown in Figure 9a, we simulated the fluctuation of the SWS output signal with
time at a 17.2 kV beam voltage, 90 GHz frequency, and 0.1 W input power. The signal is
input from port 1, and after wave injection interaction, it is output from port 2, indicating
that there is no noticeable oscillation and that it can be amplified stably. The output signal
is stable across the whole frequency range, and we observed a clean single-frequency
spectrum with no spurious mode excitation, as illustrated in Figure 9b.

Figure 10 shows the corresponding beam phase-space diagram. It indicates the ef-
fective beam bunching along the axial direction. Most particles lose energy, and a few
electrons gain energy, showing a sufficient beam wave energy transfer.

According to studies [20,22-26], as shown in Table 3, the saturated output power of
microstrip-like structures is generally limited by the small size of the structure, which leads
to low operating voltages and currents. Moreover, microstrip-like structures are usually
held in place by dielectric substrates, which are susceptible to charge accumulation effects,
and the meander line SWS using a dielectric substrate needs to take into account the high
loss of the intermediate seed layer connecting the dielectric layer to the metal layer in
actual processing, so Sy in experiments is usually below —30 dB. The SV-SL SWS has a
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higher operating voltage, and its saturated output power can be more than twice that of
the microstrip-like structure at approximately the same 3 dB bandwidth. Since the SV-SL
SWS removes the seed and dielectric layers and adopts an all-metal structure, it is easier
to process and assemble, and the transmission loss is smaller. Subsequent work should
ensure that the operating voltage is reduced as much as possible and the efficiency of the
electron interaction is improved with little change in bandwidth.
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Figure 9. (a) Input and output signals versus time for SWS at 17.2 kV beam voltage. (b) The spectrum

of the input and output signals.
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Figure 10. Electron beam phase-space diagram.

Table 3. Comparison of different planar SWSs in the W-band.

Type Operating Simulation Output Power,
Parameters Efficiency and BW
Metalized ML TWT [20] 9kV,0.028 A 10 W, 4%, 3 GHz
ML SWS with the CVD diamond 15.6 kV, 0.043 A 40 W, 5.96%, 5 GHz
substrate [22]

PML SWS (cylindrical beam) [23] 6.5kV,0.04 A 36 W, 1.38%, 5 GHz
U-shaped ML SWS [24] 71kV,0.1A 20.77 W, 2.9%, 7 GHz

ML SWS with a conformal substrate [25] 6.55kV, 0.1 A 31.4 W,4.8%, 6 GHz
Miniature ML SWS [26] 14kV,02 A 121 W, 4.32%, 3.5 GHz

SV-SL SWS 17.2kV,03 A 200 W, 3.63%, 4 GHz
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4. Conclusions

In conclusion, we proposed a dual-beam SV-SL SWS and investigated its application
in W-band TWT. The SWS was found to have suitable coupling impedance and gentle
dispersion characteristics. The simulated transmission characteristics of the 50-pitch struc-
ture with the input/output couplers demonstrated good performance in the 87.5-95 GHz
frequency range. The transmission loss was substantially lower than the meander-line
SWS with dielectric support or substrate. According to the 3-D PIC simulation, when set
to a dual beam with 17.2 kV and 0.3 A in total, the maximum output power can reach
200 W at 90 GHz, corresponding to the maximum gain and efficiency of 32.2 dB and 3.63%,
respectively. The all-metal SV-SL SWS consists of the following three parts: the metal sheet
in the middle is carved by a laser engraving or wire cutting to form a periodic winding
groove; the upper and lower metal shells are manufactured by a CNC milling machine
or casting; and they are then fixed by resistance welding or brazing. Compared with the
microstrip-like structures, SV-SL SWS not only completely solves the charge accumulation
problem caused by the dielectric substrate and the loss caused by the seed layer, but it also
has good mechanical properties that can account for both thermal properties and large-scale
production. As a result, the suggested SV-SL SWS has significant application potential in
the W-band TWT.
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Abstract: The development of low-cost sensing devices with high compactness, flexibility, and
robustness is of significance for practical applications of optical gas sensing. In this work, we
propose a waveguide-based resonant gas sensor operating in the terahertz frequency band. It features
micro-encapsulated two-wire plasmonic waveguides and a phase-shifted waveguide Bragg grating
(WBG). The modular semi-sealed structure ensures the controllable and efficient interaction between
terahertz radiation and gaseous analytes of small quantities. WBG built by superimposing periodical
features on one wire shows high reflection and a low transmission coefficient within the grating
stopband. Phase-shifted grating is developed by inserting a Fabry—Perot cavity in the form of
a straight waveguide section inside the uniform gratings. Its spectral response is optimized for
sensing by tailoring the cavity length and the number of grating periods. Gas sensor operating
around 140 GHz, featuring a sensitivity of 144 GHz/RIU to the variation in the gas refractive index,
with resolution of 7 x 1075 RIU, is developed. In proof-of-concept experiments, gas sensing was
demonstrated by monitoring the real-time spectral response of the phase-shifted grating to glycerol
vapor flowing through its sealed cavity. We believe that the phase-shifted grating-based terahertz

resonant gas sensor can open new opportunities in the monitoring of gaseous analytes.

Keywords: terahertz technology; gas sensing; plasmonic waveguide; phase-shifted grating; additive

manufacturing

1. Introduction

An increasing demand for the monitoring of air quality has promoted the develop-
ment of high-performance gas sensing devices operating on various chemical and physical
principles such as optical, calorimetric, chromatographic, acoustic, as well as electrochem-
ical [1-5]. Among those, optical sensors exhibit unique advantages by being immune to
electromagnetic interferences, free of external power supply, capable of operating in harsh
environments, and allowing multiplexed remote sensing [6-8]. Furthermore, for various
gaseous analytes (e.g., gases, vapors, aerosols), the terahertz band is abundant with spectral
fingerprints [9-12], thus opening new opportunities in optical gas sensing. As a comple-
mentary technique to the well-established infrared spectroscopy that probes electronic
transitions in molecules [13], THz spectroscopy rather probes molecular vibrations, which
are particularly pronounced in the gas phase [14]. Additionally, to handle the submillimeter
radiation, THz optics are usually much larger than infrared ones, thus enabling novel de-
signs (e.g., integrate with gas cell) and fabrication techniques (e.g., additive manufacturing)
of gas sensing devices. However, a significant challenge for gas sensing, particularly at
low analyte concentrations, is the weak signal, which prompts the use of long straight gas
cells [15,16] or circular multi-pass cells [17,18] to obtain the measurable absorption, thus
resulting in large and cumbersome gas sensor systems.
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It is, therefore, important to investigate the integrated resonant structures, particularly
in the THz band, capable of reducing the size of sensor systems, compared to the free-
space systems, without sacrificing sensitivity. One way to achieve this is by using hollow
core waveguides filled with gaseous analytes to perform broadband molecular vibration
absorption spectroscopy. Such waveguides operate using various guidance principles
(e.g., ARROW, bandgap, plasmonic) and offer high field—analyte overlap [19-22] while
occupying much smaller volumes (e.g., coiled hollow core fibers [23,24]) than free-space
gas cells. They are predominantly used to monitor the frequency-dependent imaginary part
(loss) of the analyte Refractive Index (RI). Therefore, for chemical species identification and
component differentiation, one usually resorts to the costly THz optical sources supporting
stable and broadband operation.

Alternatively, a THz waveguide-based sensor of relatively short length can be designed
using various resonant elements in their structures (e.g., Bragg gratings, asymmetric
directional couples, integrated Fabry—Perot resonant cavities, and coherent scattering
elements [25-31]). Due to the low bandwidth nature of resonant devices, one can then
monitor the gaseous analyte RI (mostly its real part) by tracking the spectral position of
various singularities using cost-effective THz sources (e.g., resonant tunneling diodes).

Although high sensitivities are readily achievable by both one-dimensional (e.g.,
photonic crystal cavity on silicon wafer [26]) and two-dimensional resonators (e.g., pillar
arrays [29]), it is noted that for most reported optical sensors, the gaseous analyte delivery
infrastructure comes as an afterthought. In contrast, in this work, this crucial component is
co-engineered with optical ones, thus ensuring the independent efficient operation of both
with minimal mutual intrusion for gas sensing. This subtly integrated structure outperforms
the conventional open-structured sensors in terms of compactness and performance stability.
Particularly, by removing the employment of external gas cells, the proposed sensor is
especially suitable for monitoring small quantities of gaseous analytes.

In this work, we propose a real-time resonant THz gas sensor based on phase-shifted
waveguide Bragg grating (WBG). At the core of this device is a broadband two-wire
plasmonic waveguide formed by metalizing polymer cylinders that are encapsulated
within a closed polymer cage. The gaseous analyte flows inside the cage and in the air
gap of a two-wire plasmonic waveguide. WBG is formed by a periodic conical pattern
imprinted onto one of the cylinders of a two-wire waveguide and is optimized to feature a
spectrally broad stopband. Finally, the phase-shifted grating is formed by inserting a Fabry—
Perot cavity in the form of a uniform waveguide section in the middle of WBG. The cavity
length and the number of grating periods should be chosen to support a single spectrally
narrow transmission peak within a broad WBG stopband. The THz spectral response
of phase-shifted gratings is then studied for different lengths of a cavity and different
refractive indices of gaseous analyte that are filling the semi-sealed cavity. By tracking
the position of the transmission peak, our sensor sensitivity near 0.14 THz is found to be
~14.5 GHz/mm for changes in the cavity length, and ~144 GHz/RIU for changes in the
analyte RI (real part). A theoretical sensing resolution of ~7 x 1075 RIU is estimated from
the 10 MHz resolution of our spectrometer. Finally, using a continuous-wave (CW) THz
spectroscopy system, we experimentally demonstrate the real-time detection of glycerol
vapors from an electronic cigarette as an analyte. Namely, when replacing dry air with
glycerol vapor in the cavity of a phase-shifted grating module, a shift in the sensor resonant
frequency (transmission peak) of ~50 MHz reveals an RI difference of ~3.5 x 1074 RIU.

Different from the most reported optical gas sensors whose delicate structures are
realized using costly infrastructures (e.g., femtosecond laser and deep reactive ion etchers),
the proposed gas sensor on a centimeter-scale THz waveguide can be rapidly manufactured
using the emerging 3D printing technology with precision and robustness. Owing to the
ubiquitous availability of hardware as well as the compact modular design that integrates
various crucial elements, we believe that this sensor confronts a lower threshold for entering
into production and less challenging engineering problems for operation in practical
applications.
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2. Two-Wire Waveguide Bragg Gratings

Unlike the conventional two-wire metallic waveguides [32,33], the two-wire waveg-
uides used in this work and detailed in [34] feature a modular design with the wires in
the form of metalized polymer cylinders encapsulated within a polymer enclosure (see
Figure 1a). Such a micro-encapsulated design circumvents the intrinsic engineering defect
of conventional one in alignment, and promises mechanical stable, cost-effective, and
highly reconfigurable THz optical circuits for various applications (the comparison of
transmission spectra is shown in Figure 2d in [34]). The waveguide cross-sectional design,
including the wire diameter, the air gap size, as well as the topography of the enclosure,
were carefully tailored to ensure the featureless transmission spectra with low insertion
loss for a several-centimeter-long waveguide around 140 GHz. Such a design eliminates
the presence of spectral ripples and enables distinct measured transmission spectra using
THz spectroscopy, thus facilitating the signal identification for gas sensing.
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Figure 1. Micro-encapsulated two-wire waveguide and WBG fabricated using stereolithography and
wet chemistry deposition. (a) Schematic of an encapsulated two-wire waveguide. (b) The two-wire
WBG features a sequence of end-to-end connected truncated cones written on one of the two wires.
(c) Transmission and reflection spectra of WBGs featuring a different number of periods, A = 1.03 mm.
(d) Numerical transmission spectra of WBGs for different period lengths, Nwpc = 14. Inset: The
center frequency of a WBG stopband as a function of its period length.

Additionally, the integration of the plasmonic terahertz waveguide and semi-sealed
cavity promises the controllable interaction between the supported THz surface plasmon
polariton wave and the gaseous analyte flowing through. However, as refractive indices
(real part) for most gases are close to one, it is challenging to detect the difference between
them, thus necessitating the use of long interaction distances (long gas cells) to accumulate
sufficient phase differential between different analytes. In contrast, by using resonant
devices like a Fabry—Perot cavity (in this work: realized in the form of a phase-shifted
WBG), we can fold the optical path to realize much smaller devices.

Experimentally, we find that the two-wire WBGs featuring a sequence of end-to-end
connected truncated cones on one wire was an optimal design that can be printed reliably
with high precision and without supports, using a tabletop stereolithography 3D printer
(see Appendix A for details in fabrication). In principle, one can further increase the
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grating strength (stopband bandwidth) by using other geometries such as deep rectangular
grooves on both wires. However, it is noted that realizing such designs is challenging due
to microstructure deformation induced by the intrinsic cure-through defect of 3D printing
and the difficulty of aligning such structures [35].

Specifically, the UV radiation in each exposure not only cures the resin within the top
printed layer, but also leaks through the cured layer and solidifies some resin on the other
side. Therefore, the resultant cumulative deformation has to be taken into consideration
for the grating structure design, as it becomes explicit for prints where geometry changes
rapidly from one layer to another. Additionally, the two-wire waveguide components were
manually assembled from two complementary 3D-printed parts. When subwavelength
features are superimposed on both parts, the postprocessing facet-polishing step can easily
lead to their misalignments in practice. Furthermore, the optimal truncated ridge height
was found to be ~0.2 mm, enabling a large bandwidth of the stopband, manageable loss
in the passband, as well as the reproducible optical performance of printed WBGs (see
Figure 1b).

