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and magnetic coils in a four-stage recovery collector were optimized taking into account the
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trajectory analysis in the electron optical system and calculation of electron-wave interaction
in the gyrotron cavity. To reduce parasitic effects of the bundles of a toroidal solenoid used
to create an azimuthal magnetic field in the collector region, a sectioned electron beam was
employed. The study demonstrated that the gyrotron's total efficiency of approximately 79 %
could be achieved, being close to the maximum efficiency value achievable with separation of
electron fractions with different energies, provided that the current of electrons reflected from
a collector should not exceed 1% of the total current of an electron beam.

Keywords: microwave electronics, gyrotron, helical electron beam, recuperation, residual
electron energy recovery

Funding: The reported study was funded by Russian Science Foundation (Grant No. 22-
29-00136).

For citation: Louksha O. 1., Trofimov P. A., Malkin A. G., Enhancement of the 4-mm
wavelength gyrotron efficiency by multistage energy recovery, St. Petersburg State Polytechnical
University Journal. Physics and Mathematics. 16 (4) (2023) 118—133. DOI: https://doi.
org/10.18721/JPM.16410

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

HayuHasq crtaTbs

Y/IK 621.385.6
DOI: https://doi.org/10.18721/IPM.16410

NOBbILWWEHUE DDPPEKTUBHOCTU TMPOTPOHA C AJIMHOM
BOJIHbI 4 mm 3A CYET MHOTOCTYNEHYATOU PEKYNEPALLUU

0. U. lykwa &, M. A. Tpocbumos, A. I. MankuH
CaHkT-lNeTepbyprckuin nonnTexHuyeckuii yHueepcuteT MeTpa Benukoro,
CaHkT-MNeTepbypr, Poccus
= louksha@rphf.spbstu.ru

AnHoramua. B pabore mpencraBieHB pe3yabTaThl  KOMIUIEKCHOTO  (PU3MYECKOTO
MOJEIUPOBaHUSI TUPOTPOHA CpeIHEN MOIIHOCTH, pabOTamllIero Ha JJIMHE BOJHBI 4 MM.
IIpoBeneHa onTUMHU3ALIMS XapaKTePUCTUK 3JIEKTPOJOB U MAarHUTHBIX KaTYIIEK B KOJUIEKTOPE C
YETBIPEXCTYIIEHYATOM peKyIepaieil ¢ yaeToM pacipenesieHns JIEKTPOHOB IT0 KOOpIWHATaM U
CKOpOCTSIM. DTU pacIipeaesicHUS ObIIN ITOJTYISHBI ITyTeM TPaeKTOPHOTO aHAIM3a B 3JIEKTPOHHO-
OINTMYCCKOM CHCTEME M pacdeTa BDIIEKTPOHHO-BOJIHOBOTO B3aMMOICHCTBUS B PE30HATOPE

>
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rupoTpoHa. JIjisi CHUXXEHUS Mapa3uTHOTO BO3JEWCTBUS CBSI30K TOPOUIATBHOTO COJIEHOUIA,
KUCTIOJIb3YEMOTO JUISl CO3/[aHUsSl a3UMYTaJIbHOTO MArHUTHOTO MOJIsI B OOJIaCTU KOJUIEKTOpa,
KCITOJIb30BaH CEKIIMOHUPOBAHHBIN 3JIEKTPOHHBIN MTyyoK. MccieqoBanue nokasano, YTO MOXHO
noayunth obumii KIT ruporpoHa okosio 79 %, 4to GAM3KO K MaKCHMAaJlbHOMY 3HAYeHMUIO,
MOCTUKMMOMY TIPU UICAJIbHOM Pa3nesIeHUU JIEKTPOHHBIX (DPaKIil ¢ pa3HBIMU DHEPTUSIMHU,
TIPU YCJIOBUU, YTO TOK OTPAKEHHBIX OT KOJUIEKTOPA 3JICKTPOHOB HE NOJDKEH TMpeBhIaTh 1 %
OT OOIIEro TOKa 3JIEKTPOHHOTO TyYKa.

Kmouesbie ciaoBa: CBY-snekTpoHUKa, TMHPOTPOH, BUHTOBOU 2JIEKTPOHHBIN MOTOK, PEKYIIe-
paiusi, BO3BpallleHUe OCTaTOYHOW SHEPTUU 3JIEKTPOHOB

®unancupoBanme: VcciieqoBaHue BHIIIOJIHEHO MpU (MHAHCOBOM Tomaepxkke Poccuiickoro
HayuHoro ¢onga (rpant Ne 22-29-00136).

