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Formation and dynamics of the electron beam in the electron-optical

system of a gyrotron taking into account reflection of electrons from the
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A new technique for taking into account the surface roughness of the thermionic cathode and the spread of initial

thermal velocities when performing trajectory analysis in the electron-optical system of a gyrotron is discussed.

Using this technique, the parameters of the helical electron beam in a moderate-power gyrotron of the 4-mm

wavelength range are determined. Based on the particle-in-cell method, collective processes in the electron space

charge trapped between the cathode and the magnetic mirror are simulated. Threshold excitation conditions and

amplitude-frequency characteristics of low-frequency oscillations associated with the development of instability in

the trapped space charge are determined. A possible relationship between these oscillations and resonant structures

existing in the electron-optical system is discussed.
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Introduction

Gyrotrons are the most effective devices for generating

high-power microwave radiation in millimeter and submil-

limeter wavelength ranges. Plasma heating and control

of current in systems designed for controlled nuclear

fusion is one of key applications of gyrotrons. Frequency

range of 110 − 170GHz is most common for gyrotrons

used in modern fusion plants. These gyrotrons can

produce megawatt power in quasi-continuous mode with

pulse duration up to tens of minutes [1,2]. Besides

thermonuclear fusion research, gyrotrons are used in such

areas as long-range radiolocation, material processing, high-

precision spectroscopy, charged particle acceleration and

other modern technologies.

Quality of the electron beam with helical particle trajecto-

ries, which is generated in an electron-optical system (EOS)
is a key factor of efficiency and maximum permissible

parameters of gyrotrons. High quality helical electron beams

(HEB) combine high oscillatory electron energy, which

is generally characterized by the pitch factor α = v⊥/v‖,

where v⊥ and v‖ are transverse and longitudinal velocity

components with narrow velocity and energy spread and

required transverse beam structure (see, for example, [3]).
In most cases, electron beam in gyrotrons is generated

using a magnetron injection gun (MIG) [4]. The required

magnitude of transverse energy is achieved in the magnetic

compression region between the gun and resonant cavity

where the longitudinal particle energy is transferred into the

transverse energy. HEB parameters are determined at the

instrument design stage by means of numerical trajectory

analysis, which includes calculation of self-consistent particle

trajectories in static electric and magnetic fields. Important

factors affecting the electron velocity spread in HEB, which

shall be considered in such trajectory analysis, include

emitting surface roughness of the hot cathode and spread

of initial thermal velocities of electrons.

In the presence of velocity spread in HEB, increase in

the mean pitch factor of electrons will ultimately lead to

a part of beam being reflected from a magnetic barrier

and to accumulation of a space charge in a trap between

the cathode and barrier. The accumulated space charge

is instable, spurious low-frequency oscillations (LFO) may

develop in it and affect the quality of primary HEB arriving

at the cavity. A number of laboratories conducted theoretical

and experimental studies of charge accumulation processes

in the trap and spurious LFO properties [3,5–21]. In particu-

lar, calculations have shown an important role of secondary

emission from the cathode in these processes, a mechanism

for electron grouping in the trap, which is responsible for

LFO development, has been proposed, methods for decreas-

ing the perturbation rise increment in the accumulated space

charge have been defined [7,10,11,13,16,19]. Experiments

have identified a possible correlation between the LFO

parameters and properties of electrodynamic resonance

structures, the function of which is performed by the

gyrotron’s electron-optical components [8,9,18].

Dynamic processes in the trap are simulated using the

particle-in-cell (PIC) method [22]. PIC simulation of long-

term processes requires considerable computational burden.

To reduce this burden, previous studies used simplified

one-dimensional [7,16,17] and two-dimensional [10,11,13]
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simulation. However, modern computational systems al-

low for fully-functional three-dimensional dynamic process

simulation with reasonable machine time consumption for

large time intervals consisting of hundreds of single particle

oscillation periods in the trap. Such simulation can

obviously identify the correlation between LFO properties

and parameters of gyrotron EOS resonance structures.

Three-dimensional numerical simulation considering re-

flection of a part of HEB from the magnetic barrier was

performed in this work for SPbPU’s gyrotron with an

operating frequency of 74.2 GHz and microwave power

output of about 100 kW [12,20,23]. Previous experiments

with this gyrotron have investigated in detail LFO properties,

determined their effect on HEB parameters and proposed

suppression methods. All calculations in this work were

performed in CST Studio Suite [24]. Some features of the

employed computational models are described in [25,26].

