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Abstract: We present the design, fabrication, and experimental test of a THz all-dielectric phase
shifter plate. The design consists of two wave plate zones coupled in a perpendicular orientation
with respect to each other. A large surface area device is realized by an additive manufacturing
technique using Acrylonitrile Butadiene Styrene (ABS). Its characteristics are analytically evaluated
and experimentally measured in the THz band using time domain spectroscopy and imaging rou-
tines. The proposed design enables the creation of quasi-ideal phase retardation in between the
two planes with good uniformity on a large surface area. We also achieve the flexibility to select
the plane of symmetry around the chosen central axes of choice with a sensitive control over the
electromagnetic field polarization direction without inducing any temporal shifts in between the
wave front components of the traversed beam. Due to its inherent simplicity and robustness, the
phase shifter can be easily scaled at higher frequencies and potentially used in several advanced
applications, including free-electron laser (FEL) systems where an accurate polarization control of
high intensity beams is required.
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1. Introduction

The beam tailoring and sensitive control over transient field characteristics (amplitude,
phase, and polarization) and spatial degrees of freedom has an important role in THz optics
and photonics. Combined with major peculiarities such as high coherency, non-ionizing
nature, and transparency in many dielectric materials, the THz spectrum presently holds a
growing potential for probing and controlling a variety of complex phenomena. Moreover,
boosted by the technological advances in signal generation and detection, THz technologies
that allow electromagnetic fields having strong intensity and high repetition rate are of
increasing interest.

The intensive control over the amplitude, phase, and polarization states of light are
becoming a major field of research in condensed matter physics. Some novel examples
include metamaterial- and nanomaterial-based systems, complex experimentation based on
light-material, and/or light-light interactions combining diverse pump and probe schemes
such as Visible and THz, Infrared and THz, and X-Ray and THz. Recent progress is showing
the potential of using high field transients with tailored profiles to achieve a better control
over matter by modification of elementary rotational-vibrational excitations, density of
states and electronic structures of complex systems, and even intensive acceleration and
sensitive manipulation of electron bunches [1,2]. For instance, accelerator-based sources
can generate ultra-relativistic electron bunches to produce super radiant and coherent
radiation. In these novel systems, density modulation at THz frequencies is required to
generate the high intensity field emission [3]. As an important property, the electron bunch
triggered THz radiation becomes self-synchronized with other radiation types such as IR
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and X-rays [4]. This property allows to use the synchronized THz pulses for electron beam
diagnostics to quantify the charge distribution of the electron bunches.

In the last years, there have been a plethora of successful demonstrations of devices
for THz beam control, accomplished by use of metamaterials or waveplates and resorting
on phase change materials and voltage tunable systems. They include phase shifters
based on dielectric metasurfaces with a compound lattice [5] or on artificial birefringence
grating filled with polymer dispersed liquid crystals [6], accompanied by the polarization-
dependent Electromagnetically Induced Transparency (EIT) effect, carrier envelope phase
shifter utilizing the ultra-broadband feature of prism waveplates [7], switchable ultrathin
quarter waveplate using an active phase-change metasurface [8], to mention a few. As
a recent example, Hibberd et al. demonstrated the use of using polarization-controlled
THz pulses to achieve linear acceleration of relativistic electron beams [9]. In the proposed
setup, the phase shifter plate is one of the crucial components of the system, where the
controlled and sensitive manipulation of the THz pulse into a quasi-TEMy; polarization
state plays a key role to achieve the necessary coupling with the longitudinal accelerating
mode of the beam guide used. In the experimental scheme, a polytetrafluoroethylene
(PTFE) phase-shifter plate is utilized, where the phase shift is achieved due to the thickness
difference in between the two sub-areas of the component. This approach inevitably gives
a time delay in between the two wave fronts and may have a strong negative influence
on the coupling and mode matching efficiency, for possible applications where higher
sensitivity might be desired—for instance, in FEL-assisted IR/THz and X-Ray/THz pump
and probe experiments.

In this work, we present the study, fabrication, and experimental characterization of an
all-dielectric phase shifter plate component. The manufactured component provides a high-
quality phase retardation in between the two planes. Moreover, the simplistic and flexible
design enables selection of the plane of symmetry around the chosen central axes of choice,
without inducing any temporal shifts in between the two sections of the beam fronts.

