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The gyro-BWO is a UHF powerful oscillator for cm and mm band of wavelength in which relativistic electrons beam is used for
coupling with a backward wave on normal Doppler effect. The first research of gyro-devices was published in 60th. Possible
applications of gyro-devices UHF radiation are the followings: electron cyclotron resonance heating of plasma for controlled fusion,
communication, spectroscopic researches, high-resolution radars etc. Investigations of gyro-BWO confirm that an essential limitation
of the considered device is the small efficiency. One of possibilities for efficiency enhancing is to use profiling guiding magnetic
field along an interaction region. We investigated dependence of efficiency increasing under using optimal profiling guiding
magnetic field by special law. As a result of effective process bunch formation under special conditions most electrons can be
confined in the energy-losing phase HF field. Efficiency enhancement takes place from initial value 7 ~ 0.1 for homogenous guiding

field to 77~ 0.3 for profiling one.
KEY WORDS: microwaves, gyro-devices, backward wave oscillators, guiding magnetic field, efficiency, computer simulation.

KOMIIBIOTEPHOE MOJEJIUPOBAHUE YBEJIUYEHUA KIIJ IIPU MPO®PUJIUPOBAHNUU BEAYIHIET'O
MATHUTHOTI'O ITOJISI B KOAKCUAJBHOM T'MPO-JIOB
B.M. Xopy:xuii
Hayuonanonviti nayuneiii yenmp "Xapvrosckuiu ¢pusuxo-mexnuyeckuii uncmumym"
V. Akademuueckas, 1, Xapvkos, 61108, Vkpauna
I'upo-JIOB 310 mouabiii CBY reHepaTtop B CAaHTUMETPOBOM U MHJUIMMETPOBOM AHMANa30HE JUIMH BOJH, B KOTOPOM PENSTHBUCTCKUN
ITy4OK DJICKTPOHOB B3aMMOJEHCTBYET ¢ 00paTHOI BOMHOH Ha HOopMainbHOM 3(dekre [orepa. IlepBbie mcciaeqoBaHUS MO THPO-
npudopam Obmm omyOnukoBaHsl B 60-x romax. Bo3moxwnsre npumenennss CBY usnmydenus rupo-npubOpoB CIeAyIOmue — 3TO
NIpeIBApUTEIILHEIA HarpeB IUIa3Mbl Ha 3(@QexTe MUKIOTPOHHOTO pe30HaHCa Ul YHPAaBISIEMOrO TEPMOSICPHOTO CHHTE3a, JUIS
CIEKTPOCKOIIMUYECKUX MCCIEOBaHUM, B pajapax BbICOKOro paspemeHus u ap. MccnenoBanue rupo-JIOB mnokxasamu, 4ro
CYLIECTBEHHBIM OIPaHUYEHHEM Ul paccMaTpuBaeMoro reHeparopa sisercs Maibii KITJ. OnHoll n3 BO3MOXKHOCTEH yBeIHYEHUs
KIIJ] sBusercst npoduaupoBaHHe BEAyLIEro MAarHUTHOTO TOJII B OOJIaCTH B3aMMOJCHCTBHS. MBI HCCIEIOBAIN 3aBUCHMOCTH
ysennuenuss KIIJ| mpu ucnonezoBaHMM NpOoGHIMPOBAHHSA BEAYLIETO MArHUTHOTO MOJIS MO ONpeaeneHHoMYy 3akony. Ilpm sThx
ycnoBusix 3¢ ¢dexTuBHBIA mponecc (GopmMupoBaHHS OaHYa MPUBOAMI K TOMY, YTO OOJBIIMHCTBO 3JEKTPOHOB OKa3bIBAINCH B
sHepro3arpatHoil ¢paze BU mons. Mmeno mecto yBermdenue KIIJ| o HavampHOTO 3HAa4YeHUS 77 ~0,]1 IS OAHOPOJHOTO BEIYIIECTO

MarHUTHOTO TIOJIST 10 3HAUEHUS 77 ~ 0,3 ISt MPO(UIMPOBAHHOTO MATHUTHOTO MOJIA.