For a stopband center frequency of ~140 GHz, the period of WBGs is found to be
A =1.03 mm. The transmission and reflection spectra for the 2.5 cm long WBGs containing
Nwge = 10, 14, 18 periods are shown in Figure 1c, with numerical transmission and
reflection coefficients in the vicinity of the stopband center frequency reaching <0.1 and
>0.75 values, respectively, when the number of periods is over 14. The linear dependence of
the stopband center frequency on the grating period A is shown in Figure 1d for a 14-period
structure, with a slope of 131 GHz/mm. Experimentally, the transmission measurements
were conducted using a CW-THz spectroscopy system (see Appendix A for details in
characterization), and the spectral response of the 3D printed THz WBGs within the
grating stopband agrees well with numerical simulation, as seen in Figure 1c. A minimal
transmission coefficient of ~0.08 was found for the ~16 GHz wide grating stopband of a
14-period WBG.

Next, we realize a narrow transmission window within the WBG stopband by incor-
porating a Fabry—Perot cavity, which is a two-wire waveguide section with a length of
Lr.p = 2.75 mm, between two WBG reflectors. The resonance in the Fabry—Perot cavity
results in the presence of transmission peaks within the WBG stopband. Experimentally,
we find that a 14-period phase-shifted WBG shown in Figure 2a results in a superior
performance in terms of the transmission spectra for gas sensing. It is worth noting that
the elongation of the grating leads to a narrower transmission peak (~2 GHz bandwidth
for a phase-shifted WBG containing 18 periods), but comes at the cost of deteriorated
transmission peak intensity (~0.1 transmission coefficient difference between the resonant
frequency and other frequencies within the grating stopband), thus posing challenges in
identifying the desired transmission peak. Additionally, in a numerical simulation, the
bandwidth of the exclusive transmission peak decreases from ~4.7 GHz to ~3.6 GHz when
the waveguide length increases from ~0.5A to ~2.5A. Further reduction in bandwidth by
extending the waveguide section is infeasible due to the appearance of multiple spectral
singularities within the grating stopband, while the spectral position of the transmission
peak with a basically unaffected bandwidth moves toward a lower frequency when the F-P
cavity length slightly increases (see Figure 3a).

Because of the standing waves formed inside of the photomixer silicon lenses and
free-space cavities of the CW-THz spectroscopy setup, parasite ripples are superimposed on
measured transmission spectra [36], posing challenges in identifying the transmission peak
of phase-shifted WBGs from the experimental data. To simplify the task, we identify the
resonant peak position by subtracting the transmission spectrum of a uniform WBG from
the spectra of the phase-shifted WBGs (see Figure 3b). A good correspondence between
experiment and theory is found for the spectral position of a transmission peak as a function
of the cavity length, with an exception of a small systematic frequency shift of ~2 GHz as
seen in Figure 3c. We believe that this consistent discrepancy is mainly attributed to the
structural nonuniformity of experimental gratings, which results in the longer equivalent
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Transmission Coeffient

F-P cavity compared with that of the ideal numerical model. Both in theory and experiment,
the dependence is linear, with a slope of ~14.5 GHz/mm.
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Figure 2. Phase-shifted waveguide Bragg grating. (a) Schematic and photo of a two-wire waveguide-
based phase-shifted WBG. (b) Numerical transmission and reflection spectra of a phase-shifted WBG
as a function of the number of periods, A =1.03 mm and Lr_p = 2.75 mm.
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Figure 3. Spectral response of phase-shifted WBGs for various cavity lengths with Nypc = 14 and
A =1.03 mm. (a) Numerical transmission spectra and (b) experimental normalized transmission
spectra of phase-shifted WBGs. Inset: the transmission spectra of phase-shifted WBGs and a uniform
WBG. (c) The spectral position of the transmission peak within the WBG stopband as a function of
the cavity length.

3. Two-Wire Waveguide-Based Resonant Gas Sensor

Finally, we demonstrate real-time THz gas sensing based on our thus-designed
phase-shifted WBG. A 2.5 cm long phase-shifted grating module containing a cavity of
Lr.p = 2.75 mm in the middle of 14-period gratings with A = 1.03 mm was sealed on both
ends with polyethylene film (x < 0.01 cm ™! for a lower-terahertz band) with a thickness
of tens of micrometers. In experiments, the addition of such a THz transparent material
led to negligible changes in the transmission spectra of this module. To couple with the
free-space THz beam for characterization, this module was placed between two 3 cm
long featureless two-wire waveguide sections which support broadband operation. The
assembled waveguide component was then fitted with conical horn antenna and placed
inside the THz spectroscopy setup (see Figure 4). It is noted that three through holes were
drilled on the side wall of the enclosure of the phase-shifted grating module for gaseous
analyte delivery.
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THz Resonant Gas Sensor
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Figure 4. Schematic of the experimental setup to fill the cavity hosting two metalized wires with
glycerol vapor.

Glycerol is one of the main ingredients of vaping liquid, to which nicotine and flavors
are added. The gas mixture generated by electronic cigarettes is notoriously harmful to
human health. Specifically, glycerol aerosol alone has been shown to have an impact on the
liver and energy metabolism [37]. Therefore, detecting glycerol vapor in air is of practical
significance in health management, which was demonstrated by the proposed sensor in this
work. In experiments, glycerol vapor generated by an electronic cigarette was introduced
into the 0.6 mL volume flow cell through the inlet in the middle of a cell with a constant
flow rate of ~20 mL/s, while the waste vapor was removed from the two ends of a flow
cell through the outlets for waste treatment. The well-designed location of inlet and outlet
openings as well as the short voiding time allow the cavity to completely replace its filled
gas in sub seconds, enabling the real-time monitoring of gas RI changes.

The numerical simulations of the independent phase-shifted grating module predict
that the spectral position of a transmission peak is linear with the gaseous analyte RI
with the corresponding sensitivity of 144 GHz/RIU (see Figure 5a). Given the 10 MHz
resolution of our CW-THz spectrometer, the theoretical resolution of our sensor is then
estimated to be 7 x 10~5 RIU, which is as much as an order of magnitude lower than the RI
difference between most common gases (e.g., the difference is on the level of 1073 to 10~*
RIU) [38]. In experiments, the transmission spectra of a phase-shifted WBG with an empty
cavity, the cavity with dry airflow, and the cavity with glycerol vapor flow were measured
subsequently. In dynamic measurements covering the spectral range of a transmission
peak, the scanning time for a single data point was ~10 s to alleviate the impact of the
inherent latency of a CW spectroscopy system using lock-in acquisition, and to ensure fine
spectra with 10 MHz resolution. The center position of a transmission peak was found by
first fitting a data cloud of the normalized phase-shifted WBG transmission spectra within
the grating stopband using smooth Lorentzian lineshapes,

Av

TNorm(U/ Ucenter, AU, A, TO) =To+ A
4(v— vcmm)2 + Av?

@

and then finding the spectral position of the fit maximum vcepter, similarly to what is shown
in Figure 3b.

A typical sensor readout is presented in Figure 5b from which we see that the spectral
position of the transmission peak is relatively stable in continuously recorded transmission
spectra of the same analyte. Additionally, for an empty cell or a cell with a flow of
dry air, the position of the transmission maximum also remains practically unchanged,
indicating the immunity of the proposed sensor to changes in gas flow rate. At the same
time, when introducing the glycerol vapor, the transmission peak shifts by ~50 MHz,
which corresponds to the RI change of ~3.5 x 10~* compared to that of dry air. Highly
consistent experimental results were obtained in each measurement of this sensor. Owing
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to its compact integrated structure and insensitivity to the environment change, this two-
wire waveguide-based sensor can find its practical applications in gas sensing by simply
replacing the external infrastructure for gas delivery (see the setup out of the black dotted
region in Figure 4). For instance, one can detect the concentration of explosive or toxic gas
flowing in pipelines or dispersed in the air remotely in petrochemical industry.
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Figure 5. The spectral response of a phase-shifted WBG with gaseous analytes of different Rls in the
cavity. (a) Numerical transmission spectrum of a phase-shifted WBG in the vicinity of a resonant
peak for different values of gaseous analyte RI. Inset: The spectral position of the transmission peak
as a function of the analyte RI. A slope of ~144 GHz/RIU can be found in the linear fit (red line).
(b) Experimental time dependence of the spectral position of the transmission peak. Its variation can
be found in the red dotted line.

4. Discussion

In this work, we propose micro-encapsulated two-wire plasmonic waveguide-based
phase-shifted Bragg gratings and demonstrate their applications in real-time THz gas
sensing. End-to-end connected truncated cones with a ridge height of ~0.2 mm superposed
on one of the two wires were chosen as an optimal WBG design. Low transmission and high
reflection coefficients were found within the ~16 GHz wide stopband of such WBGs. Phase-
shifted WBG featuring a Fabry-Perot cavity was then developed by placing a uniform
waveguide section in the center of a WBG. A single narrow transmission peak of ~3.6 GHz
(HFWM) bandwidth in the middle of a WBG stopband was realized by using a ~2.75 mm
long cavity flanked on both sides by two seven-period WBGs with a Q-factor of ~39. The
theoretical sensitivity of the peak spectral position to changes in the RI of gaseous analytes
inside the 2.5 cm long phase-shifted WBG is estimated to be 144 GHz/RIU. The response
of our sensor to glycerol vapor flow at low concentrations was then verified in a proof-of-
concept time-resolved experiment, which reliably detected the displacement of dry air by
glycerol vapor with a resultant RI change of ~3.5 x 10~ RIU.

For future work, we note that higher sensitivity sensor designs are readily achiev-
able by moving the sensor operational frequency to higher frequencies [39], while also
increasing the number of periods in the WBG to reduce the spectral width of a transmis-
sion peak. The long-term stability of the proposed sensor also needs to be characterized
and further optimized for practical applications. Additionally, considering the modular
and reconfigurable design of micro-encapsulated two-wire waveguide components, the
sensing of selectivity is readily available via collaboration with THz waveguide-based
spectroscopy [19] for various monitoring applications of gaseous analytes such as trace gas
analysis and detection [40].
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Appendix A

The proposed micro-encapsulated two-wire plasmonic waveguide components were
split into two complementary parts, which exhibit one metalized wire attached to a half di-
electric cage. We fabricated the dielectric support of such designed structures using an SLA
3D printer (Asiga Freeform PRO2) with the waveguide direction corresponding to its Z-axis.
To suppress deformations associated with the cure-through-resin effect, the parts having
periodical subwavelength features superimposed on wires were printed along the single
direction from the cone smaller base toward its larger base using the finest layer thickness
(10 um). After 3D printing, we protected the cage’s inner surface and then deposited a
silver layer onto the uncovered wire support through wet chemistry deposition. Finally,
two selectively metalized parts were assembled into a two-wire waveguide component by
matching the V-shaped groove and ridge on each cage.

The proposed THz two-wire waveguide-based components, including uniform and
phase-shifted WBGs, were characterized using a free-space CW-THz spectroscopy system
(Toptica Photonics TeraScan 1550). Tunable THz radiation corresponding to the beat
frequency between two C-band distributed feedback lasers was generated in the emitter
photomixer. Transmitted through waveguide components, the amplitude of the THz
signal was recorded by the receiver photomixer using lock-in detection. In experiments,
WBG modules were placed between two two-wire waveguide sections fitted with WR6.5
conical horn antennas (Virginia Diodes). Their transmission coefficients were calculated
by comparing the measured transmission spectra of this assembly with the reference
corresponding to a two-wire waveguide assembly of the same length.
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Abstract: In this paper, a novel staggered double-segmented grating slow-wave structure (SDSG-
SWS) is developed for wide-band high-power submillimeter wave traveling-wave tubes (TWTs). The
SDSG-SWS can be considered as a combination of the sine waveguide (SW) SWS and the staggered
double-grating (SDG) SWS; that is, it is obtained by introducing the rectangular geometric ridges of
the SDG-SWS into the SW-SWS. Thus, the SDSG-SWS has the advantages of the wide operating band,
high interaction impedance, low ohmic loss, low reflection, and ease of fabrication. The analysis for
high-frequency characteristics shows that, compared with the SW-SWS, the SDSG-SWS has higher
interaction impedance when their dispersions are at the same level, while the ohmic loss for the two
SWSs remains basically unchanged. Furthermore, the calculation results of beam-wave interaction
show that the output power is above 16.4 W for the TWT using the SDSG-SWS in the range of
316 GHz—-405 GHz with a maximum power of 32.8 W occurring at 340 GHz, whose corresponding
maximum electron efficiency is 2.84%, when the operating voltage is 19.2 kV and the current is 60 mA.

Keywords: traveling-wave tube; slow-wave structure; staggered double-segmented grating; high
interaction impedance; low ohmic loss

1. Introduction

As a popular research topic in the field of electromagnetic wave science, benefiting
from its superiority in permeability, controllability, and transmissibility, the terahertz wave
is widely utilized in communication systems, imaging fields, and biomedical fields [1]. In
the field of terahertz science, how to generate the terahertz wave is a very key issue [2-4].
As highly effective broadband high-power signal sources, vacuum electronic devices
(VEDs) are widely used. As one of many VEDs, the traveling-wave tube (TWT) is widely
used as a broadband high-power amplifier. As the main site of interaction between an
electromagnetic wave and an electron beam, the slow-wave structure (SWS) has a large
impact on the performance of the TWT [5,6].