Jasa nurupoanms: Jlykima O. U., Tpodumos I1. A., Mankun A. I'. Tlossiienue adex-
TUBHOCTU THUPOTPOHA C IJUHOM BOJHBI 4 MM 3a CYET MHOTOCTYINEHYaTON peKyrepauuu //
Hayuno-texaumueckue Bemomoctn CIIGITIY. dusnko-matematndeckue Hayku. 2023. T. 16.
Ne 4, C. 118—133. DOI: https://doi.org/10.18721/ JPM.16410

CraThsl OTKpHITOTO moctyna, pacrmpocTtpaHsiemas 1o auieH3un CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

In recent years, there has been an intensive search for new ways to improve powerful gyrotron-
type devices due to the wide possibilities of their practical use. Gyrotrons occupy a leading position
among effective sources of powerful microwave radiation in the millimeter and submillimeter
wavelength ranges. They are irreplaceable in such an important application as electron-cyclotron
plasma heating and current drive (ECH&CD) in magnetic confinement fusion systems designed
to produce energy through controlled thermonuclear fusion (see, for example, Refs. [1 — 3]). The
requirements to gyrotrons designed for thermonuclear fusion are exceptionally high. The ITER
project requires gyrotrons operating at a frequency of 170 GHz, delivering an output power of
approximately 1 MW and achieving a total efficiency exceeding 50 % [4]. The development of a
new generation of nuclear fusion reactors will require resolving numerous physical and engineering
tasks to improve gyrotrons performance. The DEMO project envisions usage of gyrotrons with a
frequency exceeding 200 GHz and a total efficiency greater than 60 % at megawatt-level power
[5]. Enhancement of device’s energy efficiency simplifies dissipation of spent beam energy at
collector, which is critical for reliable and long-time operation of high-power gyrotrons operating
in the continuous wave (CW) regime. Achieving such high efficiencies is one of the primary
objectives for developers of powerful gyrotrons today.

Increasing the gyrotrons’ efficiency, as well as other vacuum sources of microwave radiation,
can be achieved by recovering residual energy of spent electron beam in the collector. Almost all
megawatt-level gyrotrons used in thermonuclear fusion systems are equipped by collectors with
single-stage recovery which increase their total efficiency to 50 — 55% [6 — 8]. A further increase
in efficiency is possible with multistage energy recovery systems. Such systems require spatial
separation of electron beam fractions with different energies and deposition of these fractions on
collector sections with different depressing potentials. However, to the best of our knowledge, no
experiments have been conducted on gyrotrons with multistage recovery collector systems. The
implementation of such systems has proven challenging due to specifics of velocity and coordinate
distributions of electrons in helical electron beams (HEBs) of gyrotrons and due to the presence
of residual magnetic field in collector region. A promising solution for spatial separation of
electrons in gyrotron HEBs is the use of crossed electric and magnetic fields [9 — 11].

At Peter the Great St. Petersburg Polytechnic University (SPbPU), a possibility of electron
separation in longitudinal electric and azimuthal magnetic fields has been proposed and investigated
theoretically for development of gyrotrons with multistage recovery collectors [12].

The achievement of high gyrotrons’ efficiency implies the high efficiency of transformation of
electron energy to electromagnetic field energy in the cavity. The efficiency of this transformation
is determined by quality of the HEB formed in the electron optical system. The research aimed

© Jlykuia O. U., Tpodumos I1. A., Mankun A. T'., 2023. Uznatens: Cankr-IleTepOyprckuit moauTeXHUIECKU YHUBEPCUTET
IleTpa Benuxoro.

119



4St. Petersburg State Polytechnical University Journal. Physics and Mathematics. 2023. Vol. 16. No. 4>

at improving the HEB quality was carried out at SPbPU using an experimental gyrotron with a
frequency of 74.2 GHz and an output power of approximately 100 kW [13 — 15]. This gyrotron
was equipped with unique diagnostic complex capable of measuring the HEB parameters and
regulating distributions of electric and magnetic fields in electron optical system. The initial
version of a four-stage recovery collector for this gyrotron was described in Ref. [16]. In this
work, the collector system geometry was significantly modified and distributions of electric and
magnetic fields were optimized, resulting in a noticeable enhancement of residual energy recovery
efficiency. The multistage recovery system described in this paper has already been implemented
in the SPbPU gyrotron.

This article is organized as follows.

Section I presents the results of trajectory analysis of the HEB in the electron optical system of
the gyrotron. The approach that considers initial spread of electron velocities caused by roughness
of cathode surface and by thermal velocity spread was implemented [17]. Regulation of electric
field distribution in the cathode region allowed to increase the HEB's quality and maximum
average pitch factor.

Section II describes the results of the Particle-in-Cell (PIC) simulation in the cavity region of
the gyrotron using the input HEB parameters determined from the trajectory analysis in the electron
optical system. The output radiation parameters at TE , ; operating mode and the characteristics
of spent electron beam entering the collector region were obtained in this simulation.

