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Abstract: An electrodynamic system is described that provides the creation of an electromagnetic
wave field of high intensity at a frequency of 1 THz due to a combination of accumulation in time
and compression in space of a wave pulse coming from an electron cyclotron maser (gyrotron). This
system is based on the use of a three-mirror cavity consisting of two focusing mirrors and one flat
corrugated Bragg-type photonic structure providing coupling between the gyrotron wave pulse and
the operating wave of the cavity. The aim of this work is to use a “spot” of the intense terahertz field
inside the cavity to provide a point-like plasma discharge in a gas stream injected into this spot; such
a discharge can be a source of extreme ultraviolet radiation.
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1. Introduction

The terahertz (THz) frequency range, which occupies an intermediate position between
the microwave and optical sections of the electromagnetic wave spectrum, has remained
poorly studied for a long time. At the same time, this range has a number of specific
features that make it very attractive for a wide range of fundamental and applied research
in physics, chemistry, biology, and medicine [1-10].

In particular, the interaction of THz radiation with an inert gas stream creates the glow
of a gas discharge plasma and can serve as a bright “point” source of optical and ultraviolet
(UV) radiation. Indeed, it is known from previously performed experimental [11-15] and
theoretical [16,17] works that the density of a gas-discharge plasma arising under the action
of powerful sub-THz radiation of a gyrotron in a strongly inhomogeneous gas stream
can significantly exceed the critical one, and such plasma effectively emits in the range
of vacuum ultraviolet. To obtain plasma radiation in the region of extreme ultraviolet
(EUF, wavelengths of 13-17 nm), good matching of radiation with the discharge plasma
is necessary, thereby ensuring a large specific energy input of heating radiation into the
plasma. The best matching is achieved when the characteristic size of the plasma formation
is comparable to the length of the irradiating wave, and the electron concentration is several
times higher than the critical one [16]. To do this, it is necessary to increase the frequency
of the heating radiation to 1 THz. Focusing electromagnetic radiation with a frequency of
1 THz in principle allows the formation of a wave beam with a diameter of the order of a
wavelength of 0.3 mm. Under such conditions, it is possible to create a plasma formation
with a characteristic size of 0.3 mm and with a plasma density much higher than the critical
concentration of 10'® cm~3. With a terahertz radiation power at a level of several kilowatts,
the flux density will be about 10°-10” W /cm?, which, according to estimates [17], should
provide the essential necessary heating of the discharge plasma and its glow in the EUF
frequency range.
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To study the discharge under these conditions, sources of powerful coherent terahertz
radiation are needed, since it is the shortage of sources of this type available to consumers
that is the reason for the relatively low (to date) level of knowledge of the processes of
interaction of THz frequency radiation with matter. For this reason, today the creation of
any powerful THz source available to researchers is of independent interest. In particular,
the use of electron cyclotron masers (gyrotrons) seems promising [18-20] (Figure 1a).
Gyrotrons based on the use of moderately relativistic electron beams are significantly more
compact as compared to the relativistic sources of the undulator radiation (free-electron
masers) [21-24]. At the same time, as compared to the sourced based on the nonlinear
optical rectification of powerful laser pulses [25,26], they provide a relatively long duration
and a high degree of coherence of the output THz radiation. Within the framework of this
approach, we are currently developing a gyrotron operating at the high (third) harmonic
of the electron cyclotron frequency [19], which is unique in several characteristics at once.
Firstly, the use of a relatively low-voltage (80-100 keV, 1 A) pulsed electron beam in a
magnetic field of ~14 T, relatively low (for such frequencies) due to operation on the third
cyclotron harmonic, ensures the relative compactness of such a generator. At the same time,
in such a generator, it is possible to achieve an output coherent radiation power at the level
of several kW in relatively long (tens of microseconds) pulses at a frequency of 1 THz [27].
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Figure 1. (a) Schematic of a gyrotron. (b) Direct focusing of the output gyrotron wave beam.
(c) Focusing of the output wave beam accumulated inside a quasi-optical cavity.

The gyrotron THz waves are radiated through the window (Figure 1a) in the form
of a wave beam, allowing for the possibility of its subsequent focusing. In the traditional
scheme (Figure 1b) of the organization of a terahertz discharge in plasma, the focusing
system provides focusing until the formation of a wave beam with a diameter of about two
wavelengths (0.6 mm at the wavelength of terahertz gyrotron radiation of A = 0.3 mm),
which becomes close to the characteristic size of a point discharge plasma (Figure 2). In
this case, the power flux density will be about 10° W/cm? (the corresponding electric field
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strength is 20 kV/cm), which should ensure the ignition of the discharge in a wide range of
pressures [28].
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Figure 2. (a) Schematic of direct focusing of the gyrotron radiation (here, 1 is a quasi-optical converter
of the operating gyrotron mode TE3,9 into a wave beam, 2 is a focusing mirror). (b) The calculated
cross-section of the gyrotron wave beam (left) and the calculated distribution of the amplitude of
the electric field (right). (c) The calculated cross-section of the wave beam in the focus point of the
focusing mirror (left) and the calculated distribution of the amplitude electric field (right).