1. Consideration of initial electron
velocity spread in gyrotron EOS
trajectory analysis

Quality of HEB generated in the gyrotron EOS is consid-

erably affected by the initial electron velocity spread result-

ing from the thermal velocity spread, which occurs when

electrons leave the cathode surface, and from roughness of

this surface [3,26–28]. Typical size of such roughnesses is

from some microns to tens of microns. With such sizes

of roughnesses, their effect on the electron velocity spread

in HEB is much higher than that of the thermal velocity

spread. There are obvious difficulties with the trajectory

analysis in EOS with a length of hundreds of millimeters,

if the cathode surface has micron-size nonuniformities.

Various algorithms have been proposed for considering the

initial velocity spread in electron trajectory calculation in

a smooth-cathode gyrotron model [27,28]. Work [26] has

shown that a transverse velocity spectrum in the cathode

model with micron-size hemispheres has a shape close to a

velocity spectrum for a smooth cathode, if the Maxwellian

distribution of initial velocities was set for it using tools

available in CST Studio Suite when setting thermionic

emitter properties. For the transverse velocity spread to

be close to the experimental one, effective temperature,

as a parameter of this distribution, shall be significantly

higher than typical hot cathode temperatures. However, in

such simplest method of setting thermoelectronic emission

properties, electrons starting from the cathode will have

abnormally high initial energy (total velocity), which doesn’t

meet the real conditions. This causes spurious electron

energy spread in HEB and prevents from correct calculation

of particle accumulation processes in the gyrotron trap when

reflecting a part of beam from the magnetic barrier within

the PIC simulation.

Approach proposed in [26] has been corrected in this

work to avoid the spurious spread of initial energies
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Figure 1. Image of emission centers on the cathode emission

strip and close-up — one of the electron trajectories.

on cathode. Procedure for considering initial velocities

included several stages.

Stage I. For the electron-optical system model with the

chosen meshing and operating mode, which were not

changed later, electron trajectories for initial electron energy

on cathode equal to zero were calculated in Tracking Solver

tool. Time dependences of the global coordinates x(t), y(t),
z (t) and velocities vx(t) were determined for each trajectory

within simulation data post-processing. vy (t), vz (t).
Stage II. Time t0, for which electron trajectory rise above

the cathode surface was h ≈ 30µm, was chosen. Note that

calculations in the cathode model with hemispheres with

radius r0 regularly spaced on the cathode surface showed

that transverse velocity distribution of electrons was almost

unchanged as the distance from the cathode increased, if

this distance was larger than approx. 2 · r0 [26]. However, at
r0 = 14µm, velocity spreads obtained from the calculations

and experiments with SPbPU’s gyrotron were approximately

equal. Current calculations determined x(t0), y(t0), z (t0),
vx0(t0), vy0(t0), vz0(t0) for each electron trajectory. These

values were used to calculate the total velocity vabs(t0), and
velocity components along the axes of the local coordinate

system vu0(t0) and vw0(t0) (Figure 1). The u axis is directed

azimuthally, the w axis is directed along the cone cathode

generatrix and the v axis is normal to the cathode surface.

Direction of the u, w and v axes will be obviously different

for each trajectory.

Stage III. Random tangential components of the initial

velocity v ′
u(t0) and v ′

w(t0) were set on the assumption

that these velocities are distributed in accordance with the

Gaussian function:

f (v) =

(

1

2π

)1/2
1

σ
exp

(

−

v2

2σ 2

)

,

where σ is the mean-square deviation. Two values of

v ′
u(t0) and two values of v ′

w(t0) with of different sign
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before the magnitude of velocity were determined for

each electron trajectory. The Box–Muller transform was

used for setting the pairs of normally distributed random

velocities [29]. Hereinafter, Winit[eV ] = m·σ 2

e
, where e and

m are the electron charge and mass, will be used as a

parameter characterizing the initial velocity spread.

Stage IV. New velocities along the local coordinate axes

were equal to:

vu1(t0) = vu0(t0) + v ′
u(t0),

vw1(t0) = vw0(t0) + v ′
w(t0),

vv1(t0) =
√

v2
abs(t0) − v2

u1(t0) − v2
w1(t0).

