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Abstract. Physical features of spatial-energy characteristics of linearly polarized THz laser
beams at sharp and moderate focusing in free space are analyzed both theoretically and
experimentally. The Rayleigh-Sommerfeld vector theory is used to model propagation of
laser beams excited by quasi-optical waveguide resonator modes in free space. Well-known
methods of measuring spatial-energy characteristics of laser beams in the THz range are
used in the experimental study. It is shown that the intensity of the total electric field of
both combined TEgy,+ EH,, and EH_;, + EH3, modes (n = 1, 2, 3) in the focal region is
defined by all three components and has a dip on the axis for both focusing types. The
central maxima of the field of these modes become significantly shifted from the geometric
foci of the lenses used as the order n of these modes increases. The EH_;; + EH3; mode has
the smallest diameter (2.941) of the focal spot in the maximum intensity region at sharp
focusing. The TEq + EH,; mode has the smallest diameter (13.651) of the focal spot at

moderate focusing.
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1. Introduction

In the last decade, there has been a significant growth in
research related to the terahertz (THz) range of
electromagnetic radiation [1, 2]. To date, many terahertz
laser sources ranging from milliwatt femtosecond laser-
based generators to free electron lasers with average
power of hundreds of watts [3] have been developed.
Due to the high oscillation frequency, THz fields are
promising for applications such as high-speed radio
communication [4] including interplanetary one [5],
radars [6], introscopy [7], high-resolution microscopy
[8], etc. At the same time, due to the low photon energy,
THz radiation is non-ionizing, which is a great advantage
for medical applications [9], biological engineering [10],
and spectroscopy of organic compounds [11].

However, application of the THz technologies has
not yet reached its potential due to the lack of compact
and powerful sources of THz radiation in a wide spectral
range. Therefore, both development and investigation of
lasers emitting in the THz range are still hot topics [12,
13]. Research on selecting and focusing THz laser beams
is also topical today. Most of the works in this area deal
with the optical range [14-17]. Recently, inhomoge-
neously polarized laser beams have attracted an increased

attention [18-20]. Use of phase-sensitive electro-optical
detection enables selective determination of different
spatial components of the field. Longitudinal components
of focused THz beams having both linear and radial
polarization were obtained [21]. A longitudinally polarized
wave obtained by focusing a THz beam was also studied
[22]. Focusing of total electric fields by planar lenses
based on super-oscillation has been proposed in [23]. The
physical laws of formation and focusing of lower trans-
verse modes of a waveguide THz laser were established
[24]. It is also known that waveguide gas lasers efficiently
generate combined modes that have a more complex
spatial field distribution [25]. However, the properties of
the combined modes of waveguide resonators have not
been studied. Such beams can be useful in solving the
problems of sharp focusing and super-resolution.

This work is devoted to the study of spatial-energy
characteristics of combined modes generated by a THz
laser whose resonator contains a hollow dielectric
circular waveguide. The main attention is paid to the
study of the spatial structure of radiation beams formed
by combined TEg, + EH,, and EH_;, + EH3, (n =1, 2, 3)
modes. Both propagation of the formed beams in free
space and their moderate and sharp focusing by long- and
short-focal distance lenses are considered.

© V. Lashkaryov Institute of Semiconductor Physics of the NAS of Ukraine, 2024
© Publisher PH “Akademperiodyka” of the NAS of Ukraine, 2024

216


mailto:mykola.dubinin@karazin.ua

SPQEO, 2024. V. 27, No 2. P. 216-223.

2. Theoretical relations

Throughout this study, the Rayleigh—-Sommerfeld vector
theory [26] is used to describe propagation of the laser
modes in free space. These modes are the ones of a
circular hollow dielectric waveguide [27]. The geometry
of the laser beam focusing problem is shown in Fig. 1.
We assume that the z-axis of the coordinate system is
aligned with the axis of the laser beam. The coordinates
origin is set in the plane of the laser output mirror, which
is aligned with the end of a circular dielectric waveguide
with an aperture of the diameter 2a;. The focusing lens of
the aperture 2a, is placed at some distance z; from the
laser mirror.