KJ/JIIOUEBBIE CJIOBA: MHKpOBOJNHBI, T'MpO-IPHOOpEI, I'eHepaTop Ha oOpaTHOH BoiHe, Beayiiee MmarautHoe moie, KIIJI,
KOMITBIOTEPHOE MOJIECJINPOBAHUE.

KOMIT'IOTEPHE MOJIEJIIOBAHHS 3BIJIBINEHHSA KK/I ITPH ITPO®IIIOBAHHI BEJYYOI'O MAT'HITHOI'O
OJIsI B KOAKCIAJIBHOI THPO-JI3X
B.M. Xopy:xuii
Hayionanenuii naykosuii yenmp "Xapkiscokuil ¢izuxo-mexuiunul incmumym"

syn. Axademiuna, 1, Xapxkis, 61108, Yrpaina
I'mpo-JI3X- ne notyxuuit HBY reneparop y c¢M i MM jiarna3oHi JOBXUH XBHJIb, y SIKOMY DEIISITUBICTCHKHI ITy4OK €JIEKTPOHIB
B3a€MOJIi€ 31 3BOPOTHOIO XBWIJICIO HA HOpMaibHOMY edekti Joruiepa. Ilepini gociipkeHHs 3 rUpo-npuiagiB Oynn omyOinikoBaHi B
60-x poxax. MoxJiuBi 3actocyBanHs HBU BUIpOMiHIOBaHHS THPO-TIPUIIAJAIB — L€ IONEPEHE HarpiBaHHs IUIa3MHU Ha e(eKTi
LMKJIOTPOHHOTO PE30HAHCY Ui KEPOBAHOIO TEPMOSJIEPHOTO CHHTE3Y, CIEKTPOCKONIYHHMX JOCIHIJDKEHHAX, pajapax BHCOKOIO
Bupimenns Ta iH. Jlocmimkenns rupo-JI3X nokaszand, M0 iCTOTHUM OOMEKEHHsIM JUIsl PO3IIISIHYyTOro reHeparopa € manuit KKJI.
Opnniel 3 moxkmuBoctei 30impmenns KK/ € mpodimoBanHs BeIy4oro MarHiTHOroO mojs B oOmacTi B3aemonii. Mu JOCTiLKyBamu
3anexHicte 3poctanHs KKJI mpu BUKOpHCTaHHI MpOQiTIOBaHHS BEAy4OTr0 MAarHiTHOTO TMOJS MO BHU3HAYCHOMY 3aKkoHy. [Ipwm mux
yMOBax eQeKTUBHHI Tporiec popMyBaHHs OaH4Ya MPUBOJIMB JIO TOTO, IO OLIBIIICTH ENEKTPOHIB ONMUHSIACH B €HEPrOBUTPATHOI (a3i
BY nomst. B ocratounomy migcymky mano micre 30inbimenns KK/ Big moyaTkoBoro 3Ha4eHHs 77 ~ 0,1 ISl OAHOPIJHOTO BELYy4OTro

MAarHiTHOTO TOJIS IO 3HA4Y€HHS 77 ~ 0,3 Ul MPO(iTb0BAHOTO MarHiTHOTO TOJIS.

KJIFOYOBI CJIOBA: MikpOXBHJIi, THPO-TIPUIIAJIN, TEHEPATOP HA 3BOPOTHIM XBHUIII, MArHITHE TIOJIC, 1110 BEIC, KOCPIMIEHT KOPUCHOT
ait (KK/I), koMmiT'foTepHe MO/ICTIOBaHHS.

The gyro-BWO is a HF powerful oscillator for cm and mm band of wavelength in which relativistic electrons
beam (REB) is used for coupling with a backward wave on normal Doppler effect. The first research of gyro-devices
was published in 60™ [1]. The state of the art of gyro-BWO program is represented in Ref. [2], [3]. Possible applications
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of the HF radiation of obtained power levels are the followings: electron cyclotron resonance heating (ECRH) of plasma
for controlled fusion, communication, spectroscopic researches, high-resolution radars etc.