In this paper, as an alternative to direct focusing of the gyrotron output radiation
(Figure 1b), a method is proposed that combines the necessary focusing with an increase in
the intensity of the wave beam due to the accumulation of a wave signal inside a quasi-
optical cavity (Figure 1c) [29]. The paper considers a three-mirror cavity consisting of two
focusing mirrors and one flat with a corrugated surface (a Bragg-type photonic structure).
The possibility of implementing this cavity at a frequency of 1 THz is discussed. The results
of the calculations are given in relation to the structure of the output radiation of a gyrotron
operating on the third cyclotron harmonic on the mode TE3,9 [19,27].
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2. Calculations of a Quasi-Optical Cavity with a Traveling Wave

The excitation of a quasi-optical cavity with a traveling wave (Figure 3) is carried
out due to the coupling between an external wave beam coming from the gyrotron and
an operating wave beam of the cavity on a corrugated mirror (a Bragg-type scattering
photonic structure). The corrugation period is selected in such a way that there is one
(—1Dth diffraction maximum coinciding with the wave beam in the cavity. The operating
wave beam circulates in the cavity along a finite triangular trajectory. After each pass of the
wave beam inside the cavity, it is partially scattered into a similar diffraction maximum
coinciding with the mirror-reflected original beam. At the same time, there is no wave
reflected from the cavity back to the gyrotron.

Figure 3. Schematic of the cavity with the triangular trajectory of a traveling operating wave and a
Bragg-type scattering photonic structure.

In the geometrical-optic approximation, the resonant frequencies correspond to the
following condition:
kL =2nm. @M

Here, k = 27tf/c is the wavenumber, c is the free space speed of light, L is the total
length of the finite trajectory of the operating wave of the cavity, n > 1 is the integer.
The corrugated surface will be characterized by the spatial period d and the depth of the
corrugation 24 and is described by the following formula:

A(x) = Aosin%rx. 2)

The corrugation of the mirror is oriented with respect to the wave beam of gyrotron

radiation so that the grooves of the corrugation are perpendicular to the plane of beam

circulation inside the cavity and oriented parallel to the electric field of the wave beam. The

condition of reflection of the input wave beam only in the mirror and (—1)-th diffraction
maxima [30],

k-(sinfy + sinf) = 27”, 3)

determines the value of the corrugation period, where 6; is the angle of incidence of the
initial wave beam and 6; is the angle of reflection in the (—1)th diffraction maximum relative
to the normal to the surface of the corrugated mirror. Choosing the angle of incidence of the
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wave on the surface of the corrugated mirror 6; = 60°, and setting the angle of reflection in
the (—1)th max 6, = 20°, we get the period of the corrugation d = 0.83 A.

Based on the results of modeling the wave field pattern using the ANSYS HFSS
code [31], when a plane wave Pi falls at an angle of 60 on a flat mirror with a corrugation
period of 0.83 A (Figure 4), the reflection coefficients of the wave beam into spatial harmonics
were determined depending on the amplitude of the sinusoidal corrugation (Figure 5).

Spatial harmonics correspond to (—1) to the diffraction maximum P_;) and the mirrored
wave Ppir.
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Figure 4. Modeling of the wave field pattern using the ANSYS HFSS code when a plane wave falls at
an angle of 60° on a corrugated surface with a corrugation period 0.83 A.
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Figure 5. The reflection coefficients of the wave beam from a flat corrugated mirror with a corrugation
period of 0.83 A in the mirror (line 1) and (—1)-th (line 2) diffraction maxima depending on the
amplitude of the sinusoidal corrugation.
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The distances between the cavity mirrors correspond to the lengths of the sides of an
isosceles triangle in the schematic of the cavity diagram shown in Figure 3. According to
the simulation, these lengths amount 194 A = 58.2 mm and 284 A = 85.2 mm. As a result, the
length of the finite trajectory of the operating wave beam in the cavity L = 762 A = 228.6 mm
is determined. At the same time, the angles of incidence of the wave relative to the normal to
the mirror surface are 35° for focusing mirrors and 20 for a corrugated mirror. Ohmic losses
on each of the three cavity mirrors are estimated according to the following Formula [32]:

Sohmi = 2\/Zcos 0. 4)