Section III presents the results of trajectory analysis in the four-stage recovery collector, where
parameters of electrodes and magnetic coils were optimized to achieve the maximum recovery
efficiency and to minimize the current of electrons reflected from the collector. All calculations
were performed using the CST Studio Suite software. Specifics of conducting calculations in CST
Studio Suite, such as model construction, meshing, choice of computational parameters, etc.,
employed in this study, were similar to those described earlier in Refs. [16, 18].

I. Electron optical system

Table 1 shows the parameters of the SPbPU gyrotron operating regime. Fig. 1 shows a schematic
drawing of the electron optical system elements in the »—z plane, including calculated electron
trajectories. An electron beam in the gyrotron is formed using a three-electrode magnetron-
injection gun (MIG). Thus, it is possible to modify parameters of the HEB by varying the voltage
U, between the anode and device's body. The accelerating voltage U, between the cathode and
body which determines an average electron energy in the HEB remarned constant at 30 kV during
the calculations described below. The cathode assembly includes a control electrode positioned
behind the cathode emissive strip, which can be used to optimize distribution of electric field in
the cathode region and to minimize the velocity spread of electrons by adjusting the voltage at
control electrode U, [19] At the values of U, B, B, and I, indicated in Table 1 and in the
case of U =0 and . = 0, the average prtch factor of electrons o was approximately 1.3. All
HEB parameters mentioned in this section were determined in the central plane of the cavity
z =260.5 mm (see Fig. 1). The objective of trajectory analysis in the electron optical system was
to achieve a high pitch factor (a0 > 1.5) with a low velocity spread and minimal electron reflection
from the magnetic mirror by regulating the voltages U and U, . Additionally, the magnetic
compression coefficient B /B_was varied by adjusting the magnetrc ﬁeld induction near cathode
B_ to ensure optimal beam radius in the cavity (see Section II).

‘ The present calculations differ from the previous ones described in Ref. [16] by taking into
account initial electron velocity spread caused by roughness of cathode surface and thermal
velocity spread. As shown in Ref. [17], the velocity characteristics of electrons in the beam can be
made approximately coincided for two cathode models: (a) a rough cathode with inhomogeneities
on its surface in the form of micron-sized hemispheres with radius 7, and (b) a smooth cathode
with Maxwell distribution of the initial velocities at an increased effective cathode temperature 7*
and a spread of the angle ¢ between the direction of the initial velocity vector and direction of
the normal. The angle ¢ is uniformly distributed in the range from A(p to +A@. For instance, an
initial transverse velocity spread is the same for the model (a) at », = 14 um and for the model
(b) at 7* = 67 000 K and Ap = £90°. Therefore, at the approprrate values of 7* and A¢ the
velocity spread factor associated with roughness of the cathode surface can be taken into account
when performing a three-dimensional trajectory analysis in the electron optical gyrotron system
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with a smooth cathode. It should be noted that at the 7 value being much higher than the actual
cathode temperature 7 , the average electron energy in the HEB (W) and the energy spread oW
additionally increase. An increase in the average energy can be compensated by changing of the
accelerating voltage. The additional energy spread 6/ is much less than the energy spread caused
by the beam potential depression [16]. Since 7* >> T, an initial velocity spread set within the
framework of this model can be considered as being caused by the combined effect of roughness
of cathode surface and the thermal velocity spread. Further simulations were carried out at
T* = 67 000 K and Agp = £90°. At such 7* and A values, the value of the transverse velocity
spread 6v, obtained in the calculations was found to approximately coincide with the corresponding
value of velocity spread determined in experiments with hexaboride lanthanum cathode in the
SPbPU gyrotron [17].

An important aspect of the simulation discussed in this study is implementation of a sectioned
cathode. Two azimuthal sectors without electron emission were symmetrically located on the
emissive strip. This cathode sectioning allowed for a significant reduction of parasitic effects
near toroidal solenoid bundles used to create an azimuthal magnetic field in the collector region,
which affect efficiency of residual electron energy recovery and electron reflection from the
collector (see Section III). In the previous simulations [16], the length of each cathode gap
sector in azimuthal direction was AO = 70°. In this study, AO was decreased to 45° as a result of
optimization of 4-stage collector geometry and operating regimes compared to the original version
described in Ref. [16]. Calculations in the electron optical system were performed using Particle
Tracking Solver, with number of emission points at the cathode set to 2700. To minimize parasitic
effect of mesh step on parameters of high-energy beam, particularly on electron energy spread, a
tetrahedral meshing of calculation domain was used.

