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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 TE0n + EH2n and EН–1n + EH3n 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 EН–11 + EH31 mode has 

the smallest diameter (2.94λ) of the focal spot in the maximum intensity region at sharp 

focusing. The TE01 + EH21 mode has the smallest diameter (13.65λ) 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 TE0n + EH2n and EH–1n + EH3n (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. 
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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 2a1. The focusing lens of 

the aperture 2a2 is placed at some distance z1 from the 

laser mirror. 

The radial and azimuthal components of the 

TE0n + EH2n and EH–1n + EH3n (n = 1, 2, 3) modes in the 

plane of the output laser mirror (z = 0) can be described 

by the following expressions [25]:
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for the EН–1n + EH3n modes. 
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Fig. 1. Theoretical scheme of the calculation model of laser 

beam focusing. 
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are the normalizing factors, Jn is the Bessel function of 

the first kind, and χnm is the m-th root of the equation 

  01  nmnJ , respectively. 

Based on Eqs. (1) and (2), we determine the 

components of the modes under study on the lens 

aperture using the nonparaxial Rayleigh–Sommerfeld 

vector theory [26]. For simplicity, we assume that the 

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 

influence on the field phase, we calculate the components 

of the electric field of interest in an arbitrary point of the 

space behind the corrector in a similar way. 

It is known [29] that longitudinal z-component of 

the field absent in an incident beam appears in the focal 

region of the lens. Hence, the radial and azimuthal field 

components of the linearly polarized combined 

TE0n + EH2n modes in the focal region of the lens are 

accompanied by appearance of a z-component and are 

given by: 
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(3) 

 

The set of the field components of the linearly polarized combined EH1n + EH3n modes in the lens focal region also 

includes the z-component: 
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Here,  2k  is the wave number, λ is the laser 

wavelength, z1 is the distance between the output mirror 

of the laser resonator and the lens, z2 is the distance 

between the phase corrector plane and the observation 

plane, ρ1, θ1, z1 are the cylindrical coordinates in the phase 

corrector plane, ,2

1

2

11  z  ,111  k  and ρ2, θ2, z2 

are the cylindrical coordinates in the observation plane 

behind the phase corrector,    FiPh  2

11 exp  is 

the phase correction function of the lens, and F is the 

focal length of the lens, respectively. 

3. Calculations results and analysis 

The total electric field intensities of the investigated 

combined modes   222

222 ,, zr EEEzI    at 

sharp and moderate focusing [30] were calculated by 

Eqs (3) and (4). The radiation wavelength λ = 0.4326 mm 

(THz laser generation line at optical pumping on formic 

acid molecule НСOОН) was chosen. The following 

parameter values were accepted: the waveguide length 

L = 1848 mm, the lens radius a2 = 25 mm, and the 

waveguide radius a1 = 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] 

 

 

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 TE03 + EH23 and EH–1 + EH33 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.  

 

 

 
 

Fig. 2. Calculated transverse distributions of the total field 

intensity of the TE03 + EH23 and EН–13 + EH33 modes in free 

space at a distance of 300 mm from the laser output mirror. 

 

   
 

 

          

   
 

 

          

   
 

 

          
































































































































































































 

 

 



.
2

expsin3sin

2
exp

exp
exp,,

,
2

expcos3cos

2
exp

exp2
exp,,

,
2

expsin3sin

2
exp

exp2
exp,,

111

2

2

1
221212123

1

2

21

0 0 1

312

1

1
322

2

1

2

222

111

2

2

1
2212123

1

2

21

0 0 1

322

1

1
322

2

21

2

222

111

2

2

1
21212123

1

2

21

0 0 1

322

1

1
322

2

21

2

222

2 1

2 1

2 1

dPh
ik

JJ

rdr
ikr

rJ
a

r
J

ik
Bik

zk
zE

dPh
ik

rJJ

rdr
ikr

rJ
a

r
J

ik
Bik

zzk
zE

dPh
ik

JJ

rdr
ikr

rJ
a

r
J

ik
Bik

zzk
zE

a a

nnz

a a

nn

a a

nnr

        (4) 

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 

zImax/ dσ /λ
 

zImax/ dσ /λ
 

TE01 + EH21 1.48 4.15 11.56 13.65 

TE02 + EH22 3.79 8.36 36.98 26.74 

TE03 + EH23 4.95 14.10 64.72 43.30 

EН–11 + EH31 2.06 2.94 36.98 14.58 

EН–12 + EH32 6.10 4.27 115.58 24.21 

EН–13 + EH33 8.41 5.24 196.49 33.81 
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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 TE0n + EH2n (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–1n + EH3n and TE0n + EH2n modes as 

well as the displacement zImax 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–1n + EH3n 

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  

 

 

combined TE0n + EH2n 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 TE0n + EH2n 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 CO2 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. 