The radial and azimuthal components of the
TEgn+ EH,, and EH_;, + EH3, (n = 1, 2, 3) modes in the
plane of the output laser mirror (z =0) can be described
by the following expressions [25]:

r .
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Fig. 1. Theoretical scheme of the calculation model of laser
beam focusing.

Here,
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are the normalizing factors, J, is the Bessel function of
the first kind, and yx,n, iS the m-th root of the equation
3,4 (m) =0, respectively.
Based on Egs. (1) and (2), we determine the
components of the modes under study on the lens
aperture using the nonparaxial Rayleigh—-Sommerfeld

and By, =

h (1) vector theory [26]. For simplicity, we assume that the
E,(r.0)= AOn"]l{XOn —J(1+ c0s2¢), focusing lens is a flat phase corrector [28]. Then, based
& on the obtained expressions for the field components in
the plane of the phase corrector and considering its
for the TEg, + EH,, modes and influence on the field phase, we calculate the components
of the electric field of interest in an arbitrary point of the
r ) . space behind the corrector in a similar way.
E (r¢)=ByJ, X3ng [~sin ¢+ sin 39], It is known [29] that longitudinal z-component of
(2 the field absent in an incident beam appears in the focal
E,(r.¢)= BgnJZ[XSH LJ [cos +cos3), region of the lens. Hence, the radial and azimuthal field
& components of the linearly polarized combined
TEg, + EH,, modes in the focal region of the lens are
for the EH_;, + EH3, modes. accompanied by appearance of a z-component and are
given by:
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The set of the field components of the linearly polarized combined EH;, + EH3, modes in the lens focal region also

includes the z-component:
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Here, k =2n/A is the wave number, A is the laser
wavelength, z; is the distance between the output mirror
of the laser resonator and the lens, z, is the distance
between the phase corrector plane and the observation
plane, py, 84, z; are the cylindrical coordinates in the phase
corrector plane, & =+/z2 +p?, v, =kp,/&,, and py, 02, 2,
are the cylindrical coordinates in the observation plane
behind the phase corrector, Ph(pl):exp( mpl/kF) is

the phase correction function of the lens, and F is the
focal length of the lens, respectively.

3.

The total electric field intensities of the investigated

Calculations results and analysis

combined modes I(pz,ez,zz)=|E,|2+|E¢|2+|EZ|2

sharp and moderate focusing [30] were calculated by
Eqgs (3) and (4). The radiation wavelength A = 0.4326 mm
(THz laser generation line at optical pumping on formic
acid molecule HCOOH) was chosen. The following
parameter values were accepted: the waveguide length
L = 1848 mm, the lens radius a, = 25 mm, and the
waveguide radius a; = 17.5 mm. The focal length of the
lens F =160 mm was set according to the moderate
focusing conditions (numerical aperture of the lens [31]
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was NA = 0.16). The sharp focusing value was chosen to
be F = 36.36 mm (NA = 0.68).

The transverse distribution of the total electric field
intensity for the TEqp; + EHy3 and EH_; + EHs3 modes in
free space in the plane z =300 mm behind the laser exit
mirror is shown in Fig. 2. These combined modes have
the largest divergence among all the studied ones.

1
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Fig. 2. Calculated transverse distributions of the total field
intensity of the TEqg;+ EHy; and EH_;3+ EHs3 modes in free
space at a distance of 300 mm from the laser output mirror.

Table. Focal spot diameters in the positions of the field intensity maximum and values of these positions for combined modes.

Types of modes NA =0.68 NA =0.16

Zimaxd M ds /A Zimad M ds /A
TEq, + EHy, 1.48 4.15 11.56 13.65
TEy, + EHy, 3.79 8.36 36.98 26.74
TEo; + EHys 4.95 14.10 64.72 43.30
EH ;; + EHy, 2.06 2.94 36.98 14.58
EH ,,+ EHa, 6.10 4.27 115.58 24.21
EH_j5+ EHg, 8.41 5.24 196.49 33.81
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Fig. 3. Calculated distributions of the total field intensity of
the TEy + EHy (a, b), TEg+ EH,, (¢, d) and TEy; + EHys
(e, f) modes at moderate (a, ¢, €) and sharp (b, d, f) focusing in
the focal region of the lens.