2. Materials and Methods

It is well known that when the source wavelength is far larger than the individual
component dimensions of a device, the traversing electromagnetic signal perceives the
structure as a homogenized system with effective electro-optical parameters. In such a way,
one may manipulate an optical beam with ease, solely arranging materials in a periodic
sequence and achieving high birefringent media even with relatively low dielectric constant
materials (like polymers and air). The birefringence associated with the use of periodic
structures is the so-called “form birefringence” [10] and has been widely applied to create
various devices: waveplates, filters, and even g-plates [10-12], to mention some.

In the sub-THz window, geometrical limits are in the millimeter scale; therefore,
additive manufacturing techniques based on commercially available three-dimensional
(3D) printing technologies are gaining popularity as a promising cost-effective approach
for fast prototyping and manufacturing of novel passive or hybrid optical elements.

The achievable “form birefringence” for a given air-dielectric groove system can be an-
alytically calculated using the second-order effective medium theory (EMT) solutions [13]:

1/2

1/A 2
nTg = |f'WE,Oz t3 (Aﬂﬁfz (nlz - n22)> ] 1)
1/2
1/A 1 1 2
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where A = L; + L; is the period given by the structure with separation widths L; and
L, and the volume fractions of the components having equal thicknesses are given by

f1 = (Lll‘;‘lLZ) and f, = 1 —f;. In the above equations, ntgg = +/fin;% + fony? and
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nMo = \/ 1/ (f;/m2 +1£,/n,2) are the quasi-static refractive index for the electrical field
parallel and perpendicular, respectively.

We previously reported that the experimentally extracted parameters show a very
good agreement with the second-order solutions [12]. For a given index of refraction (air,
n; = 1; polymer ABS, ny~1.68), one may estimate a birefringence as high as An ~ 0.14.

With the advent of innovative 3D printing systems, there has been recently grow-
ing research on advanced composite materials for use as filaments for 3D printing, to
achieve desired chemical, physical, and mechanical properties [14]. Therefore, with the
new generation of printing materials, it is expected to reach even higher levels of form
birefringence. While many of polymer-based commercial filaments have similar index of
refraction levels around 1.5 =+ 2.0, the absorption characteristics at THz frequencies may
vary by orders of magnitude [15]. The possible use of some promising polymers with
super low absorption coefficients over a much large frequency range, such as cyclic olefin
copolymers and high-density polyethylene [16,17], will surely improve the frequency band
and transmission characteristics of the proposed design.

In this work, we have used the widely available ABS filament as a cost-effective
solution. The melting temperatures of many commercial filaments are in the orders of few
hundred of Celsius. In such materials, induced thermo-mechanical degradations under
repeated electromagnetic heating may modify their electro-optical properties [18]. Due
to the non-ionizing properties of the THz field, a high level of energy transfer usually
does not occur in this frequency range, especially with standard sources reaching only
a few pJ of energy per pulse. On the contrary, FEL-assisted high-field THz sources may
achieve mJ level of average pulse energies and induce polymer morphological changes [19]
under super focused conditions, altering the electro-optical properties of the polymer and
as a consequence the design frequencies and parameters. Nevertheless, when compared
to the optical regime, even under collimated radiation, the beam irradiance will reduce
by more than five orders of magnitude in the THz region, making very realistic the easy
adaptation of 3D-printed polymer-based optical elements for advanced FEL-assisted high-
field applications in this frequency window.

The designed phase shifter consists of two separate quarter wave(A/4) plates with
90° relative angle orientation in between them. The wave plate sections composing the
device are designed with form birefringent properties following Equations (1) and (2) for
alternating layers of ABS and air with equidistant interface separations of 400 pm within
manufacturing limits.