Currently, the main SWSs used for TWTs at 340 GHz include the folded waveguide

Copyright: © 2023 by the authors.
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(FW) [7-9], staggered double-grating (SDG) [10-12], sine waveguide (SW) [13-15], and
deformations of the above three SWSs. However, with the reduction in SWS size caused by
the increase in operating frequency, the sizes of electron beam tunnels become progressively
smaller, which will limit the improvement of beam current and output power; at the same
time, the ohmic loss of the metal also increases, due to skin depth and fabrication accuracy.
In order to reduce the impact of these two problems, on the one hand, a sheet electron
beam [16-18] that has a larger dimension should be considered for interaction with the
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SWS to reduce the impact of the reduced size of the SWS, and, on the other hand, a new
SWS with low transmission loss should be chosen as the site of beam-wave interaction.

Due to the natural sheet beam tunnel, low ohmic loss, and wide operating band, the
SW has become a research hotspot in recent years [13,15]. Thus, SW is a suitable SWS
for submillimeter wave TWTs [19]. However, the relatively low interaction impedance
of the SW-SWS will affect the improvement of SW-TWT performance in terms of output
power, gain, and electron efficiency. Therefore, improving the interaction impedance of the
SW-SWS while retaining the advantages of a wide operating band and low ohmic loss is a
worthwhile research issue [14,19,20].

The SW-SWS, as a modification of the SDG-SWS, has the characteristics of low reflec-
tion and low ohmic loss, compared with the SDG-SWS, but its interaction impedance is
lower than that of the SDG-SWS. Therefore, based on the comprehensive analysis of the
SW-SWS, with low ohmic loss, and the SDG-SWS, with high interaction impedance, a novel
staggered double-segmented grating (SDSG) SWS is proposed by innovatively introducing
the rectangular geometric ridges of the SDG-SWS into the SW-SWS. The new SDSG-SWS
combines the advantages of the above two SWSs and maintains the characteristics of lower
ohmic loss and higher interaction impedance.

The remainder of the article is arranged as follows: The high-frequency electromag-
netic characteristics of the SDSG-SWS are analyzed in Section 2; Section 3 describes the
particle-in-cell (PIC) simulation of the beam-wave interaction of TWT using the SDGS-SWS
and analyzes the results; in Section 4, the related conclusions are drawn.

2. Design and Analysis
For the SWSs, the capacity of the electromagnetic wave to exchange energy with
the electron beam is generally characterized by the interaction impedance K., which is

defined as:
_ ExEZ,

© T 2f2vU

@

Here, E;;, is the longitudinal electric field component of the nth spatial harmonic, EZ,,
is the conjugate value for E;, U is the system energy storage per unit length, v, is the
group velocity of electromagnetic wave transmission, and the propagation constant for the
nth spatial harmonic is B.

For the TWTs, obtaining a greater output power over a wide operating frequency band
is required under the same operating conditions. Therefore, the dispersion of the SWS is
designed at the same level for the comparison of TWTs with different SWSs; that is, the
transmission characteristics for the different SWSs are the same. Of course, the synchronous
voltage, also known as the operating voltage, is the same. Subsequently, the research on
the electric field distribution of SWSs is a key focus, which is closely related to interaction
impedance and ohmic loss. According to Formula (1), and based on the previous analysis,
for the different SWSs, the denominator of (1), which is dominated by the dispersion, is
almost the same, and improving the interaction impedance depends entirely on the electric
field distribution of SWSs.

Figure 1 shows the distribution of the longitudinal electric field Ez for the SW-SWS
and SDG-SWS, respectively. As observed in Figure 1a, the Ez is mainly concentrated at the
bend of the SW-SWS, which is comparable to that of the SDG-SWS in Figure 1b. However,
the Ez in region I of the SDG-SWS is significantly stronger than that in the same region of
the SW-SWS, which is due to the SDG-SWS having rectangular geometric ridges. Thus, a
new idea was proposed: to introduce the rectangular geometric ridges of the SDG-SWS
into the SW-SWS in order to improve the interaction impedance of the SW-SWS. Based on
the above idea, the SDSG-SWS is proposed.
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(a) (b)
Figure 1. Distribution of longitudinal electric field Ez for (a) SW-SWS and (b) SDG-SWS.

Figure 2a,b present the three-dimensional solid models (removing the side wall at
X-max) of the SDSG-SWS and SW-SWES, respectively, while Figure 2c,d show the left view
and sectional view, respectively, in the y-0-z plane of the SDSG-SWS with the sheet electron
beam (the red part is the sheet electron beam). As observed in Figure 2, both the SDSG-SWS
and SW-SWS have equal cross-sectional features (b x w), and the SDSG-SWS has the same
rectangular geometric ridges as the SDG-SWS at the top and bottom of the metal grating.
To better illustrate the origin of the SDSG-SWS, the detailed evolution from SW-SWS to
SDSG-SWS is presented in Figure 3.

() (d)

Figure 2. Solid models without side wall at X-max of (a) SDSG-SWS and (b) SW-SWS; (c) left-view
and (d) sectional view in the y-0-z plane of SDSG-SWS with the sheet beam.

The transition structure presented in Figure 3b with the same equal cross-section
characteristics as the SW-SWS can be obtained by introducing the rectangular geometric
ridges of the SDG-SWS at the top and bottom of the sinusoidal-shaped grating of the
SW-SWS presented in Figure 3a. Considering the manufacturing accuracy and processing
difficulty of the transition structure in the submillimeter wave band, the sinusoidal profile
of the grating in Figure 3b is replaced by a linear profile, and the SDSG-SWS presented in
Figure 3c is obtained. The SDSG-SWS is the combination of the SW-SWS and SDG-SWS.
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The SDSG-SWS is obtained by introducing the rectangular geometric ridges of the SDG-
SWS while keeping the cross-sectional characteristics of the SW-SWS. Therefore, it can be
predicted that the SDSG-SWS should have almost the same ohmic loss and dispersion
characteristics as the SW-SWS, but its interaction impedance should be higher than that of
the SW-SWS.

(b)
Figure 3. Sectional views in the y-0-z plane of (a) SW-SWS, (b) transition structure, and (c) SDSG-SWS.

In order to verify the above speculation and illustrate the advantages of the SDSG-SWS
over the SW-SWS, the normalized phase velocities of both SWSs should be kept at the same
level within the same frequency band, which is a prerequisite for the comparison. The
optimized parameters are presented in Table 1. The electromagnetic characteristics of the
two SWSs are calculated using the 3D simulation software Ansoft High Frequency Structure
Simulator. The dispersion, attenuation constant, and interaction impedance calculated are
presented in Figures 4-6.

Table 1. Optimal parameters of SDSG-SWS and SW-SWS.

Value (mm)

Parameter
SDSG-SWS SW-SWS
4 0.282 0.282
b 0.36 0.37
w 0.49 0.49
h 0.16 0.27
hi 0.05 /
s 0.06 /
m 0.25 0.25
n 0.1 0.1

Figure 4 shows the dispersion curves for the SDSG-SWS and SW-SWS. The results
show that, in a fairly wide frequency range, the normalized phase velocities are essentially
the same when their parameters are optimized. Based on these, Figure 5 shows the attenua-
tion constants of the SDSG-SWS and SW-SWS, and the results show that the attenuation
constants of both SWSs are also essentially equal for the same dispersion. The ohmic loss
of SWSs is represented by the attenuation constant. The results prove that the introduction
of rectangular geometric ridges does not change the low ohmic loss characteristics of the
SW-SWS under the same dispersion.
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Figure 6. Average interaction impedance curves of SDSG-SWS and SW-SWS.

Comparison of interaction impedance for both SWSs is presented in Figure 6. The
results show that the SDSG-SWS has a higher interaction impedance compared with the SW-
SWS. In the band range of 310 GHz—420 GHz, the minimum value of interaction impedance
is 0.57 Ohm for the SDSG-SWS and 0.34 Ohm for the SW-SWS, an improvement of 59.6%.
The improved interaction impedance means that the electric field can better exchange
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energy with the electron beam, which can effectively improve the power, gain, and electron
efficiency of the TWT.

To further illustrate that the enhancement of the Ey is the reason for the enhancement
of the SDSG-SWS's interaction impedance, by using the CST eigenmode solver, the Ez
along the black lines shown in Figure 7 (A-B and C-D) is calculated, and the results are
shown in Figure 8. It can be observed that, for the SW-SWS, the E7 is strongest near the
bend and gradually decreases as the distance from the bend increases; the trend of the Ez
for the SDSG-SWS is comparable to that for the SW-SWS. However, the calculated value
of the Ez is higher than that of the SW-SWS from Figure 8. The results indicate that the
SDSG-SWS has a larger longitudinal electric field Ez at the place of its electron beam tunnel.

(b)
Figure 7. Distribution of Ez in the y-o0-z plane of (a) SDSG-SWS, (b) SW-SWS at 340 GHz.
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Figure 8. Variation of Ey in the y-0-z plane along the y-direction (A-B and C-D).

The vacuum model of the SDSG-SWS with couplers is shown in Figure 9a, which
is mainly composed of a beam tunnel, the main slow-wave circuit, the mode converter,
and the input-output waveguide. The main slow-wave circuit consists of 120 cycles. The
operating mode of the SDSG-SWS is generally the EH mode, while the mode of input-
output waveguide is TEjp mode. Therefore, the mode converter is designed to convert
the TEjp mode to the EH mode in order to ensure that the input signal can be effectively
coupled into the slow-wave circuit and stably amplified without reflection. In Figure 9b, it
can be observed that the length of the mode converter is four periods, in which the height
of gratings decreases proportionally towards the centerline of gratings until it becomes
a smooth rectangular waveguide. As shown in Figure 9b, the electric field can gradually
change from EH mode to TEjp mode through the coupler.
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Figure 9. (a) Vacuum model of SDSG slow-wave circuit with couplers. (b) Cross-sectional view of
the coupler electric field in the y-o0-z plane.

According to the model shown in Figure 9a, the calculation results of electromagnetic
transmission characteristics of the SDSG slow-wave circuit are shown in Figure 10. From
319 GHz to 438 GHz, Sq7 is below —17.9 dB, while S,; is above —15 dB.
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Figure 10. Transmission characteristics of SDSG slow-wave circuit with couplers.

3. Beam—Wave Interaction Simulation

The performance of the SDSG-TWT and the SW-TWT were analyzed using the PIC
simulation of CST Particle Studio. In the PIC simulation, oxygen-free copper was used
as the circuit material, and its conductivity is 1.8 x 107 S/m, considering the distribution
loss of the circuit. In order to illustrate the advantages of TWTs using the SDSG-SWS in
saturated power, gain, and electron efficiency, TWTs using the SDSG-SWS and SW-SWS
should be kept at the same operating voltage and current. According to the dispersion
characteristics shown in Figure 3, the synchronous operating voltage of both TWTs is set to
19.2 kV, and the operating current is set to 60 mA. Here, the tube length is assumed to be
constant, and the output power is saturated by continuously increasing the input power. In
CST, the grid number of the SDSG-TWT is set to 18,000,000 and the time required by the
PC (2.9 GHz CPU and Tesla k20c accelerator card) is 25 h for a 12 ns simulation of a single
input signal. The results are displayed in Figures 11-18.

Figure 11 shows the variation of signal amplitude over time at 340 GHz for TWTs using
the SDSG-SWS. The results show that the SDSG-TWT reaches a stable amplification state
after 0.8 ns and remains without oscillation. The SDSG-TWT achieves an output voltage of
8.1 V (corresponding power of 32.8 W) at an input voltage of 0.35 V (corresponding power
of 0.06 W).

Figure 12 presents the energy distribution of electrons in the phase space along the
longitudinal direction when the signal remains at stable amplification for a long time. The
results show that there are more decelerating electrons than accelerating electrons. Most of
the electronic energy is converted into the energy of the electromagnetic wave. It can be
observed that the electromagnetic wave signal is amplified.

71



Sensors 2023, 23, 4762

8
E 4
o
)
- —4

-8

0 2 4 6 8 10 12
Time (ns)

Figure 11. The signal amplitude versus time at 340 GHz.
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Figure 12. Phase momentum plot of the electrons.

Figure 13 is a full cycle electric field diagram. The results show that, as the longitudinal
distance increases, the electric field intensity within the SWS also increases, which indirectly
confirms that the SDSG-TWT can effectively amplify the input signal.

Figure 14 shows the longitudinal and transverse cross-sectional views of the electron
beam (The cross-sectional view shows the connection between the SWS and the output
coupler). The longitudinal cross-sectional view shows that electric field energy increases
with increasing longitudinal distance. At the same time, near the end of the SWS circuit,
electronic modulation reaches saturation. This result is consistent with the previous phase
space diagram. The cross-sectional view shows that the electrons are not near the red line
around them (The red line indicates the size of the electron beam channel). This result
indicates that the modulated electrons were not intercepted by the metal wall.

BV}
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Figure 13. Electric field cross-section (y-direction).
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Figure 14. Transverse and longitudinal cross-sectional view of the electron trajectory.

Figure 15 shows the spectrum of the output signal. The Fourier transform of the
output signal shows that that, with the exception of 340 GHz, the signals” amplitudes at
other frequencies are extremely low, to the extent that they can be ignored. It indicates that
the SDSG-TWT can effectively amplify the fundamental signal of 340 GHz without the
oscillation starting of other signals.