In our paper the case of coaxial waveguide is investigated for gyro-BWO eclaboration. The choice of coaxial
waveguide conditioned by greater value of vacuum limiting current of REB for one comparatively to the other types of
waveguide. Results of the linear and non-linear analytical investigation of coaxial gyro-BWO operation are presented in
Ref. [4, 5].

An electron beam and waveguide support the oscillations with circular frequency @, which can be described by
the expressions for normal Doppler effect, accordingly

@=kV.+nQ;, 7, )]
@ =’k +°k? )

4
z

e . o . o .
where Q,, = is non-relativistic gyro-frequency of electrons with energy W=m, c¢*( %, -1), H? -guiding magnetic

mc
field, y,-relativistic factor, k_,V, -longitudinal wave number and velocity, n=0,+1,+2... An operating mode for gyro-

BWO is near to interception of a straight line (1) and hyperbola (2) in coordinate plane (w, k. ) (for gyro-BWO the

longitudinal wave number k&, <0). An ordinary efficiency value for coaxial gyro-BWO is ~10% for homogenous
guiding magnetic field ¥ .

The major attractive feature of the gyro-BWO is frequency tunability, which can be achieved by management the
magnetic field or beam voltage. However, the efficiency of the gyro-BWO is relatively lower than one of other gyro-
devices. Investigation results of efficiency enhancement in gyro-BWO were reported in Ref. [6-15]. In Ref. [6-9], the
efficiency of the gyro-BWO has been found to be significantly improved by tapering the magnetic field. Results found
revealed that the magnetic field tapering with a positive gradient tended to increase the initial frequency mismatch
leading to the efficiency enhancement.

In Ref. [10-13] a tapered interaction structure (the reduction of the waveguide radius along the interaction region)
was proposed and used in the experiment. The gyro-BWO with a tapered magnetic field and waveguide wall radius was
analyzed in Ref. [14, 15].

The aim of our paper is enhancement of efficiency in coaxial gyro-BWO through profiling of guiding magnetic
field.

HIGH EFFICIENCY AND BUNCHED BEAM FORMATION

Optimal conditions for this process determine further process of reduction total beam energy converting to
radiation. It follows that greater electrons can be located in the energy-losing phase as a result. The bunched beam
formation process in gyro-BWO has difference from standard bunching process because of amplitude of EM wave
depends on longitudinal coordinate. That reduction of EM amplitude might be compensated by changing position
electron bunch as a whole one relatively phase of EM wave. It is possible to do through local variation of guiding
magnetic field for compensating of EM field amplitude reduction along longitudinal coordinate during formation
process only by changing total (helical) phase, including EM wave phase plus helical phase of guiding magnetic field

VY=kz-at-Qutly.

Confinement of as many electrons as possible takes place in energy-losing phase due to phase shift under optimal

bunched beam formation. As a result phase shift of bunched beam’s formation in energy-losing phase takes place.

COMPUTER SIMULATION
We investigated in our paper efficiency enhancement in coaxial gyro-BWO through profiling of guiding magnetic

field H(2) at longitudinal direction z as
HE(E)=HE(1+a(E /L) cos™ (n& /2L))"? (3)

comparatively to homogenous case H Zg =H Zgo , where & is non-homogeneity amplitude, &=zw/c is normalizing
longitudinal coordinate, L =L@/c is normalizing waveguide length, &/L =z/L, j>0, m>0. A corresponding

transversal component one is

Hg
H ) =24

where 7 is transversal coordinate.
We considered waveguide exciting mode 7E,; with components of an electromagnetic field EWH ,aH - under

satisfy conditions (1, 2). For computer simulation we used equations for electrons motion and exciting field 7E,; from
Ref. [5]. We investigated coaxial gyro-BWO with oscillation frequency f, =7.7GHz for satisfying expressions (1, 2),
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homogenous guiding magnetic field H 5, = 6.1kOe | inner radius of the coaxial waveguide gyro-BWO b =3cm , outer
radius one is a =5cm, inner beam radius is 7, = 3.9cm, outer beam radius is », = 4.1cm, energy of injected
electron beam is W, =511kelV (y,=2), an initial ratio transversal momentum to longitudinal one x# =1, length of
system is L=60cm, cut off frequency f, =7.5GHz, starting current [/, =3.7A4 , limiting vacuum current

