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Abstract. Calculations have been performed for a relativistic gyrotron in the 300 GHz
range with a power of up to 8 MW. For the experimentally measured accelerating
voltage pulse shape, calculations of the output power pulse shape were made using
three-dimensional modeling using the large particle method. It has been shown that the
total radiation energy at the operating frequency can exceed 4 J.
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INTRODUCTION
Powerful pulsed terahertz radiation is of interest for many applications. In turn,
such radiation can be produced on the basis of one or another scheme of vacuum
generators with electron fluxes. In particular, the project of generating radiation of
subgigawatt power level in the range of 0.3-1 THz based on free electron lasers is being
intensively developed at present [1-4]. It is estimated that the energy of the generated
radiation pulses will be in the range of 10-100 J. Comparable power levels can also be
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obtained using relativistic gyrotrons. Thus, in [5] it was shown that on the basis of high-
current relativistic electron fluxes the power of the order of 80 MW in the range of 0.3
THz can be achieved. However, high-current electron fluxes, usually formed by
explosive emission cathodes, have a significant disadvantage related to the short
duration of pulses. In this connection, it is of interest to use thermionic emission
cathodes capable of forming electron fluxes with stable parameters with microsecond
duration. In [6], calculations of the electron-optical system of a relativistic gyrotron of
the 300 GHz range based on a magnetron- injection gun with a thermocathode were
performed. It was shown that for the specified frequency range it is possible to form a
helical electron flux with a current of 100 and more amperes, an energy of 250 keV,
and a pitch factor value of 1.1.

At the new stage of research, calculations of the electron-wave interaction of the

gyrotron with the working mode TEs3 ».

AVERAGED EQUATION MODELING

In the development of long-pulse terahertz gyrotrons, the main task is to solve
the problem of mode competition. In this regard, it is attractive to use whispering
gallery modes whose fields are localized near the resonator walls [7]. As a
consequence, when the electron flow is transported near the resonator wall, the self-
excitation conditions will be fulfilled only for the whispering gallery modes. However,
during experimental studies, it became clear that selective excitation of modes of the
TEm)(ntype already at the value of the number of azimuthal variations m >9 is possible
only by using additional selection methods, for example, by introducing a coaxial metal

2



rod into the resonator [8,9]. In turn, for modes of the TEm) (2)type, the situation 1s much
better. In particular, a 303 GHz gyrotron has been successfully realized on the
TE,;,mode [10]. At the same time, there is an upper limit to the azimuthal index of the
working mode. In [11], estimates were made that stable generation on whispering
gallery modes can be realized quite easily at azimuthal index values m< 30. Estimates
show, that for the studied configuration of the gyrotron the optimal value for the
azimuthal index m = 33, which corresponds to the working mode TEs3,. This is due to
the need to ensure the maximum of the electron-wave interaction coefficient. This
coefficient is determined by the radius of the electron flux encounter, which, in turn, is
determined by the configuration of the electron-optical system. The radius of the
homogeneous section of the resonator was chosen to be 6.65 mm, which corresponds
to the critical frequency value of about 300.7 GHz. Optimization of the resonator
geometry was carried out on the basis of calculations of the electron-wave interaction
in the framework of the stationary single-mode gyrotron equations with an unfixed
field structure.

In the framework of this approach, the normalized complex transverse
momentump,. of each electron when moving along the longitudinal axisz € [z, Zyyt]

is described by the equation
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wherey is the relativistic mass-factor,n is the number of the cyclotron harmonic,c is
. r . .
the Speed thghtxjm,p,n (r’ Z) =gh- ]S_(m_n) (Vm,p . m) 1s the COU.pllI’lg factor of the

TEpmode with the electron beam with the radius of the leading centers r at the n-th
harmonic, N2 , = (v, — m?) - Ja(Vinp) is the norm of the TE,ywave , wheres =
+1 for ,m = 0 ors = —1 form < 0, i.e., in the case of the opposite rotation of the

field relative to the Larmorian rotation of the electrons.i.e., in the case of opposite field

rotation with respect to the Larmor rotation of the electrons. B_ = ];;7115"?, B, =
1