Figures 16-18 show the performance comparison between the SDSG-TWT and the
SW-TWT in terms of their saturated output power, gain, and electron efficiency. The
results shown in Figures 16-18 indicate that the saturated output powers of the SDSG-
TWT and SW-TWT are 32.8 W and 23.1 W; the 3 dB bandwidths are 316 GHz—405 GHz
and 315 GHz-370 GHz; the maximum gains are 1.19 dB/mm and 0.61 dB/mm; and the
maximum electron efficiencies are 2.84% and 1.80%, respectively. According to these results,
it can be calculated that, compared with the SW-TWT, the SDSG-TWT demonstrates a 41%
improvement in saturated output power, a 61.8% improvement in 3 dB bandwidth, an
83% improvement in gain, and a 63.3% improvement in electron efficiency under the same
operating conditions.
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Figure 15. Frequency spectrum of output signal.
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Figure 16. Output-input power versus frequency.
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Table 2 shows a comparison of the performance between the proposed SDSG and
three reported improved SWs. Compared with the new SW-SWS [21], the SDSG-SWS
demonstrates significant advantages in operating voltage, operating current, gain, output
power, and electronic efficiency, due to the MBSC-SWG-SWS [22] being a multi electron
beam channel structure. Therefore, compared to the MBSC-SWG-SWS, the SDSG-SWS only
has certain advantages in terms of gain. However, for 340 GHz TWT, it is very difficult to
design the electron optics system of a multi-beam TWT. Therefore, the structure presented
in this article is more applicable and practical. Compared with the modified SW-SWS [13],
the SDSG-TWT has excellent performance in all aspects.

Table 2. Comparison of SDSG-SWS with the published SWS at 340 GHz.

Structure V (kV) I (mA) Outpower (W)  Gain (dB) 11 (%)
SDSG 19.2 60 32.8 37.87 2.84

New SW [21] 12.65 30 10 20 2.63
MBSC-SWG [22] 213 54 51 24 443
Modified SW [13] 9.9 40 10 27 252

In summary, the SDSG-TWT demonstrates significant improvements in saturated
output power, gain, and electron efficiency compared with the SW-TWT. PIC simulation
results further validate the performance advantages of the SDSG-SWS over the SW-SWS.
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4. Conclusions

A new SWS, called staggered double-segmented grating (SDSG), which is a combi-
nation of the SW-SWS and SDG-SWS, is investigated. Research has shown that it has the
following characteristics: wide operating band, high interaction impedance, low loss, and
ease of fabrication. Compared with the SW-TWT, the SDSG-TWT can produce higher output
power, greater gain, and electron efficiency under the same operating conditions. Therefore,
the SDSG-SWS can be regarded as a very promising submillimeter TWT slow-wave circuit.
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Abstract: In this paper, an angular radial extended interaction amplifier (AREIA) that consists of
a pair of angular extended interaction cavities is proposed. Both the convergence angle cavity
and the divergence angle cavity, which are designed for the converging beam and diverging beam,
respectively, are investigated to present the potential of the proposed AREIA. They are proposed and
explored to improve the beam-wave interaction capability of W-band extended interaction klystrons
(EIKs). Compared to conventional radial cavities, the angular cavities have greatly decreased the
ohmic loss area and increased the characteristic impedance. Compared to the sheet beam (0°) cavity, it
has been found that the convergence angle cavity has a higher effective impedance and the diverging
beam has a weaker space-charge effect under the same ideal electron beam area; the advantages
become more obvious as the propagation distance increases. Particle-in-cell (PIC) results have shown
that the diverging beam (8°) EIA performs better at an output power of 94 GHz under the condition
of lossless, while the converging beam (—2°) EIA has a higher output power of 6.24 kW under
the conditions of ohmic loss, an input power of 0.5 W, and an ideal electron beam of 20.5 kV and
1.5 A. When the loss increases and the beam current decreases, the output power of the —2° EIA
can be improved by nearly 30% compared to the 0° EIA, and the —2° EIA has a greatly improved
beam-wave interaction capacity than conventional EIAs under those conditions. In addition, an
angular radial electron gun is designed.

Keywords: AREIA; convergence angle; effective impedance; space-charge effect

1. Introduction

Radial vacuum electron devices (RVEDs) were first proposed by Arman in 1994,
in which the electron beam diverged along the radial direction. Additionally, he also
researched radial oscillators [1] and accelerators [2], which can obtain high power in the
low-frequency band under relativistic conditions. In [3-6], theoretical, simulational, and
experimental research was conducted on RVEDs, most of which operate under relativistic
conditions and in the frequency band between the L band and Ku band. The above research
shows that radial beam devices have the advantages of a low space-charge effect, a higher
power capacity, and stronger beam—wave interactions compared to conventional devices.

However, the existing studies on radial klystron amplifiers are mainly focused on
low-frequency bands and relativistic conditions. When the operating frequency is increased
to the W band and the conditions are non-relativistic, the main problems are the modulation
capability and ohmic loss of the radial cavity. Additionally, the radial cavity has a low
R/Q and a large ohmic loss area. These problems can be ameliorated by the angular radial
cavity, as shown in Figure 1c. The radial cavity size is greatly reduced by the divergence
angle cavity. On the one hand, the characteristic impedance can be increased, and, on the
other hand, the ohmic loss area is reduced.
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Figure 1. The structure of an AREIA, (a) —4° (convergence angle), (b) 0° (sheet beam), (c) 8°
(divergence angle), (d) E-field distribution of the 27t mode.

Considering the current condition of the low-beam, the limiting of the space-charge
effect is decreased, and the modulation capability becomes more important. To improve
the modulation capability of the angular radial cavity in that condition, the convergence
angle cavity is proposed to operate a converging beam, as shown in Figure 1a. With the
propagation of the converging beam, the characteristic impedance of the corresponding
convergence angle cavity can be increased.

In W-band or terahertz (THz) klystrons, the extended interaction cavity is widely used,
which has the advantages of a large power capacity and a high characteristic impedance.
Related research includes W-band pencil beam EIAs [7-9], W-band multi-beam EIAs [10],
W-band sheet beam EIAs [11], G-band sheet beam EIAs [12,13], G-band pencil beam
EIAs [14,15], and W-band tested EIKs [16-19]. In general, the sheet beam has a more
uniform beam-wave interaction than the pencil beam, and the current density of the beam
can be greatly decreased by the sheet beam. For W-band sheet beam EIAs, the relevant
studies are significantly fewer than those for pencil beam EIAs.

In reference [17], the proposed EIK with three extended interaction cavities is driven by
a sheet beam of 20 kV and 4 A, which can produce 7.5 kW of peak power with a beam-wave
interaction efficiency of 9.38%, and it adopts a single-stage depressed collector and water
cooling. In references [7-9], the operating currents of the pencil beam are less than 1 A, and
their beam-wave interaction efficiencies are both less than 10%. To improve the beam-wave
interaction capability of W-band EIKs, the AREIAs are implemented and explored.

In this paper, the diverging beam EIA and converging beam EIA will be analyzed from
the perspective of beam-wave interactions and compared with the sheet beam EIA (SEIA),
which can be seen as a special angular beam EIA with an angle of 0°. In Section 2, the
design and dispersion of the cavities are analyzed, and the effective impedance (M?*(R/Q))
of the different cavities and the space-charge effect of the different beams are studied. In
Section 3, the hot performance of the AREIA with three cavities is simulated. In Section 4,
an angular radial electron gun of —2° is designed.
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2. Design and Analysis

The angular radial extended interaction cavities with five gaps are shown in Figure 1.
As the distance of the propagation increases, the current density of the beam in the con-
vergence angle cavity (Figure 1a) will increase, but it will decrease in the divergence angle
cavity (Figure 1c). If the angle is set to zero, the angular radial cavity will turn out to be a
sheet beam cavity (Figure 1b). The 27t mode (Figure 1d), which is suitable for the input and
output of the signal, is chosen as the operation mode. Additionally, the optimized dimen-
sion parameters of the cavity are shown in Table 1. Figure 2 shows the dispersion diagrams
of —4°,0°, and 8° cavities with the dimensions from Table 1, and they are obtained in the
CST Eigenmode Solver. The synchronous voltages of the 77t/4 and 971/4 modes are 29.3 kV
and 17.1 kV, respectively; thus, those adjacent modes will not compete with the 27t mode.

Table 1. AREIA dimensions.

Symbol Quantity Dimension (mm)

r Initial radius 20140140

0 Angular angle 8°14° | —4°

p Length of period 0.88

d Gap width 0.35

a Beam tunnel thickness 0.30

b Electron beam thickness 0.20

h Height of gap 1.72

t Coupling cavity width 0.70
98 L 1 1 1 1 L

= -4° (5 gaps) .

- e 0° (5 gaps) Tn/4 m/

A 8° (5 gaps)

E —— 20.5kV beam line
S 94{ ——17.1kV beam line e I
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Figure 2. Dispersion diagrams of the different angle cavities.

To evaluate the interaction capability of the different angle EIAs, the effects of
three main parameters, i.e., MZ*(R/Q), space-charge field, and ohmic loss, are investigated
for the different angle cavities. Assuming that the cavities have the same initial arc length
(2.79 mm) at Ar = 0 mm during the investigation, the characteristic impedance (R/Q) and
coupling coefficient (M) can be calculated as follows [14]:

(fjoo |E2‘d2> j::,o E,elPezdz
2wWs U f:: |E.|dz ’

R/Q= )
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where W; is the total energy storage, w is the angular frequency, E; is the axial electric field,
and B, is the propagation constant of the dc beam.

The higher the M?*(R/Q) of the cavity, the higher the degree of electron beam mod-
ulation; however, the space-charge field will prevent this process. The M?*(R/Q) of the
—4° cavity will increase in propagation, but the 8° cavity does the opposite, as shown in
Figure 3. When Ar = 0 mm, there is little difference in M?*(R/Q) between the —4°, 0°, and
8° cavities, which means that they have almost the same modulation capability in the input
cavity. In summary, the convergence angle cavity has stronger modulation capability than
other cavities, and the advantage will increase as the propagation distance increases.
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Figure 3. The effective impedances of the different angle cavities vary with the different initial radii
in the propagation.

In the Cartesian coordinate system, Green’s function in the region of [-1/2, /2] x
[—a/2,a/2] x (—o0, +00) can be written as follows [20]:

G(M, My) = %gomgo nEO T cos(kxx) cos(kyxo) cos (kyy) cos (kyyo), (2)

ky = (Znnltl)n’ky _ (Zm;rl)rf,k% _ k%c -‘rk;.

In the discrete particle case, the charge of each particle is —q (g = I/f/N, where I
is the beam current and N is the number of particles in one period), and then the axial
space-charge field of each particle can be calculated as follows:

5 N
|Esez(Mo)| = | ¥ gG(M;, My)
= 3

N o o
29y Zo Zoe*kZ‘Zf*ZO‘cos(kxx,»)cos(kxxo)cos(kyyi) cos (kyyo).
m=0n=

It can be seen that | Escz | is positively correlated with cos(kyx;) and inversely correlated
with z;—zg|. The diverging beam has a larger range of |x; |, but the converging beam
does the opposite, which means that the former has the advantage of a weaker space-charge
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effect. Since |1z;—zp| depends on the degree of bunching, the stronger the bunching, the
stronger the space-charge effect.

Table 2 lists the variations of Qp (Qo = wW;/ Pjyss, Where Py, is the loss power) for the
—4°,0°, and 8° cavities with different conductivities, and there is little difference between
the cavities at the same conductivity. This indicates that the ohmic loss power differs
slightly between them under the same energy storage conditions. The ohmic loss power
can also be written as follows:

Pluss = fsf %US‘ZdeS = J‘SJ‘ %Us‘z HTVde (4)

where s is the surface current density, y is the magnetic permeability, and o denotes the
conductivity. It can be found that the loss is related to the interaction area, surface current
density, operating frequency, and conductivity. With the same surface current density, the
divergence angle cavity will lose more power than the convergence angle cavity.

Table 2. Q) with different conductivities.

o (x107 S/m) —4° (r = 25 mm) 0° 8° (r = 35 mm)
5.8 1315 1184 1253
3.6 1036 933 987
22 810 729 771

3. Simulation Performance

Figure 4 shows the metal models of three different angle EIAs, all with three five-gap
cavities; the standard waveguide WR-10 (2.54 mm x 1.27 mm) is used as the input and
output port. A PIC simulation is conducted by CST Particle Studio; a uniform hexahedral
mesh is used (the number of cells for the —2° AREIA is 2,147,740), and the boundary
conditions are all set as ideal electrical boundaries.

(31 —  —— i

ALLLLL JLOCCEJCCG

Collection section

Ideal electron beam

WR-10

Input port  Coupling hole Output port

Figure 4. A schematic diagram (half-metal model) of the three types of EIAs: (a) —2°, (b) 0°, and
(c) 4°.
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For the comparison, three measures are adopted. First, although the ideal beams of
the three EIAs are different, they have the same ideal beam area. The ideal beam current
density (269 A/ cm?) of each EIA is set to the same, and a radial focusing magnetic field of
0.8 T is used to ensure that all of the AREIAs can be focused. Second, the input cavity has
the same Q,, and the coupling hole of the output cavity is optimized for the optimal output
power of each EIA. Third, since the loading of the electron beam will affect the resonant
frequency, the frequency of each cavity has been fine-tuned to work best at 94 GHz by
adjusting ¢. Additionally, the drift distance (L; = 2.07 mm) between the cavities and the
total interaction length (20 mm) of the different EIAs are the same, and the period length of
the output cavity (pout) is set to 0.80 mm; thus, the electron beam can deliver more energy.