Nevertheless, as follows from Fig. 2, the lens with an
aperture of 50 mm covers almost completely the
radiation of the studied modes at the indicated distance.

The calculations show that the focused modes under
study form several-ring structures of different intensities
in the focal region of the lens. In the meridional cross
section of the laser beam, these structures look like a set
of individual symmetrical lobes corresponding to the
areas of increased radiation intensity. A typical
meridional cross section of the field intensity distribution
of the combined linear polarized TEq, + EH,, (n =1, 2, 3)
modes at sharp and moderate focusing is shown in Fig. 3.

The calculation results for the effective diameters of
radiation beams in the plane of location of the intensity
maxima of the EH_;, + EH3, and TEg, + EH,, modes as
well as the displacement z,,, Of the intensity maxima of
these modes (relative to the focal plane of the lens) are
presented in Table.

The calculated intensity distributions of the total
fields of combined linearly polarized EH_j,+ EHs,
modes (n = 1, 2, 3) at sharp and moderate focusing are
shown in Fig. 4. One can see from the figure that the total
field intensity distribution of these modes and the
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Fig. 4. Calculated distributions of the total field intensity of the
EH_;; + EHg; (a, b), EH_1, + EH3, (¢, d) and EH_j3+ EHg; (e, 1)
modes at moderate (a, ¢, €) and sharp (b, d, f) focusing in the
focal region of the lens.

combined TEg, + EH,, modes have a dip on the optical
axis at both focusing types. Moreover, the central lobes
of the mode are also shifted both from the focal plane
and from the optical axis of the radiation beam like in the
previous case of the TEg, + EH,, modes.

4, Comparison of experimental and numerical
results

The numerical results were experimentally verified using
a setup described in [32]. The setup contained a
waveguide gas laser based on formic acid HCOOH
vapor, which had strong emission lines in the THz range.
The THz laser was optically pumped by a cw CO, laser
described in [33]. The optical resonator of the THz laser
contained an input phase shifter and an output flat
translucent mirror with a circular hollow dielectric
waveguide placed between the mirrors [32]. The current
configuration of the resonator favored preferential
formation and selection of combined laser modes. The
spectrum of the generated laser modes is shown in Fig. 5.
The radiation was registered by a pyroelectric photo-
detector equipped with a pinhole diaphragm 0.2 mm in
diameter.
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Fig. 5. Mode spectrum of the HCOOH laser.
The generation power of the EH;q and

TEg1q+ EHyq modes of the THz laser was 3.6 mW, while
the generation power of the EH_jiq+ EHgq and EHiy,
modes was 2.9 mW. The laser was set to generate the
more powerful linearly polarized TEpq+ EHz4 mode to
study sharp and moderate focusing of the combined
modes. The focal lengths of the short-focus and the long-
focus lens were 36.36 mm and 160 mm, respectively.
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Fig. 6. Calculated (I;) and experimental (l,) transverse
distributions of the total field intensity of the TEqq+ EHyq
mode under moderate (a) and sharp (b) focusing.

The lens used in the experimental setup was mounted
300 mm from the output mirror of the THz laser
providing full coverage of the laser beam. Transverse
distribution of the radiation of the studied mode was
measured for both sharp and moderate focusing type.

It is found both theoretically and experimentally
that the plane of the TEgq+ EH2q mode field intensity
peak at moderate focusing is shifted from the lens focal
plane by a distance zjm.x = 11.56A in the z direction.
A similar shift of the peak intensity plane for the
same mode at sharp focusing is only zjm.x = 1.48A. The
transverse intensity distributions in the plane of the field
intensity peak for the focused combined TEgiq+ EHyq
mode at moderate and sharp focusing are shown in
Fig. 6. The panels of Fig. 6 show that the transverse
intensity  distribution of the TEgq+EHz mode
maintains its circular shape in the region of the minimum
size of the focused beams regardless of whether the
focusing is moderate or sharp. The calculated and
experimental distributions of the intensity of the focused
TEpiq+ EH2q mode slightly diverge. This discrepancy in
the intensity distributions may be explained by the
influence of lens aberrations, which were not considered
in the calculations, as well as by the insufficient
resolution of the photodetector.