W, keV
Control 32
electrode 24
Intermediate
16
anode
8

Cavit)& 0

| | |
z=0 z=2225 z=260.5 z = 320.0

Fig. 1. Schematic drawing of the gyrotron model in the » — z plane
with beam trajectories

Table 1
The main geometric parameters of the gyrotron
and the characteristics of its operating regime
Parameter, notation, unit Value
Accelerating voltage U, kV 30
Beam current /,, A 10
Magnetic field induction in the cavity center B, T 2.75
Magnetic field induction at the cathode B, T 0.152
Operating mode TE ,,
Operating frequency f,, GHz 74.2
Cavity radius R, mm 14.45
Average radius of the cathode emissive strip R, mm 35.00
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In the experimental gyrotron, magnetic compression coefficient B /B_ varies as a result of
change in a number of turns of cathode coil [13]. The highest microwave output power in
simulations was achieved at B /B_= 17.01, which corresponds to 26 turns of cathode coil. In this
case, an average beam radius in the cav1ty was approximately 8.5 mm. In the optimized regime
w1thT*—67OOOK Ap = £90°, AB =45°, B /B = 17.01, U =785kVand U _ = —14.5KkV,
an average pitch factor value o of 1.56 and a transverse Ve1001ty spread dv of'5.32 % were
provided. The values of velocity and energy spreads were defined as relative standard deviations
from the average value of corresponding quantities. The accelerating voltage U , the magnetic
field induction in the cavity center B, and the beam current /, had values listed in Table I. In this
regime, one of 2700 electron trajectories was reflected from the magnetic mirror, resulting in a
reflection coefficient K e of approximately 4-10~*.

Note that, if we assume a Gaussian distribution of the electron velocities, for oo = 1.56 and
ov, = 5. 32%, the reflection coefficient from the magnetic mirror is K = 2.1-10* [13]. It
should be noted that reflection of electrons from the magnetic mirror 11m1ts an increase in the
average pitch factor in the presence of the electron velocity spread. If the coefficient K exceeds
threshold value, the parasitic low-frequency oscillations (LFOs) can occur in the electron space
charge trapped between the cathode and cavity. These oscillations lead to a degradation of the
HEB quality [14, 20 — 22]. Based on the experimental data of the SPbPU gyrotron, the threshold
value of the reflection coefficient from the magnetic mirror was determined as approximately
equal to 1.7-1073. In the gyrotron operating regime described above, the reflection coefficient was
lower than this threshold value. Values of an average pitch factor o and the transverse velocity
spread Sv in the case of homogeneous emission from the cathode in the described operating
regime were 1.57 and 5.21 %, respectively. Therefore, it can be concluded that there was no
significant change in these HEB parameters in the case of transition from a homogeneous to a
sectioned distribution of emission from the cathode.

Fig. 2 presents the data characterizing particle distribution in the central plane of cavity at
z = 260.5 mm. Azimuthal positions of the HEB sectors with no electrons correspond to angle
ranges of 115° <0< 157° and 295° <0 < 337°, where 6 = 0° coincides with positive x-axis direction
(see Fig. 2,a). As a result of the crossed electric and magnetic fields, these sectors experienced
an azimuthal shift of approximately 18° in clockwise direction viewed along propagation of
the HEB moving from the cathode to the cavity. An average potential depression due to the
space charge AU is about 1.8 kV, with its minimum value located in the HEB areas adjacent to
sectors without electrons (see Fig. 2,a). The energy spread 8/, which is about 0.5 %, is mainly
due to nonuniformity of the AU distribution in azimuthal direction. In comparison, the similar
regime of the gyrotron operation with the homogeneous HEB is characterized by 6/ = 0.1 %.
Under the action of the crossed azimuthal electric and longitudinal magnetic fields (diocotron
effect), particles in areas close to the sectors without electrons move in the radial direction.

a) b)
W, keV f
28.7 :
f' 0.8
28.6]
\\\ 28-5: 06
\‘ 28.4-]
| 283 0.4
\. 28.2 0
N ¥ 28.1EI
~— @ 28.0% 0.0

7.9 8.1 8.3 8.5 8.7 8.9 r,mm

Fig. 2. Simulation results for particle distributions in the central plane of the
cavity at z = 260.5 mm: positions of HEB particles with energy W in the x — y
plane (a) and the histogram of the particle radial positions (b).
Azimuthal positions of nonemitting sectors on the cathode are shown in Fig. 2,a
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This movement causes an increase in the HEB wall thickness AR,. As shown in Fig. 2,b, AR, is
approximately equal to 1 mm if it is determined by the full width of the distribution f{r). In this
regime, the radial spread of the leading Larmor centers is AR =~ 0.7 mm, and the average Larmor
radius is #, = 0.17 mm. In Ref. [23], it was shown that AR’in a cavity should not exceed A/6,
where A represents a wavelength of microwave radiation. The efficiency of an operating mode
generation decreases and there is a possibility of exciting parasitic modes if a value of ARg exceeds
this limit.