For the PEC (perfect electrical conductor) shielding case, the voltage and current of
the electron beam are 20.5 kV and 1.5 A, respectively, and the input power is 0.1 W. The
PIC results are shown in Figure 5, and the output power increases with the angle. When
6 = 8°, the output power of 7.45 kW increased by 6.1% compared with the 0° EIA. The
modulations of the input cavities are almost no different, as shown in Figure 6. In the
output cavity, the modulation of the 8° EIA is stronger than that of the 0° EIA and —2° EIA,
whether in the acceleration zone or the deceleration zone. This indicates that the diverging
beam EIA has taken advantage of the weaker space-charge effect, but the advantage is not
great under these conditions.

For the lossy metal shielding case, the metal material is set as copper, with a conductiv-
ity of 5.8 x 107 S/m, and the input power is set to 0.5 W. The output power and gain reach
their maximum values (6.24 kW and 41.0 dB, respectively) at —2°, as shown in Figure 7,
and the output power increases by 5.1% compared with the 0° EIA. The output power
of the —4° EIA is lower than that of the —2° EIA due to the stronger space-charge effect.
Instead, the output power of the diverging beam EIA drops due to the larger loss area,
although it has taken advantage of the weaker space-charge effect.

8 T T T T
PEC
{ Pin = Pidter™ 0'88!]][“’ Pow ™= 0.80mm

— 4°@6.08KW |
— 2°@6.63KW |

Output Power (kW)
'S

" ——0°@7.02kW
—— 4° @7.14kW
, —— 8° @7.45kW |
0 2 4 6 8 10

Time (ns)
Figure 5. The output powers of the different EIAs in the case of lossless.
The output powers of the —2°, 0°, and 4° EIAs with the different input powers are
shown in Figure 8, and the saturated output powers are 6.59 kW, 6.06 kW, and 5.64 kW,
respectively. The saturated output power of the —2° EIA increases by 8.7% compared with

the 0° EIA. Figure 9 shows that the output power of the —2° EIA, 0° EIA, and 4° EIA varies
with the frequency under the input power of 0.5 W, and the 3 dB bandwidths are 285 MHz,
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270 MHz, and 230 MHz, respectively. The 3 dB bandwidth has little difference between the
—2° EIA and 0° EIA, but the difference is up to 55 MHz between the —2° EIA and 4° EIA.
The reason for this is that when the operating frequency deviates, the interaction degree
decreases and the space-charge restriction effect is weakened, meaning that the stronger
cavity modulation makes the —2° EIA bandwidth wider than that of the 4° EIA under the

same interaction length and input power.
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Figure 6. The phase space diagrams of the —2°, 0°, and 8° EIAs in the case of lossless.
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Figure 7. The output power and gain of the different angles in the case of loss.

The influence of loss on the output power is further analyzed in Table 3. When o
decreases from 5.8 x 107 S/m t0 2.2 x 107 S/m, the differences in the output power between
the —2° EIA and the 0° EIA are 0.3 kW, 0.3 kW, and 0.37 kW. Additionally, the difference

between the 0° EIA and 4° EIA is more obvious.
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Figure 8. The output power of the different EIAs varies with the input power in the case of loss.
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Figure 9. The output power of the different EIAs varies with the frequency in the case of loss.

Table 3. Output powers with different conductivities.

o (x107 S/m) —2° EIA (kW) 0° EIA (kW) 4° EIA (kW)
5.8 6.24 5.94 5.30
3.6 5.46 5.16 441
22 442 4.05 3.28
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When the beam current decreases to 0.8 A (an ideal beam current density of 143 A/cm?),
the space-charge effect is further depressed. As the input power increases from 0.5 W to
1 W, the difference in the output power between the —2° EIA and the 0° EIA increases from
0.41 kW to 0.46 kW, as shown in Figure 10. When the input power is 1 W, the output power
of the —2° EIA increases by 29.7% compared with the 0° EIA.

2.2

Copper-2.2x10’S/m oo
Pin = Pidler— “‘ssmm* Powr ™ “‘somm_._ 0D
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Py
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=
[ 5]
1
1

—
[—]

0.5 0.6 0.7 0.8 0.9 1.0
Pin (W)

Figure 10. The output power of the different EIAs varies with the input power when the current is
0.8 A and the conductivity is 2.2 x 107 S/m.

Compared to previous studies [7,9,11,17], the sheet beam EIAs have a higher beam—
wave interaction efficiency than the pencil beam EIAs, and the —2° EIA has better interac-
tion performance, as shown in Table 4. Even under the high loss condition, the beam-wave
interaction efficiency of the —2° EIA reached 12.3%, which is a 2.8% increase compared
with 0° EIA.

Table 4. Comparison of the different EIAs.

Type Operating Parameters Output Power & Efficiency
Pencil beam EIA [7] 5kV,0.2 A, 5.8 x 107 S/m 67 W, 6.7%
Pencil beam EIA [9] 16kV, 0.6 A, 5.8 x 107 S/m 0.9 kW, 9.4%
Sheet beam EIA [11] 75kV,4 A, 5.8 x 107 S/m 50 kW, 16.7%
Sheet beam EIA [17] 20kV, 4 A 7.5 kW (peak, tested), 9.4%
—2° EIA 20.5kV, 1.5 A,5.8 x 107 S/m 6.59 kW, 21.4%
—2° EIA 20.5kV,0.8 A, 2.2 x 107 S/m 2.01 kW, 12.3%
0° EIA 20.5kV,0.8 A, 22 x 107 S/m 1.55 kW, 9.5%

In Figure 11, the magnitude of modulation will drop with the decrease in conductivity
and beam current, especially the beam current. As it can be seen from Table 3 and Figure 11,
with the increase in the loss or decrease in the beam current, the bunching is decreased,
which means that the charge density in the bunching center is reduced. Additionally, the
space-charge effect is depressed, as known from (3); thus, the converging beam EIA has
a greater advantage. Since the balance between the space-charge effect and the cavity
modulation changes with the operating conditions and structure dimensions, the optimal
angle also changes.
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Figure 11. The phase space diagrams of the —2° EIA with different conductivities and beam currents.

4. Design of the Angular Radial Electron Gun

The divergence angle electron optical system has been designed in [21], and Figure 12
shows the sketch of the —2° angular radial electron gun. In this case, the —2° AREIA has an
advantage; the beam voltage and the current are set to 20.5 kV and 0.8 A (a current density
of 143 A/cm?), respectively. Considering the self-compression effect of the converging
beam, the main requirement is to compress the beam thickness, as shown in Figure 12¢c. A
beam size in the beam-wave entrance of 80 mm x 2° x 0.2 mm, a cathode emission area
of 88 mm x 2° x 1.5 mm (a corresponding emission current density of 17.4 A/cm?), and
an external radial focusing magnetic field of 0.5 T are added in the beam-wave section.
Figure 13 shows that the beam can be compressed well under self-compression, which
is obtained in the CST Particle Tracking Solver. The compressed beam size meets the
requirements at the beam-wave interaction entrance, as shown in Figure 13a. Additionally,
in Figure 13b, the beam transmission is 100%.

88 mm x 2° x 1.5 mm

~Anode

20 mm

(jb)2’? _mn}‘4. 1 6‘mm
| | j |
1.14 mm

Figure 12. A schematic diagram of the —2° electron gun: (a) x-z plane cross section; (b) y-z plane
cross section; (c) focusing electrode and cathode.
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Figure 13. (a) The cross-sectional distribution of the particles, and (b) the total emission current along
the propagation.

5. Conclusions

In our previous work [22], a 0.14 THz angular extended interaction oscillator with
a diverging beam was studied and verified. The fabricated angular cavity had little
machining error, which is also suitable for the processing of the —2° cavity. In this paper,
the convergence angle cavity and divergence angle cavity are proposed to operate the
converging beam EIA and diverging beam EIA, respectively.

The convergence angle cavity is proved to have a stronger modulation capability
than the sheet beam cavity, and the diverging beam has a weaker space-charge effect than
the sheet beam. The diverging beam EIA can have an advantage in output power under
stronger beam-wave interactions; in the case of lossy metals, the —2° EIA manages to
provide the maximum output power of 94 GHz, and the advantage becomes more obvious
as the beam-wave interaction degree decreases, which is affected by the ohmic loss and
beam current. The detailed research above can provide an important reference for the study
of angular radial devices, such as angular radial traveling-wave tubes and angular radial
backward-wave tubes.

The concept of the converging beam EIA can be further developed at the W band or
the THz band. The m mode operation has been used in sheet beam EIAs [13] and pencil
beam EIAs [8,14], and the angular radial beam is also suitable for © mode operations.
The angular radial beam EIA is suitable for angular radial integration, which can be used
for multi-beam operations. In future work, processing and cold tests will be conducted.
The divergence angle electron optical system has been designed in reference [21], and the
design and assembly of convergence angle electron optical systems require further research
and implementation.
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Abstract: The sixth generation (6G) communication will use the terahertz (THz) frequency band,
which requires flexible regulation of THz waves. For the conventional metallic metasurface, its
electromagnetic properties are hard to be changed once after being fabricated. To enrich the modula-
tion of THz waves, we report an all-optically controlled reconfigurable electromagnetically induced
transparency (EIT) effect in the hybrid metasurface integrated with a 10-nm thick MoTe, film. The
experimental results demonstrate that under the excitation of the 800 nm femtosecond laser pulse
with pump fluence of 3200 1t /cm?, the modulation depth of THz transmission amplitude at the
EIT window can reach 77%. Moreover, a group delay variation up to 4.6 ps is observed to indicate
an actively tunable slow light behavior. The suppression and recovery of the EIT resonance can be
accomplished within sub-nanoseconds, enabling an ultrafast THz photo-switching and providing a
promising candidate for the on-chip devices of the upcoming 6G communication.

Keywords: photo-switching; terahertz; reconfigurable metasurface; ultrafast dynamics

1. Introduction

Located in the electromagnetic spectrum between the microwave and infrared region,
the terahertz (THz) frequency band is a spectral window with great scientific interests [1-3].
Nowadays, the THz technology has found wide applications, including nondestructive
sensing [4], biomedicine [5], security inspection [6], and communication [7-9]. As one of the
most promising applications, the THz wireless communication has attracted tremendous
attention in promoting the development of the sixth generation (6G) communication
network, and is expected to enable the implementation of the “internet of everything” in
the near future [10-12]. Generally, THz radiation can offer higher carrier frequency and
spatial resolution than the microwave does. Meanwhile, it can penetrate a large number
of the non-polar non-metallic substances, such as the silicon, plastic, clothing and paper,
opening the way of novel communication to be used by satellites, autonomous cars, smart
cities and so on [13-15]. It requires a series of regulations to THz waves when using as the
6G communication carriers. However, the limited availability of THz materials in nature
prevents the flexible modulation of THz radiation [16].

The appearance of metasurfaces has provided an effective solution to modulate THz
waves [17-19]. By altering the geometry and arrangement pattern of sub-wavelength
meta-atoms in metasurfaces, the amplitude, phase and polarization of THz waves can be
engineered, presenting numerous unusual applications, such as ultrathin flat lenses [20,21],
THz broadband filter [22], and THz vortex beam generation [23,24]. Generally, once a
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planar metal structure is fabricated, its electromagnetic (EM) properties are unable to be
actively tuned, which blocks the further flexible regulation of EM waves. To solve this
problem, the concept of reconfigurable metasurfaces comprised of the active media and
meta-atoms has been proposed [25-27]. By introducing the external excitation such as
the optical [28-33], electrical [34-36], thermal [37-39] and mechanical stimuli [40,41], the
intrinsic properties or physical form of the active media can be changed, affecting the EM
properties of the metasurface. For example, for the THz asymmetric split ring resonators
(TASRs) covered by a 310-nm thick germanium (Ge) film, photogenerated carriers can be
excited by the 800 nm pump laser stimulus to change the resonance state [32]. Specifically,
without pump laser excitation, the TASRs exhibits Fano resonance for the incident polarized
THz radiation, denoted as the “on” state. When the pump laser reaches a threshold energy,
the Fano resonance can be quenched, denoted as the “off” state. Moreover, compared
with the electrical, thermal, and mechanical stimuli, the optical excitation possesses the
unique advantage of ultrafast response speed. This means that the switch between “on”
and “off” states can be achieved within picoseconds to nanoseconds. It shows the potential
of providing an ultrafast data processing speed that is applicable in the 6G communication.

To realize the ultrafast switchable resonance state, one key point is to utilize the active
semiconductor materials. Photocarrier dynamics in the active materials directly affect the
switching time and modulation depth of the resonance. Nowadays, two-dimensional tran-
sition metal dichalcogenides (TMDCs) have received much attention due to their excellent
photoelectric properties, such as the adjustable bandgap with the layer, high carrier mobility
and good stability in the atmosphere [42,43]. MoTe; is a significant TMDC semiconductor.
The monolayer MoTe, possesses a direct bandgap of about 1.1 eV [44], and the bulk form
exhibits an indirect bandgap of about 0.88 eV [45]. Such a small bandgap enables a large
number of photogenerated carriers in the material under the pump of the commercially
available 800 nm laser (photon energy of 1.55 eV). Moreover, the carrier mobility of MoTe;
can reach 8.5 cm?/V/s at the thickness of 10 nm [46]. These outstanding characteristics
promote the application of MoTe; in photodetectors [47], phototransistors [48], field-effect
transistors [49], and sensors [50]. However, as a prominent TMDC semiconductor, the
application of MoTe; in the ultrafast THz switch has not been reported.