In Formula (4), f = 1 THz is the frequency of radiation, ¢ is the conductivity taking
into account the roughness of the mirror surface 0.8 microns, 6 is the angle of incidence
of the wave relative to the normal to the mirror surface, é,j,, ; in the case of i =1 and 2
are the ohmic losses on focusing mirrors. Ohmic losses on a mirror with a corrugated
surface (6, in the case of i = 3) calculated by Formula (4) should be multiplied by a
factor of 1.5, which occurs due to an increase in the path of the induced current through
the sinusoidal surface. The total ohmic losses of the operating wave at one pass through
the cavity amounts 6y, = Py / Po = 2?21 Sohm,i- The results of the ohmic loss estimation
for a cavity with cooper mirrors are summarized in Table 1. In these calculations, the
conductivity of copper was reduced by 10 times (compared to ideal copper) to account for
the increase in ohmic losses in the THz frequency range due to the inevitable roughness of
the mirror walls.

Table 1. Ohmic losses in mirrors of a cooper cavity.

o (S/m) 50hm,172 50hm,3 aohm
6-10° 0.007 0.012 0.026

Under the condition that the diffraction beam spatially coincides with the wave beam
in the cavity at the resonant frequency determined by Equation (1), the power gain of the
operating wave in the cavity (the ratio of the power of the wave traveling in the cavity to
the power of the exciting beam),

G:PO/Pinc:E(%/E'2 (5)

mnc*
is defined by the following expression [29]:
2

€ (1 —V1—7r? .e—lx/Z)z. ©

Here r? = P(_1)/ Pinc is the power reflection coefficient of the wave beam exciting
in the (—1)th diffraction maximum. In addition, the coefficient 1> = Jcom determines
the diffraction power loss in the direction of the “mirror” spatial harmonic. Thus, r? is
the coupling coefficient with the external exciting and radiated wave. The value of « is
determined by the following expression:

(1 — 67“) = Pios/ Po,

where Py, is the own power loss of the operating wave during one pass through the cavity.
In our case, these are ohmic losses. In the case of Jophy, = 0.026 the maximum gain value
Gmax ~ 38.5 is achieved at d.om = 0.03, and it decreases with a further increase in the
coupling coefficient with the external wave (Figure 6).
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Figure 6. The power gain of the operating wave in the cavity versus the coupling coefficient of the
operating wave with the external exciting wave.

If we know the length of one pass of the traveling wave through the cavity (the effective
length of the cavity), the power loss of the operating wave during one pass through the
cavity, and the power loss in the process of coupling with the external wave, it is possible
to estimate the loaded Q-factor of the cavity:

kL
=— 7
Q dohm + Ocom @)
In this case, the resonance frequency width is expressed as follows:
af=1 ®

o
An important parameter that determines the realizability of the cavity is the accuracy
of its length adjustment, i.e., the position of the mirrors,

L dohm + Scom

AL < 0~ 2 A. )
According to (9), in order to reduce the accuracy of the cavity length adjustment
for an operating frequency of 1 THz to acceptable values, it is necessary to increase the
loss of coupling with the external wave by choosing the appropriate amplitude of the
corrugation (Figure 5) and thereby reduce the intensity gain of the operating wave in the
cavity (Figure 6). The specified cavity parameters for two variants of the amplitude of the

corrugation are summarized in Table 2.

Table 2. Cavity parameters for two versions of the corrugation amplitudes.

Material Cooper
dcom 0.3 0.6
Ao 0.17 A 0.33 A
G 9.9 4.2
Q 14600 7600
Af (MHz) 68 131

AL (mm) 0.016 0.03
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3. Focusing a Wave Beam in The Cavity

When calculating the focusing mirrors, the formation of a wave beam in the gyrotron
wave converter (Figure 1a) and at the entire distance before the wave falls on the corrugated
mirror of the cavity has been considered (Figure 7). Modeling the excitation of the cavity by
an external wave beam shows that for high-quality focusing of the wave beam circulating in
the cavity, the cavity should be excited by a plane wave with a quasi-Gaussian distribution
of the field amplitude in the cross section.

corrugated mirror ssssssssssss

Q/\

Figure 7. The scheme of the gyrotron radiation input into a quasi-optical cavity with a traveling
wave. The stages of correction and the result of focusing the wave beam are shown. Here, 1 is the
cross-section of the wave beam when falling on the first correction mirror (aperture 62 x 62 mm?),
2 is the cross-section of the wave beam when falling on the corrugated mirror of the cavity (aperture
62 X 62 mmz), and 3 is the cross-section of the wave beam at the aperture 5 x 5 mm? between the
focusing mirrors of the cavity.