These values were used to determine new global initial

velocities vx1(t0), vy1(t0), vz1(t0). x(t0), y(t0), z (t0),
vx1(t0), vy1(t0), vz1(t0) data array formed the particle inlet

interface for the trajectory analysis in the smooth-cathode

EOS model with the initial electron velocity spread. Two

particles with different velocities are emitted from each

emission center in this interface.

The above-mentioned procedure was implemented in

CST Studio Suite macro.

2. Trajectory analysis in the gyrotrone
electron-optical system

First of all, statistical electron trajectories were calculated

using Tracking Solver. These calculations used the total

EOS model with electron beam deposition on a collector.

HEB was formed using a standard MIG without a control

electrode, with angle between the cathode cone generatrix

and axis equal to 35◦ [26,30]. Electron source consisted of

10 960 emission centers evenly spaced on the cone cathode

band. Emission was azimuthally uniform. Tetrahedral

meshing with a smaller mesh interval in the emitter area

and in the electron trajectory area was used. The total

amount of meshes was approx. 39million.

Design operating mode of the gyrotron is characterized

by the following values of the main parameters: accelerating

voltage U0 = 30 kV, beam current Ib = 10A, magnetic field

in the center of cavity B0 = 2.75 T, magnetic compression

coefficient B0/Bc = 18.0 [12,25,26,30]. B0/Bc = 18.0 cor-

responds to 24 cathode coil turns of SPbPU’s experimental

gyrotronSPbPU [23]. In this mode, the mean pitch factor

α = v⊥/v‖ and transverse velocity spread δv⊥ calculated

without the initial velocity spread were equal to 1.29%

and 6.1%, respectively. Velocity spread in this work was

determined as a mean-square deviation from the mean

velocity. α and δv⊥ were recorded in the central plane

of the cavity z = 260.5mm in the longitudinal magnetic

field distribution maximum B(z ) (z = 0 — central plane

of the cathode emission band). When the initial spread

was added, broadening of the transverse electron velocities

in the beam and some increase in the mean pitch factor

were observed. For example, at Winit = 7.15 eV, the mean
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Figure 2. Electron distributions by transverse velocity v⊥ and

total velocity vabs without the initial velocity spread (blue) and

with the initial velocity spread corresponding to Winit = 7.15 eV

(red). v0 of electron with energy 30 keV is shown.

pitch factor was equal to 1.33, and the transverse velocity

spread was 8.8%. Such spread was obtained earlier

in experiments with SPbPU’s gyrotron [20,26]. Electron

distributions by transverse velocity v⊥ and total velocity

vabs for the given modes are shown in Figure 2. For the

chosen histogram interval width equal to 7.2 · 105 m/s, total

velocity spectra for these modes coincide. These spectra

feature small spread δvabs = 0.052% for Winit = 0 and

δvabs = 0.053% for Winit = 7.15 eV. The figure also shows

v0 of electron with energy 30 keV. Difference between vabs

and v0 characterizes the beam potential sag in the central

plane of the cavity.

In the given mode, transverse velocities of all particles

in the distribution maximum B(z ) are lower than the total

velocity (Figure 2), i.e. there is no particle reflection

from the magnetic barrier. However, as the mean pitch

factor and/or velocity spread in HEB increase, reflected

particles inevitably occur and, as mentioned above, can be

accumulated in the trap between the cathode and magnetic

barrier. The reflection coefficient of electrons from the

barrier R, from which the rate of electron entry into the

trap depends, can obviously change as the space charge

accumulated in this trap increases.

To increase the mean pitch factor of electrons in HEB

and implement the modes with electron reflection from the

barrier, the magnetic compression coefficient was increased

to B0/Bc = 19.7. This value corresponds to 21 cathode coil

turns of SPbPU’s gyrotron [23]. Some simplification of the

gyrotron EOS model was also accomplished. EOS length

was limited by the plane z = 274.5mm coinciding with the

end of the regular part of the cavity. This plane included a

”
magnetic wall“, on which there was no tangential magnetic

field component. Transition to 0.8mm hexahedral meshing

was made and gave a total of 7.9million meshes. This EOS

model was also used in the PIC simulation described below

in Section 3. The simplifications made it possible to reduce

the time of this simulation.