We have realized the designed THz phase shifter plate by using a commercial 3D
printer (3D DREMEL® DigiLab 3D45, Bosch, Leonberg, Germany) by melt extruding ABS
filaments (ECO-BLA-01). A picture of the phase shifter, having dimensions 4 x 4 cm?, is
shown in Figure 1a. The device is realized with a final layer thickness of 4 mm. As seen
from the form birefringence calculations (Equations (1) and (2)), the device thickness does
not have an effect on the index of refraction characteristics of the device. The relatively
thick layer deposition was chosen to minimize the unavoidable defects occurring within
the melt extruded filament. Even if they are on a um scale, defects can create unwanted
scattering inside the device and reduce the efficiency of the phase plate. Unfortunately, the
removal of scattering effects comes at the expense of a relatively high attenuation of the
total signal transmittance in the given frequency range, in the order of 10 dB with respect to
the reference signal. The Fast Fourier Transform spectra of the transmitted and the reference
signal are shown in the inset of Figure 1c. Of course, a larger signal passing through the
device can be certainly obtained using printing technologies with better spatial resolution.
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Figure 1. (a) A picture of the manufactured device. The rotation center of the single section is
shown as a white target, the measurement starting point when the device structure is parallel to the
impinging beam polarization direction is displayed as a white line and shown with 0° angle. (b)
Electric field amplitude maxima vs. the azimuthal angle for the single A/4 plate device section, under
a full rotation around the THz beam propagation axis, with 15° steps. The transmittance for an ideal
A/4 plate (solid curve) is plotted in comparison with the normalized E-field measured intensities
(stars). (c) Transmitted time domain electric field profiles corresponding to 45° and 135° incidence
angles with respect to the impinging beam. The corresponding frequency domain analysis is shown
in the inset. (d) The possible frequency bandwidths achievable are calculated for periodicities (20, 50,
100, 200, 400, and 800 um) of commercially available 3D printers. The maximum frequency given by
the form birefringence of the device realized in this work is shown with a red star.

3. Measurements and Results

The transmission properties and the phase response of the A/4 plate are characterized
using a standard Time Domain Spectroscopy (TDS) in transmission mode. Additionally,
the full position-dependent electric field maps of the THz beam propagating through the
device are obtained by a raster scan imaging routine.

Measurements are carried out with a commercial THz time domain spectrometer
(TERA K-15, Menlo Systems, Planegg, Germany). A standard transmission geometry is
used with four TPX lenses first collimating and then focusing the signal, producing a
beam spot of approximately 5 mm, much larger than the periodicity of the structures used.
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Two dipole photo-conducting antennas (PCA) having linear polarization are employed for
the emission and detection of the THz signal. The electric field is acquired in a time domain
interval of 120 ps. The linearly polarized emitted signal is split into Ex and Ey projections
passing through polarization optics. The Ex component of the transmitted field is acquired
by placing the emitter and the detector antenna polarization in the same direction, whereas
the signal transmitted through the device in perpendicular polarization (the Ey component)
is attained by rotating the PCA detector by 90° with respect to the PCA emitter.

We first measured the transmission properties (amplitude and phase of the electric
field) of the single waveplate composing the device, by rotating the structure with 15° steps
with respect to the center of a single section. The device is placed on a computer-controlled
rotational stage, and the center section of one plate section is placed concentric to the
rotation axis of the stage. In Figure 1a, the measurement center position is shown with a
white circle, and the measurement starting point when the device structure is parallel to the
impinging beam polarization direction is displayed as a white line. This position coincides
with the starting 0° azimuthal angle shown in the plot of Figure 1b.

Transmitted time domain electric field profiles for the Ey components, corresponding
to 45° and 135° azimuthal angles, are shown in Figure 1c. It is worth mentioning that,
differently from a standard PTFE phase-shifter plate, the device thickness is constant in
between the two subsections, so that the phase-shifted components of the wave front do not
produce any time delay as clearly observed from the TDS waveforms. The experimentally
observed frequency domain analysis shows that the realized device gives a relatively wide
frequency response but is upwardly limited to 0.8 THz (Figure 1c, inset). It is important
to note that, in case of devices realized using 3D printing, scattering and wave-guiding
effects are the dominant factor limiting the operational bandwidth of the device, since the
periodicity exceeds the impinging signal wavelength. The frequency limit of the device can
be estimated by calculating the intersection point of the extracted index of refraction (using
second-order EMT solutions) with the index of refraction of the polymer used.

In this work, within the capacity of the printer used, we have achieved a phase shifter
showing 400 GHz bandwidth. Ultra-high resolution commercially available printers are
capable to reach optical resolutions up to 2 um [20,21]. For demonstration, the possible
frequency bandwidth upper limits achievable for moderate periodicities (20-800 pm)
using new generation printing technologies are plotted in Figure 1d. It is fascinating that,
for a moderate periodicity of 20 um, an ultra large bandwidth up to 15 THz is easily
viable, that can be further widened to approximately 80 THz for a periodicity of 4 um.
As the device responses a 180° phase shift in between the 45° and 135° degrees of device
orientation, it is confusing to the eye to depict the transmittance behavior of an ideal quarter
wave plate immediately; for this reason, the transmittance of an Ideal A/4 plate, given by
1— (1/2)sin?(2¢), is plot together with the normalized (from 0 to 1 relative values) electric
field intensities. As shown in Figure 1b, the E-field maximum is achieved at 7t/4 steps
starting from 45° such that E-field intensities measured depict the standard behavior for a
A/4 wave plate and can provide a simple roadmap to visualize the expected response from
more complicated geometries.