In this paper, we report an ultrafast switchable transmission amplitude modulation as
well as the slow light behavior by integrating the 10-nm thick 2H-type MoTe; film with the
electromagnetically induced transparency (EIT) metasurface, for the first time. Based on the
homemade optical pump and THz probe (OPTP) spectroscopy system, the EIT amplitude
modulation depth reaches 77% under the pump fluence of 3200 1J/cm? and shows a trend
of quenching with higher pump energy. Moreover, a group delay variation up to 4.6 ps is
measured to characterize the tunable slow light performance. It is demonstrated that the
whole switch cycle from the “off” to “on” state of the EIT resonance can be completed on
a timescale of the sub-nanosecond, providing a useful option for the ultrafast switchable
THz metadevice that may be employed in the upcoming 6G communication.

2. Materials and Methods
2.1. MoTey-Covered EIT Metasurface

Figure 1a shows the schematic illustration of the switchable EIT metasurface device.
Specifically, functional meta-atoms composed of gold H-shaped cut wires (HW) and parallel
cut wires (PW) are periodically arranged to realize the EIT resonance of the incident
THz waves. The detailed geometric configuration of each meta-atom is presented in
Figure 1b. The metasurface was fabricated on the sapphire substrate using the conventional
photolithography technology, with its optical microscopic image shown in Figure 1c. Then,
the 10-nm thick 2H-type MoTe; film produced by the chemical vapor deposition was
transferred onto the entire metasurface via the wet-transfer method [51], to complete the
fabrication of the device. The surface morphology of the MoTe;-coated metasurface can
be clearly observed in Figure 1d. When an external 800 nm femtosecond laser pulse is
irradiated on the MoTe; film, a large number of electrons can be excited to affect the
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coupling of the bright element HW and dark element PW, leading to the quenching of the
EIT resonance. Immediately after that, the free electrons will recombine with the holes,
and the EIT resonance will recover. The excitation and relaxation of such photogenerated
carriers can be accomplished on the timescale of sub-nanosecond, enabling the ultrafast
switching of the EIT resonant states. Generally, the external laser pulse is denoted as the
optical pump, and the incident THz wave is denoted as the THz probe [32,52,53].
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Figure 1. Schematic and working principle of the designed switchable EIT metasurface covered by the
10-nm thick MoTe; multilayer. (a) An artistic illustration of the hybrid metasurface under illumination
of the 800 nm femtosecond laser and THz probe pulse; (b) the geometrical configuration of one
proposed unit cell with the following structure parameters: Px = 56 um, Py = 58.8 um, W = 5.6 um,
L =42 pum, Wy =12.6 um, L; =28 um, d = 3.5 um, and s = 2.8 um. (c,d) Optical microscope images of
the fabricated metasurface, without MoTe, and with 10-nm thick MoTe; coating, respectively.

2.2. Optical Pump and Terahertz Probe (OPTP) Measurement

To characterize the ultrafast switchable EIT resonance of the device, we have built an
optical pump and THz probe (OPTP) spectroscopy system, as illustrated in Figure 2. A Ti:
sapphire amplifier of Spectra-Physics was adopted as the laser source, with parameters
of the 800 nm central wavelength, 100 fs pulse duration, 5 mJ pulse energy and 1 kHz
repetition rate. The laser pulse was split into three beams for the optical pump (Beam 1),
THz generation (Beam 2), and electro-optic sampling (EOS) (Beam 3). In the light path
of optical pump, Beam 1 firstly passed through a half-wave plate (HW) and a thin film
polarizer (TFP). By rotating the HW, the intensity of the laser transmitted from the TFP
can be adjusted. Then, after passing the delay line 1 (DL1) and penetrating the indium
tin oxide transparent conductive film glass (ITO), the optical pump irradiated onto the
surface of the hybrid metasurface. In another light path, Beam 2 was focused by a lens
(focal length of 30 cm) and then acted on the zinc telluride electro-optic crystal (ZnTe) to
generate the THz emission via optical rectification. The emitted THz wave was collected
by a pair of off-axis parabolic mirrors (OMP1 and OMP2), and the high-resistivity silicon
plate (HR-Si) between the OMPs was used to block the 800 nm laser and transmit the THz
emission. It is worth noting that the ITO can transmit the infrared wave and reflect the THz
wave. Therefore, the optical pump from Beam 1 and the THz probe from Beam 2 can act
on the hybrid metasurface jointly. To ensure a fully adequate optical excitation, the spot
size of the optical pump beam on the sample was arranged to be larger than the THz beam.
Moreover, by moving the translation stage of DL1, the optical path difference between the
optical pump and THz probe can be changed to adjust the pump-probe delay, which is
the key point for the characterization of the ultrafast dynamics. Then, the modulated THz
waveform can be recorded by the EOS measurement with Beam 3, and the corresponding
THz spectrum can be obtained by the standard Fourier transformation.
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Figure 2. Schematic representation of the experimental setup. BS1 and BS2, beam splitters; M,
mirror; L, lens; ZnTe, zinc telluride electro-optic crystal; OPM1-4, off-axis parabolic mirrors; HR-Si,
high-resistivity silicon plate; ITO, indium tin oxide transparent conductive film glass; HW, half-wave
plate; TEP, thin film polarizer; DL1 and DL2, delay lines; QW, quarter-wave plate; WP, Wollaston
prism; BPD, balanced photodiodes.

3. Results
3.1. Simulation

In order to clarify the mechanism behind the modulation of MoTe;-film-covered EIT
metasurface, we have performed the numerical simulation by using the CST Microwave Stu-
dio Software in the time domain. The fabricated metasurface has a size of 10 mm x 10 mm.
Here, we only need to simulate a unit cell of 56 um x 58.8 um size with the “Periodic”
boundary conditions imposed in the x- and y-directions. The THz wave is set as a vertically
incident plane wave polarized along the x direction. A probe is placed at the bottom of the
sapphire substrate to record the transmitted THz waveform.

As mentioned above, photogenerated carriers can be excited by the external laser
pulse and will change the conductivity of the MoTe; film. Without laser pumping, we
consider that the initial conductivity of the MoTe; film approximates to 0. For incident THz
waves polarized along the x-direction, near-field coupling occurs between the H-shaped cut
wire and parallel cut wires, leading to the high transmittance at 1.23 THz, as shown by the
red line in Figure 3a. The corresponding near-field distribution is presented in Figure 3b,
from which it can be observed that at the EIT peak frequency, the electric field of the H-
shaped cut wire is suppressed, and the electromagnetic energy is transferred to the parallel
cut wires. As we increase the conductivity of MoTe, film, the transmission amplitude of
the EIT window gradually decreases, and finally, the EIT phenomenon disappears at the
conductivity of 1 x 10° S/m (Figure 3a). Meanwhile, the near-field coupling gradually
weakens so that less energy is transferred to the parallel cut wires, which is manifested
as the large reduction of the electric field intensity above the metasurface, as shown in
Figure 3c—e. These simulations help us to design and carry out the following experiments.
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Figure 3. Simulated THz modulations of the hybrid EIT metasurface covered by the 10-nm thick
MoTe, film. (a) THz transmission spectra with various conductivity of the MoTe; film from 0 S/m to
1 x 10° S/m. (b—e) Near E-field distributions above the metasurfaces at frequency of 1.23 THz within
a unit cell.

3.2. Experimental Results
3.2.1. Pump-Fluence Controlled THz Transmission and Slow Light Behavior

Based on the homemade OPTP system, we have investigated the optical performance
of the fabricated MoTe;-coated metasurface. Firstly, the THz transmission spectra under
various pump fluences were measured and compared to validate the feasibility of active
modulation, as presented in Figure 4a. It can be found that the EIT window is suppressed
significantly with increasing pump fluence, which is consistent with the simulation of the
photoconductivity-dependent EIT resonance. The deviation of the transmission amplitude
in the measurement might be introduced by the dielectric loss as well as the slight differ-
ences of the parameters and boundary conditions between the simulation model and the
sample. To quantitatively evaluate the modulation effect, the modulation depth defined
by the expression MDgjr = (To — Tpump)/ To % 100% is adopted [54]. In the expression, Ty
is the EIT amplitude without the pump and Ty is the EIT amplitude under the optical
pump. The EIT amplitude is defined as the transmission amplitude difference between the
peak (at 1.23 THz) and the valley (at 1.16 THz) of the EIT resonance [55].

(@) e (b)

i 123 Tl Pump Puimp
i fluences — === flucnees
£ 05 . Quem) E WY N 4 i)

z | \ . = zan E‘ W \_4 =0
LW — Y N =~ — 400
E 04 l A /] — ] N v -
g i A o/ — 1500 g‘ 4 7 W —
'[_' n3- \/ 24000 e — 400
—_— 200 ] — 10

Exp. -6 Fxp.
0.2 .
1.1 L2 1.3 1.4 1.1 1.2 1.3 14

Frequency (THz) Frequency (THz)

Figure 4. Pump fluence-dependent EIT response of the MoTe,-coated metasurface. (a) Measured
THz transmission spectra for different pump fluence from 0 to 3200 uJ/ cm?. (b) Measured group
delays for different pump fluence from 0 to 3200 J /cm?.

When the pump fluence reaches 3200 1/ cm?, the EIT modulation depth is calculated
to be 77%, which is similar to the simulated modulation depth with the MoTe; conductivity
of 2 x 10* S/m. Generally, photoconductivity is proportional to the product of the carrier
mobility # and the carrier density n, with the expression of ¢ = pen.e + pynyq. Based on
the electron mobility of 8.5 cm?/V/s in 10-nm thick MoTe; given by Ref [46], the carrier
density under the pump fluence of 3200 11J /cm? is estimated to be 1.47 x 10%° m~=, with
the photoconductivity induced by the hole being ignored due to the fact that e > pj,.
Here, 3200 pj/cm? is the maximum pump fluence we can obtain in the experiment. If
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the pump laser energy can be further enhanced, it would be expected to achieve a larger
modulation depth.

In addition to the pump fluence-dependent transmission spectra, the MoTe,-coated
metasurface also exhibits an actively controlled slow light behavior [56]. To characterize
the slow light performance, the group delay defined as Aty (w) = —d¢/dw is employed,
where ¢ is the relative phase of transmitted THz wave compared with that from the pure
sapphire substrate, and w is the angular frequency of the THz wave. The spectra of At, at
different pump fluence is plotted in Figure 4b. Noted that the group delay reaches —6.3 ps
at the EIT dip (1.16 THz) with no photo-injection, and increases to —1.7 ps at the maximum
pump fluence. Such a high modulation depth of 4.6 ps can provide a wide manipulation
range for light-matter interaction.

3.2.2. Ultrafast Dynamics of the Switching

In the last section, we have investigated the effect of pump fluence on THz transmission
amplitude and group delay. It should be pointed out that the measurement was performed
with a pump—probe delay of 0 ps to ensure the maximum modulation depth. The pump—
probe delay is a variable that is used to represent the time difference to reach the metasurface
between the THz pulse and the pump laser pulse. When the delay equals to 0, it implies the
highest concentration of the photogenerated carriers when the THz probe interacts with
the metasurface. The negative sign of the pump-probe delay means that the THz pulse
reaches the metasurface earlier than the pump laser, whereas the positive sign represents
the opposite.

Next, we will show the THz transmission spectra and group delay spectra at different
pump-probe delays under the fixed pump fluence of 3200 1J /cm?, to manifest the ultrafast
switch of the EIT response. Figure 5a,b show the switching-off process of the EIT resonance,
which corresponds to the excitation of photogenerated carriers. Herein, the pump—probe
delay starts from 10 ps. In that case, the pump laser pulse incident on the metasurface
just met the “tail” of the THz probe pulse, and the induced carriers do not affect the EIT
resonance. As the pump-probe delay gradually increases to 0, the pump pulse starts to
catch up with the main peak of the THz pulse, and more photogenerated carriers are
concentrated to diminish the EIT response. After that, the switching-on processes are
plotted in Figure 5c,d, with the EIT resonance displaying an explicit trend of recovery.
It can be observed that the switching-on process of the EIT takes longer time than the
switching-off process, depending on the excitation and relaxation of the carriers. For the
10-nm thick MoTe; film in our experiments, photogenerated carriers can be excited in a few
picoseconds, but take hundreds of picoseconds for relaxation.

Finally, to better analyze the performance of the MoTe,-covered ultrafast all-optical
tuning metasurface, the parameters of relevant research based on the typical semicon-
ductors [33,57] and another kind of TMDC [55] are listed in Table 1. All of the hybrid
metasurfaces listed are in the EIT resonance mode and are pumped by the laser of the
800 nm wavelength. By comparison, it is found that the hybrid metasurface with 10-nm
thick MoTe; film possesses the shorter switching time than that with the 500-nm-thick
Si film [33], and its pump threshold is of the same order of magnitude as that with the
200-nm-thick Ge film [57]. Moreover, compared with the 40-nm thick WSe; [55], which
also belongs to the TMDCs, the 10-nm thick MoTe; can achieve a greater modulation
depth within the designed metasurface. Although the pump threshold of MoTe; is not
dominant, it is important to note that the film thickness we applied is the thinnest. As
silicon-based devices approach the limits of Moore’s Law, processes below 14 nm are
increasingly challenging. The quasi-two-dimensional MoTe, with the thickness of 10 nm in
our work has demonstrated the potential to surpass the silicon-based device in response
speed, providing a promising candidate for the on-chip device. Moreover, the comparison
of the simulated photoconductivity implies that 10-nm-thick MoTe, might possess an
ultrahigh optical conductivity, demonstrating competitiveness in the promising application
of photoelectric devices.
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Figure 5. Ultrafast switching of the EIT resonance under pump fluence of 3200 pj/cm?. (a,b) The
switching-off process of transmission spectra and group delay spectra as a function of pump-probe
delay, respectively. (c,d) The switching-on process of transmission spectra and group delay spectra at
various pump-probe delays, respectively.