Technical Physics, 2026, Vol. 71, No. 2



Formation and dynamics of the electron beam in the electron-optical system of a gyrotron taking into account... 365

HEB parameters calculated with electron reflection from the

magnetic barrier (B0/Bc = 19.7)

U0, kV α δv⊥, % R0, %

28 2.01 6.23 0.78

30 2.42 5.30 1.56

32 2.82 4.28 4.14

34 3.22 3.53 8.59

36 3.51 3.13 14.64

When particles are reflected from the magnetic barrier

and then reflected again in the cathode area, then achieve-

ment of the convergence condition for the self-consistency

trajectory calculation in Tracking Solver cannot be ensured.

Nevertheless, we used this solver to calculate the
”
initial“

reflection coefficient R0, when the effect of charge of

reflected particles on the trajectory of the initial beam

passing through the barrier towards the cavity was still low.

For this, the simulation time, or the number of time intervals

in particle trajectory calculation, was set to the lowest value,

at which, however, all initial beam particles could reach the

outlet plane z = 274.5mm. In this case, trapped particles

have maximum one reflection in the magnetic barrier area.

For calculations with reflection of a part of HEB and

accumulation of space charge in the trap, approach to

considering the initial velocity spread described in Section 1

prevents from calculating the particle trajectories correctly.

Therefore, the results given below were obtained at the

initial particle energy on cathode equal to zero. The number

of emission centers was equal to 10 960 as before.

The table shows calculated mean pitch factor α and ve-

locity spread δv⊥ in the initial beam recorded in the central

plane of the cavity z = 260.5mm, and initial reflection R0

at various values of accelerating voltage U0. The calculated

values of R0 are much lower than the reflection coefficient

for the Gaussian distribution f (v⊥) at the same α and

δv⊥ [16]. This is due to the fact that the transverse velocity

spectra in these calculations, similar to that shown in Figure

2, had a quite sharp decay of f (v⊥) at high v⊥ compared

with the Gaussian distribution. At U0 = 30 kV, the mean

electron transit time of the initial HEB electrons from the

cathode to the plane z = 260.5mm was equal to approx.

4.5 ns, and the total charge of all particles in the model was

equal to 5.1 · 10−8 C.

3. PIC- simulation of dynamic processes
with electron reflection from the
magnetic barrier

EOS model, for which PIC simulation was performed,

is shown in Figure 3. This model had waveguide ports in

both end planes z = −90 mm and 274.5mm, through which

0–50 50 100
0

1

2

B
, 

T

150 250200
z, mm

y

z

6 8 3 1 2 4 5 9 7

3

Figure 3. Schematic diagram of the gyrotron EOS model: 1 —
emission band, 2 — cathode front side, 3 — cathode rear side,

4 —anode, 5 — housing, 6, 7 — waveguide ports, 8 — discrete

port, 9 — voltage monitor of the plane z = 180mm. Longitudinal

distribution of the magnetic field induction B(z ) on the axis

(r = 0) is shown.

high-frequency signals were output from the model without

reflection. Difference of potentials between the cathode and

anode was created through a discrete linear port used in

CST Studio Suite for setting the voltage between two points

in the model. This voltage was gradually increasing from

0 to U0 during the first ∼ 50 ns, after which it remained

unchanged. Port impedance was equal to 50�. As the

voltage increased, thermal emission current from cathode

increased. The voltage and current pulse amplitude rise

rate obviously affects the processes in the trap at the initial

simulation stage [31]. It is important to ensure gradual

voltage and current rise to avoid any significant effect of

the beam
”
head“ on conditions of charge accumulation and

grouping in the trap.