After this first characterization, the device is placed on a computer controlled two-axis
positioner to acquire the spatial-dependent electric field of the THz beam propagating
through the device by using a standard raster scan routine and covering the total surface
area (4 x 4 cm?) with 500 um steps.

The working principle of the designed phase shifter is schematically shown in Figure 2.
The PCA generates the THz beam with linear polarization (Ex), shown with a blue arrow.
Upon passing through the device, the E-field splits in two polarization components (Ex
and Ey or, with different notation, and “p” states, shown as yellow and red arrows,
respectively). While the Ex component has no phase retardation as experimentally observed
from the transferred time domain signals (shown with yellow arrow), the Ey component
(shown with red arrow) shows a quasi-ideal phase retardation in between the two sections
of the wave plate.

“"_
S
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Figure 2. A scheme of the working principle of the designed device. The linearly polarized E-field
emitted by the first PCA (blue arrow) is converted into a center symmetric field by using the phase
plate (the green component). The Ex (Ey) component of the resulting field is selectively removed
(recorded) by using a wire grid polarizer (the grey component). The red arrow shows the E-field term
propagating along the y-axis. The geometrical design parameters are also shown in detail.

To acquire the phase retarded component, the Ex component of the impinging beam is
removed by using a (wire grid) polarizer (the grey component in Figure 2), which is placed
in front of the proposed wave plate structure. This limits the phase maps shown in Figure 3
to a circular area having the same diameter (12.5 mm) of the polarizer.

In such a way, it is possible to create a large surface, quasi-ideal phase retardation
in between the two sides of the device. This allows not only to control the directivity
(right-handed and/or left-handed) of the electromagnetic field polarization direction but
also to have the flexibility to select the plane of symmetry around the central axes of choice
(x and/or y), by simply rotating the device by 90° with respect to the impinging beam
polarization orientation, as shown in Figure 3a—d.

As the photoconductive detector is sensitive to the electric field in one linear polar-
ization direction, it allows monitoring of both the intensity and phase changes from the
general shape of the time domain signal (see Figure 1c). This approach has been previously
applied in different works to reconstruct the spatial distribution of a THz beam and depict
the E-Field intensity and the related phase changes [12,22]. Analogously, we have mapped
the peak position of the THz waveforms as shown in Figure 3. The images show how the
electromagnetic field is being manipulated by using the phase shifter plate. As it is clearly
seen from the E-field maps, the polarization state of the THz transient makes a 180° phase
shift in between the two gradients of the phase plate.

As shown in Figure 3a, the left side wave plate component of the device makes
a 45" rotation w.rt. the polarization direction (PD) of the impinging beam. When the
device is rotated 90° w.r.t. PD, the right-side wave plate component (making a 135°
rotation w.r.t. PD) relocates itself creating the geometry at the bottom side component and
constructing a 45° rotation angle w.r.t. PD (Figure 3c). With the same analogy, the right-side
component (135° rotation w.r.t. PD) shown in Figure 3a relocates to the top section of the
device (Figure 3c) creating an impinging angle of 135° w.r.t. PD. This way the beam axial
symmetry converts from perpendicular to horizontal configuration under 90° clockwise
rotation, giving the flexibility to select the plane of symmetry around the chosen central
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axes of choice. Due to the scattering and super imposition effects at the intersection of
the two wave plate sections, the beam is slightly distorted as seen from the E-field maps
shown in Figure 3b,d. It is worth mentioning that this design can be also applied to more
complex production methodologies, such as using intrinsically birefringent media, liquid
crystal-based platforms, and/or using higher resolution printing techniques. Moreover, in
FEL applications, where signal emission may cover frequencies in the orders of tens of THz,
the groove structures and sizes of the device are being scaled down to micro size levels,
reducing the side effects mentioned above.
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Figure 3. The polarization direction of the emitter (white arrow) and detector (yellow arrow) PCAs are
shown with respect to the device structure orientation when the device central axis is (a) perpendicular
and (c) parallel to the emission; (b,d) show the corresponding spatial map of the E-field intensity.