Table 1. Comparison of the ultrafast all-optical tuning metasurfaces.

Simulated

Material Thickness Switching Time Pump Threzshold Photoconductivity Modulation
(nm) (ps) (uJ/cm?) Depth
(S/m)
[33] Si 500 780 (half-recovery state) 200 600 100%
[57] Ge 200 15 2200 1000 100%
[55] WSe; 40 8 800 4800 43%
MoTe, 10 <300 (half-recovery state) 3200 >2 x 10* 77%

4. Conclusions and Perspective

In summary, we have demonstrated an all-optically controlled ultrafast switching of
the THz transmission and slow light behavior by integrating the 2H-type MoTe; thin film
with the EIT metasurface for the first time. The entire switching cycle can be completed
in sub-nanoseconds, originating from the dynamic properties of the photocarriers in the
MoTe;, film. Based on the experimental system of OPTP, the THz transmission amplitude
modulation up to 77% is achieved under a pump fluence of 3200 wJ/cm?. In addition,
a group delay variation as high as 4.6 ps is observed, indicating the slow light effect
introduced by the fast change of refractive index on the resonant frequency of the designed
EIT metasurface.

Our work provides a new candidate for on-chip devices on 6G communication, as well
as an extraordinary slow light device to be applied in nonlinear optics, optical storage, and
so on. The indirect band gap of MoTe; implies a possible application for near-infrared fiber
communication located at the O-band (1260 nm-1360 nm) [58], enabling a hybrid control
and ultrafast trigger of the infrared and THz waves. Furthermore, recent advances of
the optically controlled THz metasurface have experimentally demonstrated a calibration-
free sensor for achieving high-precision biosensing detection [31]. Since the biological
interest concerns the full spectral range from THz wave to the mid-infrared (MIR) [59,60],
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the resonant frequency of the matasurface can also be extended to the MIR for more
practical applications.
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Abstract: In this study, we develop a 3D THz time-of-flight (TOF) imaging technique by using
reflective optics to preserve the high-frequency components from a THz antenna. We use an
Fe:InGaAs/InAlAs emitter containing relatively high-frequency components. THz-TOF imaging
with asynchronous optical sampling (ASOPS) enables the rapid scanning of 100 Hz/scan with a time
delay span of 100 ps. We characterize the transverse resolution using knife edge tests for a focal
length of 5; the Rayleigh resolution has been measured at 1.0 mm at the focal plane. Conversely,
the longitudinal resolution is determined by the temporal pulse width, confirmed with various gap
structures enclosed by a quartz substrate. The phase analysis reveals that reflected waves from the
top interface exhibit a phase shift when the gap is filled by high-indexed materials such as water
but shows in-phase behavior when it is filled with air and low-indexed material. Our imaging
tool was effective for inspecting the packaged chip with high lateral and longitudinal resolution.
Importantly, the phase information in 2D and 3D images is shown to be a powerful tool in identifying
the defect—in particular, delamination in the chip—which tends to be detrimental to the packaged
chip’s stability.

Keywords: terahertz imaging; nondestructive testing; time-of-flight

1. Introduction
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High-Speed THz Time-of-Flight Terahertz (THz) spectroscopy has emerged as a promising tool in a wide range of

Imaging with Reflective Optics. applications, such as material characterization, safety inspection, biomedical diagnosis,
Sensors 2023, 23, 873. https:// device inspection, telecommunication, and sensors [1-8]. In particular, the THz technique
doi.org/10.3390/523020873 is desirable for the nondestructive testing (NDT) of the internal structures of objects. This
is possible because THz waves are frequently transparent to the enclosures when they are
made of nonconductive materials [9-20]. The recent technological advances in novel THz
sources and detectors have increased the feasibility of effective THz imaging systems for
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or ensemble sources. However, it is limited in terms of longitudinal resolution [30-32].
m In contrast, the time-of-flight methods based on time-domain spectroscopy (TDS) deliver

better resolution in general, without using frequency sweeping methods. Here, the longitu-
dinal resolution is determined by the temporal width of the pulsed laser source, enabling
us to readily achieve 150 um when the pulse width reaches 1 ps. Conversely, the relatively
slow measurement time has limited the use of THz-TOF imaging for practical applications.

Recently, rapid THz-TOF imaging methods have been introduced for the inspection
Attribution (CC BY) license (https:// of packaged integrated circuits and defects in insulating materials [33,34]. An imaging
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tuning (OSCAT) system delivers a rapid time delay with a full range of 50 ps, whereby a
single pulsed fiber source is split into two pulses used for the THz antenna and receiver,
respectively [35,36]. Conversely, THz-TDS systems with asynchronous optical sampling
(ASOPS) use two synchronized fiber lasers and deliver a time delay reaching 10 ns, which
is determined by the laser repetition rate of 100 MHz [37,38]. The acquisition rate is
determined by the repetition rate difference of the two fiber lasers that are selected to
be approximately 100-500 Hz, depending on the signal-to-noise ratio. THz spectroscopy
and imaging with the electronically controlled optical sampling (ECOPS) technique has
been introduced using two independent lasers; however, fast imaging with galvanometer
scanning has not been demonstrated yet [39-41].

For fast imaging with a speed of more than 100 Hz for each A-scan, it is important
to incorporate galvano scanning methods in front of the scan lens. Recently, a THz an-
tenna with a frequency range larger than 1 THz based on iron-doped InGaAs/InAlAs
materials has become available [42]. Conventional THz imaging systems based on CW
and pulsed sources have been implemented with refractive optics (transmission lenses).
They were constructed of materials that were transparent against THz waves—for example,
high resistivity float zone silicon (HRFZ-Si), quartz, fused silica (FS), and polymers [43].
However, there is noticeable attenuation in the high-frequency range larger than 1 THz.
In addition, there is an inevitable reflection loss that is determined by the refractive index
of the materials. Therefore, to optimize the new THz emitters both in terms of resolution
and transmission efficiency, it is essential to adopt reflective optics instead of refractive
optics, which will enable virtually loss-free configuration, especially in the high-frequency
range. Conversely, the use of reflective optics in fast THz imaging systems has not yet
been demonstrated.

In this study, we developed rapid THz-TOF imaging results consisting of reflective
optics, in which a novel THz antenna delivers a better spatial resolution and enhanced
signal-to-noise ratio. Using a focused lens of 50 mm, we characterized the imaging system
by measuring the resolution in the transverse and longitudinal directions. We also intro-
duced a novel phase mapping technique that is efficient in identifying delamination defects
in the packaged semiconducting chips.

2. Experimental Setup

A schematic of the THz-TOF imaging equipment is illustrated in Figure 1a. For the
rapid THz-TDS system, we used a commercialized ASOPS instrument (TERA-ASOPS,
MenloSystems GmbH), consisting of two-independent femtosecond fiber lasers with a
wavelength of 1560 nm, operating with a repetition rate of 100 MHz. The ASOPS system
allows a full time-delay range of 10 ns with a rate of 100-500 Hz/pixel, which we fixed
at 100 Hz/pixel throughout the experiments. We recorded the data with the time span of
100 ps (out of the full delay scan range of 10 ns), as shown in Figure 1b, because the trans-
verse resolution is limited by the depth of focus, as will be discussed later. THz-TOF with
ASOPS has a significant advantage in terms of large-depth profiling, whereby it remains
restricted by the focal depth of the scan imaging system. In particular, we incorporated a
novel THz antenna with a large bandwidth based on the iron-doped InGaAs/InAlAs mate-
rial, which delivers a large amount of high-frequency components, as shown in Figure 1c.
We note that there is a hemispherical lens attached to the commercialized antenna (for both
emitter and detector), which is used to guide the THz beams with a divergence angle of
29°. High-frequency components are critical for obtaining images with high resolutions. In
general, conventional refractive optics in the image scanning system are typically made of
HRFZ-Si or polymethylpentene (TPX) and attenuate a large portion of the high-frequency
components. In the TOF imaging system, the THz pulse passes through the lenses four
times, including transmission through a scan lens (back and forth) in front of the sample
and through two lenses in front of the emitter and detector.
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Figure 1. (a) Schematic illustration of the THz-TOF imaging setup with all-reflective optics. (b) A
representative THz reflection amplitude as a function of time delay (A-scan). (c) THz reflection spectra
for both antenna types (c-e) Time-integrated reflection amplitude images on a test pattern (C-scan) with
old antenna (d), new antenna (e), and high-frequency filtered image with the new antenna (f). GM:
galvanometer, BS: beamsplitter, OPM: off-axis parabolic mirror, PA: current preamplifier.

Here, we developed THz imaging systems based on pure reflective optics (Figure 1a),
except for the hemispherical lens attached to the commercialized antenna. We used three
off-axis parabolic mirrors (OPMs) and a one-axis galvano scanner. An OPM with a diameter
of 25 mm and a focal length of 50 mm was used in front of the THz emitter (denoted by Tx)
to collimate the THz beams from the emitter. The other OPM, with a diameter of 50 mm
and a focal length of 50 mm, was used to focus the THz beam onto the samples. To simplify
the imaging systems while obtaining a speed that is limited by the ASOPS THz-TDS
system, we combined fast galvano scanning for the x-axis and slow stage scanning for the
y-axis. The reflected THz signal was collected using a 50:50 beam splitter (Tydex Inc. St.
Peterburg, Russia), which was focused onto the THz receiving antenna (denoted by Rx) by
using another OPA. The same specification used for the emitter was used for the detector.
We note that distortion in the raster-scanned image occurs particularly when the scan
position is far from the center. This is because conventional OPMs are designed to focus
the collimated beams, not to raster-scan with the galvano scanning system. Correction of
the image distortion originating from the imperfect f-6 scan lens and galvano scanning
systems has been widely investigated [44]. It is relatively simple in our case, because the
correction is needed along one direction, because we combined the sample stage scanning
for another axis (y-axis). The image distortion differs, depending on the scan direction. In
this case, we chose to scan along the horizontal line (inset, Figure 1a). Distortion in the
image can be corrected post-measurement or in situ by slightly adjusting the y-position of
the sample stage along the curved line. In addition, the signal amplitudes were normalized
by reference signals—in other words, by the position-dependent reflection signal from the
gold plate.
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The current signal from the antenna was amplified using a fast current preamplifier
(DLPCA-100; FEMTO Messtechnik GmbH) and digitized with a data acquisition card
(ATS9462, Alazar Tech. Inc., Pointe-Claire, QC, Canada) with a rate of 10 MHz. This
allowed us to obtain a time-delay step of 0.1 ps. The collected data contained phase-
sensitive THz amplitudes as a function of the 3D parameters, such as the time delay, x-axis,
and y-axis. We applied the point average to improve the signal-to-noise ratio, leading to a
measurement rate of 5-10 Hz/pixel, while the system delivered 100 Hz/pixel. We used a
delay-scan range of AT =100 ps, which corresponds to a vertical range of 15 mm in the case
of free-space propagation. Here, the time delay can be converted into depth information, in
which 1 ps corresponds to 0.15/n mm in the reflection geometry, where 7 is the refractive
index of the materials [33,34]. The images were recorded as a single binary file, which can
be reconstructed using home-built analyzing software. The phase-sensitive THz amplitudes
can be converted into the envelope signal by using the Hilbert transformation—that is,
from the complex THz signal Etn, = Re(Erp,) +iH [Re(ETHZ)], where H is the Hilbert
transformation [45].

Shown in Figure 1d,e are C-scan images for time-integrated reflection amplitudes
on the test alignment pattern (Au pattern on Si substrate), when we used old and new
antennae, respectively. Clearly, the spatial resolution improved with the new antenna,
having more high-frequency components. The resolution improves even further if we
filter the high-frequency component (>1 THz), as shown in Figure 1f. Obviously, it is
essential for practical applications to develop THz sources and detectors having higher-
frequency components while delivering fast scan rates. In addition, the use of reflective
optics allows us to reduce the reflection losses originating from the finite refractive index of
the lens material.

3. Results
3.1. Measurements of Transverse Resolution

We first characterized the transverse resolution of our imaging system by comparing
it with the old emitter. As shown in Figure 2a, we used a metal plate with a knife edge to
measure the transverse resolution of the system. We obtained THz images for different
heights (z) of the metallic plate, from z = —25 to z = +25 mm, where z = 0 indicates the
location of the focus plane, which was positioned 5 cm below the lens. Figure 2b illustrates
the line profile of the reflected amplitude signal as a function of the lateral position (x),
extracted from the spectrally integrated C-scan images shown in the inset. Here, the vertical
location was fixed at z = 0 mm (Figure 2a). The reflection signal was high when it was
reflected by the metal plane (x < 4 mm), whereas it was suppressed when the focused beam
was positioned outside of the metal (on the right side of the knife edge).

The line profile was fitted with the error function to obtain the transverse resolution
of the focused THz beams. We determined the transverse Rayleigh resolution (Rt) using
the knife-edge 10-90% transition in THz amplitude in Figure 2b. By fitting the curve, the
Rt of the reflected THz amplitude was measured at 1.0 mm, which corresponds to the
Rayleigh half-pitch resolution of 0.5 mm [46,47]. The extracted Rt as a function of the
vertical position (z) of the metal plane is plotted for both antenna types (Figure 2c). The
minimum resolution was achieved at approximately z = 0 mm and it increased when the
metal plane was away from the focused plane. For example, it increased up to Rt = 2.3 mm
for z = —20 mm. In contrast, we could readily achieve Rt in the range of 1.0-1.1 mm within
a depth range of 10 mm (from z = —5 mm to 5 mm). We also note that the resolution
increased noticeably by introducing the novel antenna (red circles) when compared to
the spatial resolution of the old antenna (black squares); in other words, the transverse
resolution improved by approximately 33% compared to that of the old antenna having
Rt =15 mm.
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Figure 2. (a) Schematic illustration for transverse resolution measurement for different z-locations
with a knife edge. (b) THz signal (black squares) as a function of position (x) when the metal plate is
located at z = 0 mm. The blue solid line is the fitted curve with the error function. Ry denotes the
transverse resolution defined with 10-90% transition of THz amplitudes. (inset) Time-integrated
C-scan image of the reflected wave envelope from the knife edge. Au indicates gold surface. (c) The
transverse resolution (Rt) as a function of the vertical position (z) of the metal plate, extracted from
the fitting result in (c) for both InGaAs/InAlAs and Fe:InGaAs/InAlAs antennas.