@pf”, By = ]T;@,, B, = ;"(s? - force interaction coefficients. J; = dJ;(&)/dé,
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£ =K, 11, =p, " c/wy, is the Larmor radius of the electron orbit, .p? = p, -

peM'(z) = ———. - normalized derivative of the magnetic field. In the case of a

homogeneous magnetic field it is assumed . M =1, M' =0 Vz

The nonrelativistic circular gyrofrequency (Larmorian, cyclotron frequency) of
the electron is proportional to the magnetic field at any point of its trajectory: wy, =
M (z) - B, - ey/m,, wheree, andm, are the charge (modulo) and rest mass of the
electron.

The longitudinal component of the normalized momentump, is described by Eq:
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where the last summand describes the influence of inhomogeneous static magnetic
field.
The equation describing the longitudinal structure of the high-frequency field

amplitudeF , has the form [12]:
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Initial pulse values for different electron beam fractions:

Pc(Zin) = Pejins P1(Zin) = Piin 4)
are determined based on the given values of voltage Uy, pitch factor g and taking into
account the inhomogeneity of the magnetic field.

The complex field amplitude F(z) satisfies the radiation boundary conditions at

the ends of the integration interval :z € [Z;,,, Zyyt ]

dfz(zZ) =ik F(z)atz=2zp; (5)
dF(z) .
—= = —ix F(2) atz = Zgy (6)

The profile of the resonator and adjacent waveguide transitions R,(z) must be
sufficiently smooth: the limiting angles a of the slope of the waveguide side-surface
pattern must at least satisfy the condition tg a<< 1. The wave number /k = wc is one of
the eigennumbers of the problem along with Fj,. Let us write down the longitudinal
wave numberk taking into account ohmic losses in the following form

ki (z) = k* — k1(2) - U2), (7
wherek, (z) = vy, /R, (2) is the transverse wave number at a given cross section ,zc

is the speed of light,v,,, ., isp the root of the derivative of the Bessel function ./,

Complex multiplier

a(z) =1 L Breg
(Z)_ +Qohm Rr(z) (8)

allows one to take into account the energy losses for heating of the resonator. Here

R,,1s the radius of the homogeneous section of the resonator,
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-- ohmic goodness of fit,0skin = kskin " Oia1 - skin layer thickness,d;4 =

J2/(Zyou,w) - skin layer thickness of smooth metal (without roughness),Z, =

m ~ 376.73 Ohm - vacuum wave impedance,u, = 1 - relative magnetic
permeability of metal,o - its temperature-dependent specific DC conductivity (inverse
resistance); kgrin = 1.5 - 3 - loss coefficient, which takes into account the influence
of microroughnesses on the resonator surface [13]; in general, this coefficient depends
on frequency and temperature.

Fig. 1 shows the optimized resonator profile, the length of the homogeneous
section of the resonator is about 10 mm. The maximum generation power in the
resonator with this profile is achieved at a magnetic field of 14.7 Tesla and is 8 MW,

which corresponds to an efficiency of about 32%.

THREE-DIMENSIONAL MODELING BY LARGE PARTICLE METHOD

Modeling of processes at the front of the accelerating voltage pulse was carried
out on the basis of the three-dimensional PIC code KARAT [14]. Fig. 2 shows the
geometry of the interaction space and the instantaneous position of macroparticles.
From the left boundary, a helical electron beam was injected into the system with a
pitch factor of 1.1 and a magnitude of the initial spread in transverse velocities of about
30%. The magnetic field was set constant over a homogeneous section of the resonator.
Further, a gradual decrease in the magnitude of the longitudinal component of the

magnetic field was set, as a result of which the electron beam was deposited on the



wall of the electrodynamic system. On the right boundary of the system, an absorbing
layer with variable conductivity was set, the reflection coefficient from which did not
exceed 1% in power. The electrical conductivity of the walls was set equal to the
electrical conductivity of copper.