4. Conclusions

We have designed a phase plate in a segmented geometry exploiting the concept of
form birefringence. The device is fabricated using 3D printing technology. As a novel
approach, the system exploits A/4 waveplates as a basic design element, that can be
easily scaled at higher frequencies and potentially used in several applications where
advanced polarization tailoring is needed. The manufactured phase plate is experimentally
tested by a polarization sensitive imaging routine, and the full electric field (intensity and
phase) spatial maps are acquired using the signal propagation through the device. We
have achieved a quasi-ideal phase retardation with good uniformity on a large surface
area without inducing any temporal shifts in between the wavefront components of the
traversed beam. The device can be easily scaled at higher frequencies, simply reducing the
separation widths L1 and L, of the two elements forming the grooved structure and using
the EMT equations. Moreover, since the system exploits polymer-based A/4 waveplates as
a basic design element, it can be potentially used to realize accurate THz beam tailoring
and polarization control in several advanced FEL-assisted high-field applications.



Photonics 2023, 10, 825 80f9

Author Contributions: Conceptualization, C.K.; methodology, C.K.; software, C.K. and Z.M.; val-
idation, C.K. and A.A.; formal analysis, C.K.; investigation, C.K.; resources, A.A.; data curation,
C.K. and ZM.; writing—original draft preparation, C.K.; writing—review and editing, C.K. and
A.A,; visualization, C K., Z.M. and A.A; supervision, A.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was partially funded by the National Institute for Nuclear Physics (INFN),
under the projects “Ethiopia” and “BriXSinO-TDR”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data supporting reported results of this study are available upon
reasonable request from the authors.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Kampfrath, T.; Tanaka, K.; Nelson, K.A. Resonant and Nonresonant Control over Matter and Light by Intense Terahertz Transients.
Nat. Photonics 2013, 7, 680-690. [CrossRef]

2. Koral, C.; Mazaheri, Z.; Papari, G.P; Andreone, A.; Drebot, I.; Giove, D.; Masullo, M.R.; Mettivier, G.; Opromolla, M.; Paparo, D.;
et al. Multi-Pass Free Electron Laser Assisted Spectral and Imaging Applications in the Terahertz/Far-IR Range Using the Future
Superconducting Electron Source BriXSinO. Front. Phys. 2022, 10, 127. [CrossRef]

3. Wen, H; Kim, KJ.; Zholents, A.; Byrd, J.; Cavalleri, A. Preface to Special Topic: Intense Terahertz Sources for Time-Resolved
Studies of Matter. Rev. Sci. Instrum. 2013, 84, 022501. [CrossRef]

4.  Tavella, F; Stojanovic, N.; Geloni, G.; Gensch, M. Few-Femtosecond Timing at Fourth-Generation X-Ray Light Sources. Nat.
Photonics 2011, 5, 162-165. [CrossRef]

5. Ji, Y.-Y,; Fan, F; Chen, M,; Yang, L.; Chang, S.-J. Terahertz Artificial Birefringence and Tunable Phase Shifter Based on Dielectric
Metasurface with Compound Lattice. Opt. Express 2017, 25, 11405-11413. [CrossRef]

6. Zhang, X.; Fan, F; Zhang, C.-Y;; Ji, Y.-Y,; Wang, X.-H.; Chang, S.-]. Tunable Terahertz Phase Shifter Based on Dielectric Artificial
Birefringence Grating Filled with Polymer Dispersed Liquid Crystal. Opt. Mater. Express 2020, 10, 282-292. [CrossRef]

7. Kawada, Y,; Yasuda, T.; Takahashi, H. Carrier Envelope Phase Shifter for Broadband Terahertz Pulses. Opt. Lett. 2016, 41, 986-989.
[CrossRef]

8.  Wang, D.; Zhang, L.; Gu, Y.; Mehmood, M.Q.; Gong, Y.; Srivastava, A.; Jian, L.; Venkatesan, T.; Qiu, C.W.; Hong, M. Switchable
Ultrathin Quarter-Wave Plate in Terahertz Using Active Phase-Change Metasurface. Sci. Rep. 2015, 5, 15020. [CrossRef]

9. Hibberd, M.T.; Healy, A.L.; Lake, D.S.; Georgiadis, V.; Smith, E.J.H.; Finlay, O.].; Pacey, T.H.; Jones, ].K.; Saveliev, Y.; Walsh, D.A;
et al. Acceleration of Relativistic Beams Using Laser-Generated Terahertz Pulses. Nat. Photonics 2020, 14, 755-759. [CrossRef]