 

  

Fig. 3. Calculated distributions of the total field intensity of 

the TE01 + EH21 (a, b), TE02 + EH22 (c, d) and TE03 + EH23  

(e, f) modes at moderate (a, c, e) and sharp (b, d, f) focusing in 
the focal region of the lens. 

 

Fig. 4. Calculated distributions of the total field intensity of the 

EН–11 + EH31 (a, b), EН–12 + EH32 (c, d) and EН–13 + EH33 (e, f) 

modes at moderate (a, c, e) and sharp (b, d, f) focusing in the 
focal region of the lens. 
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Fig. 5. Mode spectrum of the HCOOH laser. 

 

 

The generation power of the ЕH11q and 

TE01q + EH21q modes of the THz laser was 3.6 mW, while 

the generation power of the EH–11q + EH31q and ЕH12q 

modes was 2.9 mW. The laser was set to generate the 

more powerful linearly polarized ТЕ01q + EH21q 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.  

 

 

 
 

 
 

Fig. 6. Calculated (I1) and experimental (I2) transverse 

distributions of the total field intensity of the ТЕ01q + EH21q 
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 TE01q + EH21q mode field intensity 

peak at moderate focusing is shifted from the lens focal 

plane by a distance zImax = 11.56 in the z direction.  

A similar shift of the peak intensity plane for the  

same mode at sharp focusing is only zImax = 1.48. The 

transverse intensity distributions in the plane of the field 

intensity peak for the focused combined TE01q + EH21q 

mode at moderate and sharp focusing are shown in 

Fig. 6. The panels of Fig. 6 show that the transverse 

intensity distribution of the TE01q + EH21q 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 

TE01q + EH21q 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 ТЕ01q + EH21q mode (FWHM) at moderate 

focusing (NA = 0.16) was 12.9 (notice that FWHM = 

13.6 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 TE0n + EH2n and EH–1n + EH3n 

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–11 + EH31 mode has the smallest focal spot diameter 

in the region of maximum intensity at sharp focusing, 

while the TE03 + EH23 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 TE01q + EH21q 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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Властивості сфокусованих комбінованих мод терагерцового лазера 

 

А.В Дегтярьов,  М.М. Дубінін, О.В. Гурін, В.О. Маслов, К.І. Мунтян, В.М. Рябих,  В.С. Сенюта 

О.О. Свистунов  

 

Анотація. Теоретично та експериментально проаналізовано фізичні особливості просторово-енергетичних 

характеристик ТГц лазерних пучків з лінійною поляризацією поля при гострому та помірному фокусуванні у 

вільному просторі. Векторна теорія Релея–Зоммерфельда була використана для моделювання поширення у 

вільному просторі лазерних пучків, збуджених модами квазіоптичного хвилевідного резонатора. Для 

експериментального дослідження використано відомі методи вимірювання просторово-енергетичних 

характеристик лазерних пучків ТГц діапазону. Показано, що сумарна інтенсивність поля комбінованих 

TE0n + EH2n і EН–1n + EH3n (n = 1, 2, 3) мод визначається усіма трьома компонентами і має провал на осі для обох 

типів фокусування. Центральні максимуми поля цих мод значно зміщуються від геометричних фокусів 

досліджуваних лінз зі збільшенням порядку n цих мод. Найменший діаметр фокальної плями в області 

максимальної інтенсивності при гострому фокусуванні. має мода EН–11 + EH31 (2,94λ). Мода TE01 + EH21 має 

найменший діаметр (13,65λ) фокусної плями при помірному фокусуванні. 

 

Ключові слова: терагерцовий лазер, діелектричний резонатор, комбіновані моди, поляризація, фокусування. 
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