During the electron-optical system analysis, a special Particle Export Interface Monitor
was employed to collect data including the velocities and coordinates of particles in the plane
z = 222.5 mm (see Fig. 1). Subsequently, this monitor's output was used as an input interface for
simulation in the gyrotron cavity.

I1. Microwave cavity

The interaction of an electron beam with the electromagnetic field in the cavity of the
SPbPU gyrotron was simulated using PIC Solver. Calculation domain was defined by the planes
z = 222.5 mm and z = 320 mm (see Fig. 1). The cavity with a regular part length of 28 mm and
a radius of 14.45 mm was designed for the operating TE ,, mode. Simulation results indicated

that tilé maximum output microwave power

a) in the operating mode was achieved at B, =

2.747 T. The results discussed below were

obtained at this magnetic field induction
value.

Fig. 3,a illustrates the time variation of
the mode signals with the largest amplitude.
It can be seen that there are two stable
generation regions, namely, the former
200 tns is with a time interval from 20 to 100 ns

and the latter is with a time interval from

approximately 130 ns to the simulation end at
r.mm Emvim 250 ns. At t = 100 ns and 250 ns, the average
output power values of P__ are 15.5 kW and
134.8 kW, respectively. ﬁEhese two regions
are distinguished by their mode composition
in the cavity. In the first excitation region,
the TE, , mode with an azimuthal index
one less fflan for the operating mode excited
at a frequency of 71.5 GHz. Over time, this
mode is suppressed simultaneously with
excitation of the operating mode TE , . at
a frequency of 74.5 GHz. In the same fime
interval, the excitation of the parasitic mode
TE,  is also observed. Resonant frequencies
of operating TE,,, and parasitic TE,,
modes were calculated using the Eigenmode
Solver in CST Studio Suite and were equal
to 74.83 and 74.94 GHz, respectively. All
modes exhibit two polarization components,
and each with approximately the same
Fig. 3. Simulation results for interaction of an amplitudes, resulting in the circular wave
electron beam with the electromagnetic field in polarization within the cavity.
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the cavity: (a) the time dependencies of signals of At time ¢ = 250 ns, the high-frequency
different modes in the output port (z = 320 mm); power P, = 133.9 kW in the operating
(b) the distributions of the wall radius » and the mode, andlz'apTEz = 0.3 kW in the parasitic
maximum E-value at 74.5 GHz along the z-axis; mode (see Fig. 3,a). One can also observe
(c) electron energy spectrum of the spent beam that the power ratio between operating and
(¥ — normalized probability density, W — energy) parasitic modes can be affected by the quality
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of mesh in the calculation model. We compared the power values of operating and parasitic modes
obtained for sectioned and homogeneous HEBs under the same gyrotron operating regime and mesh
settings. For the homogeneous HEB, the power values P, = 138.7 kW, PTE = 137.6 kW, and
PTE = 0.2 kW. Thus, the HEB sectlomng has a detrimental effect on the beam quality resultlng
in a decrease of total output power and an increase in the parasitic mode power. Nonetheless, this
change in power is negligible, and the efficiency of the converting electron energy into the hlgh—
frequency field energy remains considerably high for the case of sectioned HEB. Specifically, at

= 1348 kW, U, = 30 kV, I, = 10 A, the electronic efficiency 1, is determined to be
4£ 9 %. The data on trajectory analy51s and PIC simulation in the cavity for uniform and sectioned

electron beams are combined in Table 2.

Table 2

Comparison of the simulation results
for homogeneous and sectioned helical electron beams

Helical electron beam (HEB)

Parameter, notation, unit

Homogeneous

Sectioned

HEB parameters in the central plane of

the cavity (trajecto

ry analysis)

Beam current /,, A 10 10
Average pitch factor a 1.57 1.56
Transverse velocity spread v , % 5.21 5.32

Energy spread S W, % 0.1 0.5
Beam wall thickness AR,, mm 1.00 0.75
Coefficient of reflection _ 410~

from magnetic mirror K o

Output radiation parameters (PIC simulation in the cavity)

Average output power P, KW 138.7 134.8
Power of the operating mode I)TE]“ » kW 137.6 133.9
Electronic efficiency 1, % 46.2 44.9

Fig. 3,b presents a graph depicting the variation of E-field maximum amplitude at a frequency
of 74.5 GHz with respect to longitudinal coordinate. The profile of the cavity »(z) is also shown
in Fig. 3,b. In the cone transition region after regular part of the cavity, where the high-frequency
field converts into a traveling electromagnetic wave, an interaction occurs between the electrons
and this wave, which is referred to as aftercavity interaction. It is known that this interaction
causes an alteration in spent HEB energy spectrum, leading to a decrease in minimum electron
energy [24]. The electron energy distribution of spent HEB, in turn, influences the maximum
total efficiency that can be achieved through implementation of collector systems with residual
energy recovery.