Fig. 3 shows the experimentally measured oscillogram of the time dependence
of the accelerating voltage. It can be seen that the presented pulse contains a rising edge
with a duration of about 1 us. However, at the moment, three-dimensional PIC
modeling of gyrotron dynamics at such times would take a very large amount of real
time. In order to reduce the computational time, the shape of the accelerating voltage
pulse, close in shape to the experimentally measured one, but with a total duration of
about 350 ns, was used in the simulation.

The duration of the accelerating voltage edge was about 150 ns. Such a reduction
in the front duration should not lead to a significant change in the dynamics of the
system, since the front duration significantly exceeds the characteristic times of
oscillation establishment ~Q/(2xf), where O and f are the goodness of fit and natural
frequency of the mode.

Due to some limitations of the KARAT code, only discrete changes of the initial
particle pitch factor with the number of values not exceeding four could be specified
in the simulation. As a consequence, we used the following algorithm for modeling the
turn-on scenario: the electron beam was represented as a sequence of four electron
pulses with durations of 20, 40, 40, and 60 ns. The transition between pulses was
realized by decreasing to zero the current and electron energy at the trailing edge of the

pulse and simultaneously increasing from zero to the required value of the current and



electron energy at the leading edge of the next pulse. During each of the pulses, the
pitch factor remained constant. Its value was set equal to the average value of the pitch
factor at a given time interval, calculated on the basis of the calculation of the electron-
optical system. The size of the counting grid in the simulation was set equal to 175x
175% 231 nodes, the number of macroparticles was about 100000.

The modeling showed that selective excitation of oscillations on the TE33.2
mode occurs in the range of magnetic fields from 14.6 to 15.1 Tesla. The maximum
generation power was about 7 MW, which is very close to the value calculated on the
basis of the averaged equations. The difference between the generation frequency
obtained in the PIC modeling and the generation frequency calculated based on the
averaged equations is less than 2%. This is an acceptable value considering the used
dimensionality of the counting grid.

Modeling showed that in the optimal generation mode the total duration of
oscillation generation on the working mode in the 300 GHz range is about 100 ns (Fig.
3), which corresponds to about 600 ns of time in a real system. Thus, taking into
account the maximum generation power of about 7 MW, the total energy of the pulsed

terahertz radiation can exceed 4 J.

CONCLUSION
Gyrotrons based on relativistic helical electron fluxes appear to be promising
sources of powerful terahertz radiation. First of all, it should be noted the relatively
high efficiency of electron-wave interaction in comparison with other types of sources.
Confirmations of the possibility of creating highly efficient relativistic gyrotrons were
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obtained in previous experimental studies. In particular, in the Ka-band gyrotron,
radiation with a microsecond pulse duration with a power of about 10 MW and an
efficiency of about 50% was obtained [15], and in the W-band gyrotron, radiation with
a duration of about 0.5 ps with a power of more than 5 MW and an efficiency of about
20% was obtained [16]

The presented work demonstrates that it is possible to further increase the
operating frequency of the relativistic gyrotron up to the terahertz range while
maintaining the efficiency of electron-wave interaction at the level of 30%. It is
important to note that the required values of the leading magnetic field (about 15 Tesla)
are currently achievable not only in pulsed solenoids but also in cryomagnets. Taking
into account the possibility of operation of high-voltage power supplies with a high
frequency of repetition, this opens up prospects for the use of such sources in a number
of plasma applications [17,18].
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FIGURE CAPTIONS
Fig. 1. Results of calculations using the averaged equations: the optimal resonator

profile and the dependence of efficiency on the longitudinal coordinate.

Fig. 2. Geometry of the interaction space and instantaneous position of macroparticles

in the longitudinal and cross sections of the system.

Fig. 3. Experimental oscillogram of accelerating voltage (a), time scale of one cell is

500 ns; dependence of electron energy (b) and output power (¢) in the optimal mode in

three-dimensional modeling by the large-particle method.
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