Note that the secondary emission from the cathode plays

an important role in the gyrotron EOS electronic processes

during particle reflection from the magnetic barrier, creating,

in particular, additional channel for particle entry into the

trap (see, for example, [10]). CST Studio Suite has tools for

taking into account emission of secondary electrons during

bombardment of EOS components, including the extensive

materials library. Molybdenum with the maximum sec-

ondary emission coefficient of 1.23 at the incident electron

energy of 600 eV was chosen as a cathode unit material,

excluding the emission band [32]. Secondary emission data

corresponding to a W-Ba impregnated cathode with the

maximum coefficient of 2.5 and energy of 1000 eV [33].
An ideal conductor was chosen as the material for other

EOS components. The number of emission centers on the

cathode was reduced to 480. Simulation time interval was

approximately equal to 1 · 10−3 ns. Simulation time was set

to 3000 ns, which corresponds to approximately 300− 400

oscillation periods of a single particle between the cathode

and magnetic barrier. In this case, by the end of simulation,

the total number of large particles was equal to (1− 2) · 107.
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Figure 4. Time dependences of the total particle charge Q(t) at

different values of U0 : 28 (1), 30 (2), 32 (3), 34 (4), 36 kV (5).

With such settings, calculation time for one problem was

several days using an accelerator and SPbPU supercomputer

center. The model included dedicated monitors used in

CST Studio Suite for recording various parameters during

simulation and subsequent analysis of these parameters.

The monitors recorded currents to EOS electrodes, voltages

between the instrument housing and chosen points in the

working space, and parameters of large particles in various

cross-section planes.

Dependences of the total particle charge throughout the

simulation domain on time for different values of U0 are

shown in Figure 4. It can be seen that the charge increases

gradually with time during the entire simulation period

t = 3000 ns. The increase rate obviously depends on the

coefficient of electron reflection from the barrier, which

increases as U0 grows. Thus, a quasi-steady state, at

which the particle flows to and from the trap are equal

on average, was not achieved even with a high reflection

coefficient (U0 = 36 kV) where intense oscillations develop

in the accumulated charge (see below).

Currents recorded in the circuits of various EOS elec-

trodes vary with time. Corresponding dependences for

the maximum voltage U0 = 36 kV are shown in Figure 5.

Maximum current to the emission band I1 is achieved at

the beginning of simulation after the transition stage at

the leading edge (t ≈ 50 ns). Then, the current to the

band decreases with time, but the current to the cathode

rear side I2 and to the anode I4 increases, which is

associated with the trapped electron diffusion towards larger

radii. Similar dependences were also observed in previous

calculations (for example, [10,13,19,21]). Current to the

cathode front side I3 was negligibly low compared with

currents to other electrodes. Due to a high coefficient of

secondary emission from the band, it is secondary electrons

from this electrode that give the greatest contribution to the

total beam current. This leads to approximately the same

time behavior of I1 and I5of the beam passing through the

magnetic barrier and recorded at the outlet interface. At the

and of simulation t = 3000 ns, I5 was approximately 5%

as high as the thermoelectronic emission current from the

cathode set to 10A.

The space charge accumulated in the trap is concentrated

in the area between the cathode and magnetic barrier.

Figure 6 shows linear charge density λ calculated as

integral of the volume charge density ρ on the cross-section

plane depending on the z coordinate of this plane for

different times t at U0 = 36 kV. Similar to one-dimensional

simulation [23], distribution maxima λ(z ) are shifted to each

other as the charge is getting accumulated in the trap. In

other words, the
”
effective“ trap length averaged over the

whole ensemble of particles becomes smaller.

Voltage monitor mounted in the cross-section plane

z = 180mm, recorded the difference of potentials U180 be-

tween a point on the instrument axis (r = 0) and grounded

housing (Figure 3). Dependences U180(t) calculated at

different voltages U0 are shown in Figure 7. At low voltages

U0 = 28, 30 and 32 kV, there were no signals indicating that

regular oscillations develop in the space charge accumulated

in the trap. Such oscillations with f LFO approximately equal

to 53MHz can be seen on U180(t) for U0 = 36 kV. They

appeared at t ≈ 1000 ns and reached saturation in amplitude

approximately after 1500 ns, which corresponds to ∼ 80
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Figure 5. Dependences of currents to the gyrotron EOS

components on time at U0 = 36 kV: 1 — emission band, 2 —
cathode unit rear side, 3 — cathode unit front side, 4 — anode,

5 — outlet front side z = 274.5mm.
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Figure 6. Distributions of the linear density of space charge λ

along the longitudinal coordinate z at U0 = 36 kV for various

times t : 100 (1), 300 (2), 2900 ns (3); 4 — longitudinal

distribution of magnetic field induction B(z ) on the axis (r = 0).
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oscillation periods. Such perturbation rise increments in

the space charge in the trap were reported earlier for one-

dimensional simulation [16].