Particle 2D Monitor located in the z = 320 mm plane recorded data on the coordinates,
velocities, and macro-charge of particles in the spent HEB required for trajectory analysis in the
collector region. The monitor collected particle parameters during time interval At = 3-107 ns,
resulting in an output file containing information on approximately 2-10* particles for every
moment in time ¢. The energy spectrum obtained after processing of monitor data for = 250 ns
is presented in Fig. 3,c. The minimum electron energy is approximately equal to 15 % of eU,.
There is a noticeable number of accelerated particles with an energy exceeding eU value. The
electronic efficiency n , can be estimated by known energy spectrum f(W) using the (tlormula
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T FWywaw
. Ne Zl—oTa M
where [ f(W)aw =1. ’

The efficiency obtained for the spectrum is n, = 44.9 %, which matches the efficiency value
obtained from the output microwave power.

III. Collector

Collector design. Recovery of the spent beam energy in the SPbPU gyrotron collector is based
on spatial separation of HEB electron fractions with different energies in the crossed longitudinal
electric £ and azimuthal magnetic B fields [12]. Previously, collectors with multistage recovery
based on this method were developed for various gyrotrons [16, 25 — 27]. These collectors utilize
a toroidal-type solenoid with outer and inner winding for generation of azimuthal magnetic field.
Unlike multistage collectors with non-adiabatic fields (see, for example, Refs. [28 — 31]) or
collectors with azimuthal electric field (see, for example, Refs. [10, 11]), the developed collectors
have extended region with crossed £ and B fields, which allows to reduce negative influence
of velocity and positional spreads of electrons and uncontrolled misalignment of electrodes and
magnetic coils on collector efficiency.

The upgraded collector described in this paper differs from its original version presented in Ref.
[16] by modified geometry of magnetic coils and collector sections. The data from simulation of
similar collector for prototype gyrotron of the DEMO project [27] was used for modernization of
the collector for the SPbPU gyrotron. The main elements of the collector for the SPbPU gyrotron
are presented in Fig. 4. The cylindrical part of the collector body contains sections S1 — S4 under
negative potentials used to create an electric field. Correcting coils C1 — C5, in combination
with the gyrotron magnetic system including the main coil, cathode and collector ones, provide
required distribution of longitudinal magnetic field. A toroidal solenoid is used to create an
azimuthal magnetic field. The end conductors of this solenoid, from the side closest to the
cavity, are assembled into two radial bundles located in the tubes providing connection of inner
and outer winding. The inner radius of cylindrical part of the collector body is 104.5 mm. The
longitudinal coordinate z corresponding to the end of transition from a conical part to cylindrical
one of the collector is 667 mm. The coordinate z corresponding to the middle of connecting
tubes with bundles is 619 mm. The described collector system has been already equipped in the
SPbPU gyrotron. The sectioned emitter for the gyrotron was created by mechanically removing
two azimuthal sectors, 45° each, from lanthanum hexaboride emissive strip on the cathode.

Optimization of magnetic field distribution in the collector region. During the process of
searching for the optimal distribution of the magnetic field, adjustments were made to geometry
and currents of the toroidal solenoid and the correcting coils C1 — C5. Originally, trajectories
of “single” electrons starting in the plane z = 320 mm were analyzed. The initial energy and
radial coordinate of these electrons were equal to 20 keV and 9 mm respectively. The initial
azimuthal coordinate 0 was varied. Fig. 5 shows projections of electron trajectories on the r—z

Collector

Collector
body

Toroidal solenoid

Fig. 4. Schematic drawing of the gyrotron collector region:
S1 — S4 are sections under negative potentials, C1 — C5 are correcting coils
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plane for different values of 6 from 0° to 180° (Fig. 5,a) and longitudinal distributions of different
components of magnetic field (Fig. 5,b) obtained after optimization. The relative position of the
electron emission points with regard to toroidal solenoid bundles can also be seen in Fig. 5,a.
The bundles are located in the planes 6 = 90° and 270°. Due to system symmetry, the electron
trajectories in the range of O from 180° to 360° will coincide with those shown in Fig. 5,a.
Potentials of the collector sections were set to zero during these calculations.

r, mm

L "\‘ 'z ,:" e —  — e — =
80

60

40 0, deg

—225 —45
—90 —112.5
—135 ——157.5 180
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0 ' 1 ' 1 L 1 L 1 L
500 600 700 800 900 z, mm

0.05 - 4

0.00

-0.05

-0.10 . I . I . 1 . 1 .
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Fig. 5. Simulation results for search for the optimal distribution of the magnetic field B: (a) projections
of electron trajectories with different azimuthal coordinates 6 of the starting point; (b) the distributions
of the B-field components (B-comps) along the z-axis.