1

lim

=6.6kA for coaxial waveguide. Maximal efficiency 7, =0.11 is under input beam current /,=0.6kA for
homogenous guiding field and cited above gyro-BWO parameters [5]. Computer simulation of optimal regime gyro-
BWO performance time averaged efficiency 71 was carried out for determination values o,m and j of profiling

guiding magnetic field (3) under the same input electron beam current /, =0.6kA.

First, we have to determine location of guiding field maximum relatively longitudinal coordinate f under j=1 and

H¥, =6.1kOe . Results of that investigation are presented in Table 1 under /, =0.6kA.

Table 1
Location of guiding field
n 0.19 1 0.27 | 0.29 | 0.32 | 0.29 | 0.26
m 0 2 4 6 7 9
o 069 ] 16 | 24 | 29 | 32 3.7
& /L - 041 ] 03 |025]0.24 | 0.21
HE (&) - 1.2 | 12 | 1.2 | 1.2 1.2
H,

We can see from Table 1 maximal value of time averaged efficiency ﬁmax =0.32 is under m=6, & =2.9 and
50 /L = z, / L=0.25 . The location of maximum one §0 /L can be determined analytically from expression (3)
mxolg(x)) = j
where X, = 72, /(2L) , or approximately for X, <1

E/L=z,/L=~2j/m)/zm  (m#0), )
Second step is determining optimal amplitude of additional guiding magnetic field under cited above fixed m=6,
é:o /L ==0.25 and j=1. An amplitude variation takes place due to variation of parameter & from (3).
Table 2
Optimal amplitude of guiding magnetic field
n 0.22 0.32 0.28

(Hg) (50)/Hg0 1.19 1.2 1.22
o 2.7 2.9 3.1

We can see from Table 2 maximal efficiency 7], =0.32 takes place under (H¥), ., /H% =12 (&=2.9) in our

max

case.
Finally, third step is determining optimal width A& /L of profiling guiding magnetic field (3) under fixed

&, /L =025 and (H?)

under m/j=const (4) for fixed maximum location 50 / L=0.25. Widening of guiding magnetic field takes place under

/H% =12 . A width variation takes place due to level variation of parameter j from (3)

max

1>7>0, narrowing of one takes place under j>1 relatively width of field distribution under j=1.

Table 3
Optimal width of guiding magnetic field
77 0.144 0.32 0.18
J 0.5 1 2
M 3 6 12
o 1.14 2.9 18.5
Af /Z 0.53 0.41 0.29
1
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In our case maximal efficiency ﬁmax =0.32 (see Table 3) takes place under /=1 (m=6, & =2.9) and width A& / 1=0.41
for HE(§) = H? (& +AS) =1.1H%, .

Hence, we determined location, amplitude and width values
HE/ Hg01 20 of profiling guiding magnetic field for our gyro-BWO parameters.
ERCRTS In our case optimal process for bunching of input electron
beam_takes place under
110 m=6, & =209, =1, (5)
1,051 for expression (3). In fig.1 we can see longitudinal distribution of
1.00] guiding magnetic field for parameters (5).
’ - The new profile of guiding magnetic field changes spatial
0 10 20 30 40 50 60 70 80 90100 distribution of EM wave amplitude C,=c¢E,/(mcw) along

longitudinal coordinate. A spatial distribution of normalized
Fig.l. Dependence normalized magnetic field amplitude on longitudinal coordinate & practically haven’t local

amplitude H%(&)/HE, on dimensionless longitudinal — maximum comparatively with several local maxima (see Fig.2)

coordinate & . homogenous one.
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0,65

0,00
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Fig.2. Dependence of normalized amplitude C,, on Fig.3. Dependence normalized average bunch energy

dimensionless longitudinal coordinate £ (7,,-D/(7,-1) on dimensionless longitudinal coordinate &

(curve 1 is for profiling guiding magnetic field , curve 2 is for
homogenous one ). Normalized observation
2 is for homogenous one under HY(z)=H). {ime 7, =k_ct=1500.