Judging by f LFO, it is suggested that one electron bunch

oscillates in the trap in this mode. This is confirmed by

comparing signal phases from the voltage monitors mounted

in the planes with different values of the longitudinal z

coordinate. Space charge grouping in the trap, as has been

shown earlier [16,23], may be attributed to non-isochronism

of particle oscillations between reflection planes at the

cathode and magnetic barrier. f LFO in this case is defined

by the shape of a kind of potential well for oscillating

particles, which depends on the magnetic field distribution

and electric field distribution that varies as the space charge

is getting accumulated in the trap.

With lower voltage U0 = 34 kV and, consequently, lower

particle flow to the trap compared with U0 = 36 kV, low-

amplitude signals were observed at the end of simulation

time approximately at 150MHz (Figure 7). Such frequency

suggests that three oscillating bunches may exist simultane-

ously in the trap. Manyfold increase in the LFO frequency

with decreasing coefficient of reflection from the barrier has

been observed earlier in one-dimensional simulation [16,23].
Generally, in transition from one-dimensional to three-

dimensional simulation, threshold coefficients of reflection

from the magnetic barrier and space charge accumulated in

the trap, at which regular LFOs appeared, increased signif-

icantly. This difference was possibly caused by relatively

small amount of large particles, into which the electron

beam is broken, in three-dimensional simulation. Increase

in this amount is, unfortunately, limited by computational

resources.

Correlation between LFO in the electron cloud and

two types of resonance structures in the gyrotron EOS: a

resonant cavity and equivalent oscillatory circuit (distributed
LC circuit), turns out to be possible. Calculations of

eigen modes in this EOS model using Eigenmode Solver

have shown that resonance frequencies of all modes exceed

1GHz, i.e. are much higher than f LFO. Any
”
reference“

of signal frequency in the electron space charge to the
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Figure 7. Time dependences of U180 on the instrument

axis (r = 0) in the cross-section plane z = 180mm at different

accelerating voltages U0: 28 (1), 30 (2), 32 (3), 34 (4), 36 kV (5).

frequencies of these modes wasn’t noted. The distributed

LC circuit was formed using the discrete port inductance

and cathode-anode gap capacity. In this model, its resonance

frequency was within the range of hundreds of megahertz.

This frequency and Q factor of the LC circuit could be

varied by modifying the EOS component configurations,

discrete port dimensions or during absorber installation.

Unless the discrete port impedance was set specifically,

the current signals to the EOS electrodes contained high-

frequency components at the LC circuit resonance fre-

quency. Amplitude of these components grew as the space

charge accumulated in the trap increased with rising U0.

However, by introducing an impedance of 50� into the

discrete port, signals related to the LC circuit excitation

were suppressed. Such LC circuits related to the electron

beam may also exist in a real instrument. In case of

such correlation,
”
reference“ of the LFO frequency to the

resonance frequency of this circuit is possible (see, for

example, [9]). Decrease in the Q factor of the LC circuit in

this case can make it possible to reduce the spurious LFO

intensity in the instrument.

Conclusion

Trajectory analysis in EOS of SPbPU’s gyrotron has been

performed using a new procedure for considering the initial

electron velocity spread caused by hot cathode surface

roughness and thermal velocity spread. The trajectory

analysis data were used to choose gyrotron operating modes

where a part of the e;ectron beam is reflected from the

magnetic barrier.

Three-dimensional PIC simulation of electron space

charge accumulation and dynamics in the trap between

the cathode and magnetic barrier was performed in these

modes. It is shown that spurious low-frequency oscillations

caused by charge grouping into longitudinally oscillating

bunches can occur. These oscillations occur at much higher

coefficient of reflection from the magnetic barrier compared

with the previous one-dimensional PIC simulation, which

may be associated with relatively
”
coarse“ breakdown of

the flow into large particles in one-dimensional simulation.

Special focus in the calculations was made on the corre-

lation between the spurious oscillation characteristics and

parameters of resonance structures existing in the gyrotron

EOS. Effect of the LC circuit formed by the gun electrodes

and voltage source on the dynamic processes in the electron

beam was detected. The effect of this circuit could be

avoided by means of reducing its Q factor with introduction

of additional resistance.
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