Fig 5,a: there are azimuthal positions of the starting point of electrons
and the bundles of toroidal solenoid in the x — y plane.

Fig 5,b: there is data on the axial B-comp created by the main gyrotron magnetic system and correcting coils
(1) as well as azimuthal (2) and axial (3—6) B-comps of the toroidal solenoid; the data was obtained at different
coordinate values of », mm and 0, degs:

80, 0.0 (7, 2); 60, 45.0 (3); 60, 67.5 (4); 60, 112.5 (5); 60, 135.0 (6)

The efficient operation of the multistage collector requires minimizing the spread of radial
positions of electron trajectories with different azimuthal coordinates at the collector entry in
the absence of voltages on sections. Calculations for the DEMO gyrotron [27] showed that a
decrease in the radial spread can be achieved by selecting a positive direction of the azimuthal
magnetic field (see Fig. 5,a). The decrease can also be achieved by choosing a required magnetic
induction value of the main gyrotron magnetic system and correcting coils in the area of toroidal
solenoid bundles at z =~ 620 mm. The optimized distribution of magnetic field provides the small
radial position spread in the recovery region (z > 700 mm), where the induction of longitudinal
magnetic field B_is approximately equal to 0.032 T and the azimuthal field B is approximately
0.044 T at = 80 mm.

However, after optimization, the certain number of electrons which propagate near the bundles
of the toroidal solenoid are still present, and their trajectories are noticeably perturbed under
the action of bundles’ parasitic field. These electrons cannot reach the sections with potentials
corresponding to their energies and settle on other electrodes of the collector. Alternatively,
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they may be reflected from the collector towards the cavity, reducing electronic efficiency. In
either scenario, the total gyrotron efficiency is diminished. For example, an electron with the
initial coordinate 6 = 112.5° settles on the connecting tube in which the bundle is located
(see Fig. 5,a). It can be seen that the total longitudinal magnetic field determined by the sum
of B_ values at azimuth 6 = 112.5° (curves / and 5) is close to zero in the bundle region
(see zFig. 5,b). To address this issue, the HEB was sectioned as described in Sections I and II
to eliminate negative influence of such electrons on operation of the multistage collector. An
additional displacement of the HEB in azimuthal direction during its movement between the
planes z = 260.5 and 320 mm was insignificant and did not exceed 1°.

For further calculations, the toroidal solenoid was rotated 19° clockwise to achieve a minimum
reflection of particles from the collector due to parasitic action of the magnetic field created by
bundles’ conductors.

Trajectory analysis in the collector with four-stage energy recovery. In the case of ideal
separation, each fraction of spent HEB with energy W is deposited on the section under the
most negative potential, the modulus of which does not exceed el (e is the electron charge),
and the collector body is under zero potential. The dependency of maximum total efficiency of
the SPbPU gyrotron | achieved with ideal separation on the number of recovery stages N was
calculated before the collector modeling. The spectrum of spent HEB shown in Fig. 3,c was used.
For this calculation, the spectrum was divided into 1000 intervals with different energies. 1 %
of the HEB current with electrons having the lowest energy was assumed to be reflected from
the collector. The maximum total efficiency was achieved at optimal potentials of the sections
U (i=1,2, .., N) determined through iterations over the values of these potentials with a step of
0.2 kV. As in previous studies presented in [16, 25 — 27], the choice of four stages is dictated by a
balance between the achieving maximum total efficiency of the gyrotron and practical difficulties
associated with implementing a recovery system with a large number of stages. It should be noted
that an increase in the number of collector sections does not substantially complicate the design
of the described collector, unlike other designs with nonadiabatic fields [28 — 31].

Four cone-shaped sections are located in the cylindrical part of collector body (see Fig. 4).
Changes in geometry of these sections compared with the original design described in Ref. [16]
are due to modifications made to the collector magnetic system. Specifically, the direction of
azimuthal magnetic field was changed to positive (see Fig. 5,a), so the sections were located in
the region of smaller radii along the direction of electron drift in the crossed E_and B fields.

It should be noted that in the regime in the absence of the azimuthal magnetic field and zero
voltage on the collector sections, the beam wall thickness in recovery region (z > 700 mm) is
approximately 10 mm. With optimized distributions of azimuthal and axial magnetic fields and
the length of the cathode’s sectors without emission of 45° in the absence of voltages on the
sections, approximately 94 % of the particles reached the final Section S4, 5 % deposited on the
collector body, and less than 1 % deposited on Sections S1 — S3.