In accordance with these considerations, the wave beam coming from the gyrotron
output is additionally corrected by a system of two mirrors in order to obtain a quasi-
Gaussian amplitude distribution with a flat phase front in the cross section of the beam
exciting the cavity (Figure 8). The profile of the focusing mirrors was calculated under
the condition of compensation for the diffraction spreading of the wave beam and the
formation of the minimum possible constriction in the focus point of the mirrors located at
half the distance between their centers.
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Figure 8. Calculated cross-section of the wave beam incident on the surface of the corrugated mirror
of the cavity (a) and the calculated distributions of the amplitude of the electric field along the
horizontal (b) and vertical (c) coordinates.

When the cavity is excited by an external signal in the form of an adjusted wave beam,
the operating wave beam with a waist of about 0.3 mm is formed between the focusing
mirrors of the cavity (Figure 9). At the same time, according to the calculation, the ratio
of electric field strengths in the beam cross sections between the focusing mirrors and the
input wave beam is about 68 times.

(b) (c)

JIU NERYNE

3 4 5 6 0 ) 2 3 L 5 6
X(mm) Y(mm)
Figure 9. Calculated cross-section of the wave beam in the focus of the focusing mirrors of the cavity
(a) and the calculated distributions of the amplitude of the electric field along the horizontal (b) and
vertical (c¢) coordinates.

4. Increasing the Electric Field Strength

In the process of pumping the cavity with an external wave, the electric field strength
in the circulating wave beam increases with each of its passes through the cavity. Of interest
is the rate of increase of the field amplitude in the cavity with different coupling with an
external exciting signal. We compare two versions of the cavity with the parameters given
in Table 2. To describe the process, we take the amplitude of the field of the wave incident
on the corrugated mirror equal to 1. For a unit of time, it is natural to choose the time of
a single passage of the wave in the cavity T = L/c. The number of wave passes in the
cavity is denoted by n < N =AT /7, where AT is the duration of the microwave pulse. Then
the process of increasing the amplitude of the field in the cavity under the condition of
resonance (1) is described by the following formula:

r X (1 - (\/We_%)n)
1—V1—12% '

In a cavity with a corrugated mirror having a corrugation amplitude of Ay = 0.33 A
and coupling losses with an external wave dcom = 0.6, the amplitude of the electric field
of the wave reaches twice the value compared to the field of the external beam and goes
to the stationary state after 12 passes through the cavity, which corresponds in time to
10 ns (Figure 10a). In a cavity having a corrugation amplitude of Ag = 0.17 A and coupling
losses with an external wave dcom = 0.3, the amplitude of the electric field of the wave
reaches a tripled value compared to the field of the external beam and reaches the stationary

|E(n)| = |Einc| (10)
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after 25 passes through the cavity, which corresponds in time to 20 ns (Figure 10b). In
comparison with the duration of the radiation pulse of several tens of microseconds, the
amplitude of the electric field intensity in the cavity is almost instantaneous.

24 35
- 25 bl

E/Epel |/ : //
08 / (a) — 1?
ol 1

0 4 8 12 16 20 0 5 10 15 20 25 30
n H

Figure 10. Growth of the amplitude of the electric field in the cavity during the first n periods of
wave passage for a cavity with a Bragg-type photonic structure having a corrugation amplitude of
Ao =033 A (a) and Ay = 0.17 A (b).

Thus, we have a significant (68 times) increase in the electric field strength compared
to the field of the input wave beam due to beam focusing between the focusing mirrors
of the cavity and an additional increase in the amplitude of the electric field strength of
the wave by 2 and 3 times, respectively, due to accumulation of the wave field inside the
cavity. As a result, the intensity of the electric field in the focus point of the cavity mirrors
increases by 136 times and 204 times compared to the amplitude of the field of the external
beam with a corrugation amplitude of 0.1 mm and 0.05 mm, respectively. Having assumed
that the power of the external wave beam is 3 kW, we see that the electric field strength in
the focus of the cavity mirrors can reach 80 kV/cm and 120 kV/cm, respectively, which
exceeds the electric field value obtained by direct focusing by 4 and 6 times.

5. Discussion

Summing up the results of the calculations, it can be concluded that, despite the high
pumping frequency (1 THz) and, therefore, a huge oversize factor (the ratio between typical
sized to the wavelength) of the operating cavity, as well as despite the pulsed character
of the output wave signal of the gyrotron, it is possible to propose a cavity that ensures
both effective accumulation of the wave signal in time and focusing of the wave in space
simultaneously. The use of a quasi-optical cavity with a traveling wave and with a Bragg-
type photonic structure providing coupling between the gyrotron wave pulse and the
operating wave of the cavity makes it possible to obtain the electric field strength required
for breakdown at lower generator power values compared to the case of direct focusing.
According to our estimations, the electric field strengths in the focus of the mirrors of
the cavities used to accumulate the gyrotron wave signal exceed the electric field value
obtained by direct focusing by four to six times. This can greatly simplify the task of
creating an extreme ultra-violet source based on gas-discharge plasma.
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