10.  Scheller, M.; Jordens, C.; Koch, M. Terahertz Form Birefringence. Opt. Express 2010, 18, 10137-10142. [CrossRef]

11.  Rohrbach, D.; Kang, B.J.; Feurer, T. 3D-Printed THz Wave- and Phaseplates. Opt. Express 2021, 29, 27160-27170. [CrossRef]

12.  Koral, C.; Mazaheri, Z.; Andreone, A. THz Multi-Mode Q-Plate with a Fixed Rate of Change of the Optical Axis Using Form
Birefringence. Micromachines 2022, 13, 796. [CrossRef]

13.  Rytov, S.M. Electromagnetic Properties of a Finely Stratified Medium. Sov. Phys. JETP 1956, 2, 466—475.

14. Squires, A.D.; Lewis, R.A. Feasibility and Characterization of Common and Exotic Filaments for Use in 3D Printed Terahertz
Devices. J. Infrared Millim. Terahertz Waves 2018, 39, 614—635. [CrossRef]

15. Wietzke, S.; Jansen, C.; Reuter, M.; Jung, T.; Kraft, D.; Chatterjee, S.; Fischer, B.M.; Koch, M. Terahertz Spectroscopy on Polymers:
A Review of Morphological Studies. J. Mol. Struct. 2011, 1006, 41-51. [CrossRef]

16. Sengupta, A.; Bandyopadhyay, A.; Bowden, B.F; Harrington, J.A.; Federici, ].F. Characterisation of Olefin Copolymers Using
Terahertz Spectroscopy. Electron. Lett. 2006, 42, 1. [CrossRef]

17.  Islam, M.S; Sultana, J.; Cordeiro, C.M.B.; Cruz, A.L.S.; Dinovitser, A.; Ng, B.W.H.; Abbott, D. Broadband Characterization of Glass
and Polymer Materials Using THz-TDS. In Proceedings of the International Conference on Infrared, Millimeter, and Terahertz
Waves, IRMMW-THz, Paris, France, 1-6 September 2019.

18.  Vattathurvalappil, S.H.; Kundurthi, S.; Drzal, L.T.; Hag, M. Thermo-Mechanical Degradation in ABS-Fe3O4 Polymer Nanocom-
posite Due to Repeated Electromagnetic Heating. Compos. Part B Eng. 2020, 201, 108374. [CrossRef]

19. Hoshina, H.; Suzuki, H.; Otani, C.; Nagai, M.; Kawase, K ; Irizawa, A.; Isoyama, G. Polymer Morphological Change Induced by
Terahertz Irradiation. Sci. Rep. 2016, 6, 27180. [CrossRef]

20. Huddy, J.E;; Rahman, M.S.; Hamlin, A.B.; Ye, Y.; Scheideler, W.J. Transforming 3D-Printed Mesostructures into Multimodal

Sensors with Nanoscale Conductive Metal Oxides. Cell Rep. Phys. Sci. 2022, 3, 100786. [CrossRef]


https://doi.org/10.1038/nphoton.2013.184
https://doi.org/10.3389/fphy.2022.725901
https://doi.org/10.1063/1.4790426
https://doi.org/10.1038/nphoton.2010.311
https://doi.org/10.1364/OE.25.011405
https://doi.org/10.1364/OME.383058
https://doi.org/10.1364/OL.41.000986
https://doi.org/10.1038/srep15020
https://doi.org/10.1038/s41566-020-0674-1
https://doi.org/10.1364/OE.18.010137
https://doi.org/10.1364/OE.433881
https://doi.org/10.3390/mi13050796
https://doi.org/10.1007/s10762-018-0498-y
https://doi.org/10.1016/j.molstruc.2011.07.036
https://doi.org/10.1049/el:20063148
https://doi.org/10.1016/j.compositesb.2020.108374
https://doi.org/10.1038/srep27180
https://doi.org/10.1016/j.xcrp.2022.100786

Photonics 2023, 10, 825 90f9

21. Lin, W.; Chen, D.; Chen, S.-C. Emerging Micro-Additive Manufacturing Technologies Enabled by Novel Optical Methods.
Photonics Res. 2020, 8, 1827-1842. [CrossRef]

22. Imai, R; Kanda, N.; Higuchi, T.; Konishi, K.; Kuwata-Gonokami, M. Generation of Broadband Terahertz Vortex Beams. Opt. Lett.
2014, 39, 3714-3717. [CrossRef]

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.


https://doi.org/10.1364/PRJ.404334
https://doi.org/10.1364/OL.39.003714

	Introduction 
	Materials and Methods 
	Measurements and Results 
	Conclusions 
	References