The experiment showed that the diameter of the
focused TEgyq+ EHyq mode (FWHM) at moderate
focusing (NA =0.16) was 12.9A (notice that FWHM =
13.6A in the calculations), while this diameter at sharp
focusing (NA=0.68) was 2.2. (notice that
FWHM = 2.55) in the calculations).

5.  Conclusions

Physical features of spatial and energy characteristics of
linearly polarized THz laser beams are analyzed
theoretically and experimentally. The beams are excited
by combined modes of a waveguide dielectric hollow
laser resonator at both sharp and moderate focusing in
free space.

It is shown that the intensity of the total electric
field of the combined TEg,+ EH,, and EH_;,+ EH3,
modes is determined by all three spatial components. The
central field maxima of these modes become
considerably displaced from the geometric foci of
the studied lenses when the order n increases. The
EH_;; + EH3; mode has the smallest focal spot diameter
in the region of maximum intensity at sharp focusing,
while the TEq; + EH,3 mode has the largest spot diameter
at moderate focusing.

It is theoretically found and experimentally
confirmed that transverse distribution of the total electric
field intensity for the TEqq+ EH,q mode of a dielectric
waveguide resonator preserves a ring shape in the region
of the minimum size of focused radiation beams. This
characteristic remains unchanged at both moderate and
sharp focusing.
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BaacruBocTi cpoxkycoBaHuX KOMOIHOBAaHMX MOJI TEParepuUoOBOro ja3epa

A.B JlerrapsoB, M.M. ly0inin, O.B. I'ypin, B.O. Macjos, K.I. Mynrsan, B.M. Psaonx, B.C. Ceniora
0.0. CBuCTYHOB

AHoTanisg. TeopeTHyHO Ta EKCHEPHUMEHTANBHO TNPOAHANI30BAaHO (i3WYHI OCOONMBOCTI MPOCTOPOBO-CHEPTETHIHHUX
xapakTepucTuK TIII Ta3epHHUX IMyYKiB 3 JTIHIHHOIO MOJIPHU3AIIEI0 TIOJS MPH FOCTPOMY Ta TOMIPHOMY (POKYCYBaHHI Y
BUtbHOMY mpocTopi. Bekropna Teopis Penes—3ommepdenbia Oyiaa BUKOpUCTaHa Uil MOJECIIOBAHHS TMOLIMPEHHS Y
BUIPHOMY TIIPOCTOpi Ja3epHUX ITyUYKiB, 30YyMKECHHX MOJAMH KBa3iONTHYHOTO XBWJIEBITHOTO pe3oHaTopa. Jlms
EKCIIEPUMEHTAILHOTO  JIOCHI/DKEHHSI BHKOPUCTAHO BIIOMI METOJM BHUMIPIOBaHHS IPOCTOPOBO-EHEPreTUUHHX
XapakTepuCTUK JasepHux mydkiB TI'1 miamasony. [loka3aHo, mo cyMmapHa IHTEHCHBHICTH MOJS KOMOIHOBaHUX
TEgn+ EH,, 1 EH_3, + EHg, (n =1, 2, 3) Mo/ Bu3HauaeThes yciMa TphOMa KOMIIOHEHTAMH i Ma€ MPOBal Ha OCi It 000X
TuIiB QokycyBaHHs. lleHTpajbHI MakCMMyMH MOJS IIMX MOJ 3HAYHO 3MILIYIOTBCSA BiJ T€OMETPHUYHHX (OKYCIB
MOCTIKYBAHUX JIiH3 31 30UTBIICHHAM MOPAAKY N mux Moxa. HaliMeHmmit miamerp QokanpHO! TUIAMH B 001acTi
MaKCHMaJIbHOT IHTEHCHBHOCTI TpH rocTpomy (okycyBanui. mae moga EH j; + EH3 (2,94)). Moma TEg + EHy mae
HaiimMenmmii giametp (13,651) poKycHOT IIssMu IIpH TOMipHOMY (POKYCYBaHH.

KirouoBi ciioBa: TeparepoBuii jgasep, TieIeKTPUIHAN pe30HATOp, KOMOIHOBaHI MOJIH, TTOJISIpHU3alis, (OKYCyBaHHS.
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