During a trajectory analysis in the collector, a Particle Import Interface was placed at the input
plane z = 320 mm. It contained an array of particles that was determined during the simulation
in the gyrotron cavity (as described in Section II). The initial potentials of collector sections
U, — U, were set equal to the optimal values obtained with ideal separation. Subsequently,
through a series of electron trajectory calculations of spent HEB in the collector, these potential
values were adjusted to achieve the maximum total efficiency of the gyrotron with an electron
reflection coefficient from the collector less than 1 %. At U, = —7.1 kV, U, = —10.7 kV,
U, = 143 kV, U, = —252 kV and U_, = 0, the power dissipated over the collector
sections and the body was P, = 6.2 kW, P = 6.2 kW, P, = 11.7 kW, P, = 10.2 kW, and
P, = 1.2 kW respectively, with the collector reflection coefficient of 0.99 %. Consequently,
the total power P, ~dissipated on collector was 35.5 kW. At power P . = 134.8 kW, the total
efficiency was

P
n, = RF
B + F,

iss

=79.2 %, (2)

and the collector efficiency was
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T]t =1—L278.5 %. (3)
UOI b F, RF

Thus, through optimization of the magnetic field distribution and the collector sections'
geometry, the total efficiency over 79 % was achieved. This value is about 2 % less than the
maximum efficiency in a four-stage recovery system with ideal separation of electrons with
different energies. For comparison, the total efficiency was 71.8 % in the initial version of the
collector for the SPbPU gyrotron [16].

Fig. 6 shows positions of particles in the x — z plane, obtained as a result of intersection of
the HEB trajectories with this plane. The picture demonstrates the drift of electrons in the radial
direction by the action of crossed E_and B, fields while propagating in the retarding electric field
in the recovery region. The direction of field B, causes the drift towards smaller radii. Some of the
electrons are deposited on the back walls of sections after changing their longitudinal movement
direction. As the initial energy of electrons increases, they propagate a greater distance along the
z-axis and deposit on sections with a more negative potential.

Fig. 6. Positions of particles in the plane x—z (the color corresponds to the particle energy ).
The directions of the longitudinal B, and the azimuthal B, magnetic fields and the electron drift
velocity v, are shown

Conclusion

The present study consisted of complex simulation to investigate the possibility of achieving
record values of the total efficiency for a moderate-power gyrotron operating in 4 mm wavelength
range. High efficiency was achieved by enhancement of the HEB quality in the electron optical
system and by recovering the residual electron energy using a multistage collector system.
Parameters of the spent HEB were determined through a trajectory analysis in the electron optical
system taking into account the spread of initial electron velocities at the cathode and simulation of
interaction of formed HEB with a high-frequency field in the gyrotron cavity. Spatial separation
of electron fractions with different energies in the collector was achieved using a method based on
electron drift in the crossed longitudinal electric and azimuthal magnetic fields. A toroidal solenoid
was used as a source of the azimuthal magnetic field. The end conductors of toroidal solenoid
were assembled in bundles to increase the number of electrons passing to the recovery area. The
negative influence of the magnetic field created by these bundles on the collector efficiency and
the electron reflection coefficient was reduced through the sectioning of the electron beam.

It is important to underline the main differences between this study and the one described in
Ref. [16] where the former version of the four-stage recovery collector for the SPbPU gyrotron
was analyzed. In this study, a trajectory analysis in the electron optical system of the gyrotron
has been performed considering the initial velocity spread of electrons on a cathode. As a
consequence, characteristics of the beam entering the resonator, output radiation parameters,
and, importantly for collector modeling, the spent electron beam parameters have undergone
changes. The main distinction from Ref. [16] lies in the modification of the collector system's
design. Alteration of the azimuthal magnetic field direction and optimization of the longitudinal
magnetic field distribution using correcting coils enabled reducing the radial trajectory spread in
the recovery region. Single-electron trajectory calculations in the collector region were employed
for this purpose. The collector sections feature a new geometry, and their potentials were selected
based on calculations of the maximum total efficiency with ideal separation of electrons of
different energies. Compared to the results of Ref. [16], performed modernization of the collector
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for the SPbPU gyrotron allowed for an increase in calculated total efficiency from 71.8 to
79.2 % with a reflection coefficient from the collector of less than 1 % and for a reduction of the
length of cathode gap sectors where emission is absent, from 70 to 45°. With incorporation of the
new simulation data described in this work, an upgraded version of the collector for the SPbPU
gyrotron has been manufactured.

Continuation of this work may involve further improvement of the azimuthal magnetic field
source, which will simplify the design of the collector.
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4 Physical electronics
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