Obviously, the spatial resolution will improve if we choose the high-frequency compo-
nents, as shown in Figure 1f. Conversely, the TOF information is no longer available upon
the spectral analysis. Most of the literature on 3D imaging has focused on the resolution
in terms of the specific frequency range [31,32,48]; a direct comparison to our results is
restricted here. Focusing on the TOF imaging systems, the focal spot size of 2.3 mm has been
reported with the refractive lens systems [16]. In our work, we optimized the resolution in
the THz-TOF systems based on the novel THz antenna. This was possible by adopting the
reflective optics, which enables us to preserve the high-frequency components, particularly
without sacrificing the measurement speed with the help of the galvano scanning methods.

3.2. Measurement of Longitudinal Resolution

The longitudinal resolution is determined by the temporal width of the THz pulse,
as shown in Figure 3, whereas the transverse resolution is determined by the imaging
optics and wavelength of the THz (Figure 2). To address the longitudinal resolution, we
fabricated a gap structure with various sizes, in which the gap is filled by air, enclosed by
two quartz plates. Here, we varied the air gap (dgap) from 0 um to 320 um by tilting the top
plate with respect to the bottom plate. The A-scan data for the reflected THz amplitude
with dgap = 305 um and 116 um are demonstrated in Figure 3a,b, respectively. The THz
envelope extracted via the Hilbert transformation is characterized by a double peak for
dgap = 305 um, with the peaks well separated from each other.

By fitting with the Gaussian function, the difference between the two peaks is found
at AT = 2.03 ps, which is consistent with the measured dgap, whereas the full width at half
maximum of the respective envelope is found at 1.0 ps. The envelope function was fitted
well with the Gaussian function with a standard deviation of less than 1%. Conversely, a
careful fitting process is required when dg,p, is close to the longitudinal resolution of the
system, in which we found AT = 0.77 ps for dgap = 116 um (Figure 3b). The fitted gap size
(dsit) as a function of dgap is plotted in Figure 3¢, in which the fitted value matches well
with dgap. Conversely, when dgap, < w, where w is the 1/ e? halfwidth of a single Gaussian
function, the gap size information is no longer available from the fitting process with a
double Gaussian function. Instead, it can be estimated from the broadening of the reflected
pulse by obtaining w with a single Gaussian function (inset, Figure 3c). It can be seen that w
increased from w = 116 pm of dgap = 8.7 um to w = 170 um of dgap = 116 um. Consequently,
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the linear relationship between w and dgap helps us to obtain the gap size information down
to a near-zero gap size.
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Figure 3. (a) A-scan envelope of the reflected waves for the device with an air gap (dgap) = 305 pm
enclosed by two quartz substrates. The blue line is a fit to the data with a double Gaussian function.
(b) A-scan envelope of the reflected waves with dgap = 116 pum. (c) The estimated gap width (dg) by
fitting the THz reflection envelope with the double Gaussian functions as a function of dgap as shown
in (a,b) The red line is a fit to the data with a linear function. (inset). The 1/e2 halfwidth (w) of the
Gaussian function was obtained by fitting the THz envelope with a single Gaussian function.

3.3. Phase of Reflected Pulses from Gap Structures with Variable Height

Importantly, the phase information obtained in nondestructive testing with the THz-TDS
system allows us to address the nature of the gap enclosed by the insulating materials—that
is, whether it is filled by the air or by the polymer, whose refractive index is larger than that
of the enclosure. For example, it is critically important to address the types of defects in the
packaged semiconducting chips, namely whether the gap is void because of delamination
or it is filled by epoxy. It is very important to address this issue because reliable mechanical
support for the packaged chip is essential for the physical protection of the device, distribution
of electrical power, and heat dissipation of circuits [41]. This is possible with the THz-TOF
imaging because the waves experience a 180° phase shift when they are reflected against
materials with a relatively higher dielectric constant.

First, we show the depth profiling directly from the B-scan images for the samples
consisting of two quartz substrates with an air gap in the middle (Figure 4a). The THz
signal was plotted as a function of position x and time delay (T). Here, we fitted the
envelope function in the time domain with a Gaussian function and plotted the peak values
when they were above a threshold value for each pixel. Therefore, the position in the T
axis denotes the peak position (which has been broadened to be three points for clarity),
whereas the color scale denotes the reflection amplitude at the peak position. The THz
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reflection was dominated by the signal from the air-quartz and quartz-air interfaces and
so there is a gap structure between the two substrates.
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Figure 4. (a,b) B-scan images for the reflected amplitude (a) and phase (b) for the samples with a
tilted gap that is filled with air. (¢,d) B-scan images for amplitude (c) and phase (d) when the gap is
filled by water solution. (e,f) B-scan images for amplitude (e) and phase (f) when the gap is filled
with ethanol whose index is lower than that of quartz.

In Figure 4b, we show the B-scan image in terms of the phase function obtained by the
Hilbert transformation. Here, the positive polarity (in-phase) indicates the reflection from
the surfaces with the lower-indexed medium, whereas the negative polarity (out-of-phase)
implies the reflection from the higher-indexed medium. For example, the reflection at
the top surface of the quartz plate (indicated by a grey arrow) shows the negative phase
because the index of the quartz is higher than that of the air. Importantly, the positive phase
in the upper interface of the gap region (red arrow in Figure 4b) indicates that the gap is
filled by dielectric material with the lower-indexed medium, which, in this case, is the air.

In contrast, the phase of the upper interface of the gap exhibits a negative value
(Figure 4c,d), indicated by a blue arrow in (d), when the gap is filled by water (nyater~2.2).
This is because the index of the water is higher than that of the quartz (nquartz~1.9). We
also note that the signal from the bottom interface of the gap is significantly suppressed
because of the large attenuation by the water layer. We note that this is similar to the
case when the gap is filled by a polymer such as epoxy which is highly absorptive in the
THz frequency range [33]. Finally, we show the B-scan images for amplitude and phase
(Figure 4e,f) when the gap is filled by ethanol (Hethano1~1.6), whose index is slightly smaller
than that of quartz [49]. Now, the phase at the top interface of the gap shows a positive
value (red arrow), as in the case of the air gap. We also note that the amplitude of the
reflected waves (Figure 4e) is small compared to that of the air gap because the dielectric
contrast between the quartz and ethanol is relatively low.
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3.4. TOF Imaging of Representative Packaged Chips

Figure 5 provides an example of THz-TOF imaging for a packaged chip with a rela-
tively large thickness. We note that the ASOPS system, with a large scan range, enables
NDT on objects with a large thickness. In Figure 5a, a photograph of a semiconductor
package with dimensions of 8 mm x 35 mm x 3.3 mm is shown. Figure 5b shows a
time-integrated C-scan image for the device, and Figure 5c is the corresponding B-scan
image (as a function of y and T) along the y-axis at the center of the device. Figure 5d
shows a series of C-scan images for different z locations for the sample—that is, the THz
reflection images at the top, chip, and leadframe surfaces appear at T = 14 ps, 31 ps, and
34 ps, respectively. Considering the refractive index of the packaging material (1 = 2.0), the
TOF time differences reveal that the chip surface is located at 1.28 mm (AT = 17 ps) beneath
the package top surface. Conversely, the leadframe surface appears at 1.5 mm (AT = 20 ps)
below the top surface. Consequently, the THz-TOF data can then be reconstructed into
3D images (Figure 5e). Here, different colors were assigned for the reflection amplitude,
with red and white colors indicating the high reflection amplitude. The chip location is
clearly identified by the very large reflection amplitude, which is because semiconducting
chips have a larger reflectance than insulating materials used as enclosers. In this regard,
3D mapping techniques, wrapped with their reflection amplitude, will be very effective
in locating various structures embedded in the insulating materials, potentially including
their material information.
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Figure 5. (a) Photograph of the chip with dimensions of 8 mm x 35 mm x 3.3 mm. (b) Time-
integrated C-scan envelopes for the packaged device. (c) B-scan images along the dashed line in
(b). Scale bar = 5 mm. (d) A series of C-scan (xy) images for T = 14, 31, and 34 ps, respectively.
(e) Reconstructed 3D image for the device.

3.5. Peak Envelopes Modulated with Phase Polarity for Defect Identification

An example of identifying defects in packaged chips is illustrated in Figure 6, with
a packaged device with the dimensions 20 mm x 20 mm x 1 mm. For improved image
quality, we used a sample stage scan for both the x- and y-axis because the chip size is
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rather large. Figure 6a illustrates the time-integrated C-scan image of the device, which
contains a region for the chip in the middle that is represented by a bright reflection region.
In many cases, the presence of defects is not clear from the C-scan images because most of
the packaged chips show similar irregular patterns outside the chip area, regardless of the
presence of defects. Conversely, B-scan (x-T plot) images clearly exhibit the presence of gap
structures in the middle of the packages (Figure 6b). Here, the THz amplitude is plotted
along the dashed line in Figure 6a and as a function of time delay. Two different types of
gap regions are clearly identified (orange and grey arrows), with gap sizes corresponding
to AT =1.9 ps and 1.7 ps, respectively. As previously discussed, the types of defects can be
addressed by phase mapping (Figure 6¢). In other words, it shows that the phase at the top
interface exhibited a positive value (in phase) in the region denoted by an orange arrow,
whereas it shows a negative value (out of phase) in the region denoted by a grey arrow.
Identifying the types of defects in the packaged chips—that is, whether the gap is a void or
epoxy-rich region—is our primary concern. In particular, locating the delaminated area is
essential because it could cause detrimental failures to the chips in terms of mechanical
stability and heat dissipation [41]. This is possible because THz waves suffer from a phase
change when they are reflected at an interface that has a large dielectric constant.

o THzAmp. (a.u.) , -2 Phase (rad) 2
— —

T (ps)

Figure 6. (a) Time-integrated C-scan image for a packaged chip with dimensions of 20 mm x 20 mm
x 1 mm. (b) B-scan image for the reflected amplitude taken along the dashed line in (a). (c) B-scan
image for the phase of the reflected waves. The orange and grey arrows indicate the void and epoxy-rich
regions, respectively.(d) 3D image of reflected amplitudes in terms of the peak envelope modulated
with phase polarity. (e) C-scan image for the peak envelope with phase polarity for the second peaks
appearing in the time domain to highlight the delamination area (red) exclusively.

The image was reconstructed as a 3D image by plotting the peak envelope modulated
with phase polarity (A) as a function of x, y, and T (Figure 6d). In other words, we plotted
A = Arp, x sign(¢), where Ary, is the normalized peak envelope and sign(¢) is the sign
of the phase at the peak. Here, Arp, was normalized by that of the reflection at the top
surface of the chip, which has the highest reflection value. The positive (in-phase) and
negative (out-of-phase) polarities again appeared, depending on the types of reflection.
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For example, the top surface of the package and that of the embedded chip (colored in
dark blue at the center) exhibit negative polarity, whereas positive polarity is shown at
the bottom of the chip (colored in orange at the center). This is consistent with the result
shown in Figure 6¢c. More importantly, a positive phase appears in the region indicated
by an arrow (orange), which clearly indicates the presence of delamination, whereas the
epoxy-rich regions were not clearly identified in the 3D image. This is because the phase for
the epoxy-rich region is the same as that of defect-free areas. Figure 6e shows a 2D image
(C-scan), in which we plot the phase-modulated envelope for the second peaks appearing
along the T axis. This is to exclude reflection from the top package surface and focus on the
interface between the top and bottom plastic enclosures. This is the layer in which various
types of defects occur during the package sealing process. As a result, both 2D and 3D
imaging, based on phase-modulated peak envelopes, are shown to be unique and powerful
tools for identifying the types of defects and, in particular, delamination, which is critical
to chip stability.

4. Conclusions

We developed rapid THz-TOF imaging results consisting of reflective optics, in which
a novel THz antenna based on Fe:InGaAs/InAlAs delivers a better spatial resolution and
enhanced signal-to-noise ratio. We also incorporated the ASOPS technique, enabling a rapid
A-scan rate of 100 Hz/scan with a large time-delay span of 100 ps. We characterized the
transverse resolution with a focal length of 5 cm; the resolution in terms of the knife-edge
10—90% transition reaches 1.0 mm at the focal plane. In contrast, the longitudinal resolution
reached 100 pm, which is determined by the temporal pulse width, whereas the gap width
can be estimated indirectly by measuring the broadening of the pulse when the gap size is
lower than the pulse width. We studied the phase shift in the reflected THz waves by using
the gap structure when it is filled with air, water, and ethanol solution. The novel phase
analysis revealed that we can identify the types of reflection depending on the dielectric
contrast at the interface. Our 3D imaging tool was very effective in the nondestructive
inspection of a packaged semiconducting chip with a high transverse and longitudinal
resolution. Importantly, the phase information in 2D and 3D images is demonstrated to
be powerful for identifying the delaminated region, which has a large phase contrast with
opposite polarity.
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