(curve 1 is for profiling guiding magnetic field (3), curve

Normalized observation time 7, = k_ct =1500 .

The dependence of normalized average bunch energy (%,,-1)/(%,-1) on dimensionless longitudinal coordinate & has

a monotone character in contrast to homogenous distribution (fig.3). The energy loss has maximal value at the first half
of interaction region.

For determining frequency characteristics of output signal spectrum analysis was obtained for normalized
spectrum density S(f — f;)

0,5

lgS(, 770,32<
ru. > \ 0,281 7=2
051 0,24 1 0
101 ! 0,20+
15 0,16
2,04 0,12 PR
251, ' 0,08 5 -
" sé;c,Gifz 0,00 0,25 0,50 0,75 1,00 125 1,50 1,75 2,00

I,.kA

Fig.4. Dependence normalized spectrum density S(f) on  Fig.5. Dependence time averaged efficiency 77 from

frequency f (curve 1 is for profiling guiding magnetic

field (3), curve 2 is for homogenous one under

HE(z)=HE guiding magnetic field (3), curve 2 is for homogenous
z —Atz0

oner(Z)=Hfo).

injection beam current I, (curve 1 is for profiling
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Dependence normalized spectrum density S(f) on frequency f for homogenous guiding magnetic field (stochastic
oscillations ) and for profiling one (stationary oscillations for the same remaining conditions) is shown in fig.4. We can
see in fig.4 conversion stochastic oscillations under homogenous guiding magnetic field to stationary oscillations for
profiling one.

Then we used computer simulation for investigation efficiency n dependence on injection beam current I, under
fixed parameters of guiding field &, m and j [see eq. (5)]. For given injection energy ¥, = 2 efficiency 77 = 0.25 is
for 0.7kA>1, 20.4kA (see fig. 5). Efficiency 1 for profiling guiding field has essentially greater value than 1 for

homogenous case. Average output longitudinal energy (7, ,—1)/(¥,—1Dof a bunch increases by 10% for

homogenous guiding magnetic field and by 15 % for profiling one under ¥, =2 and/, = 0.6k4.

The main reason for relatively lower gyro-BWO efficiency is its spatial distribution of the wave power that
reaches a maximum near the entrance of the electron beam and decays along the propagation direction of electrons. This
power profile leads to non-optimal formation of bunched electron beam at the beginning of gyro-BWO under
homogenous distribution of guiding magnetic field.

We suggested non-homogenous distribution (3) for creation the most optimal conditions during process bunch
formation of input electron beam. In fig.6-8 you can see difference between bunch formation for homogenous guiding
magnetic field and non-homogenous one on phase plane energy-phase for various fixed values of longitudinal

coordinate é: (1,=0.6kA, 7, =2). For all of figures circles correspond to homogenous case, black points correspond to

non-homogenous one.

1,50 14
y—l/y—l o P, “1lv=1.
0 1 = Py B —
L 1,35 z/L.=0.258 & \ YL YO 1,3 7/L.=0.39
] 1,24
1,20
1,14
1,05 1,0
0,91 .
| O
0,90 0s] © o
© o
0,751 0,7 Mo
0,6« ©0
0601 - - - . . . . . . 0,51 T T T T T T
-4 3 -1 0 1 2 3 4 -8 -6 -4 -2 0 2 6
v b

Fig.6. Dependence normalized energy of the particles beam Fig.7. Dependence normalized energy of the particle beam
7.-1/7,-1 on helical (total) phase W for z/L=0.258 (black ,-1/y,-1 on helical (total) phase ‘¥ for z/L=0.39.

points  correspond profiling field, circles correspond

homogenous field).

The majority particles for profiling guiding magnetic field have energy-loosing phase from the beginning bunch
formation process comparatively homogenous one (see fig. 6). An effective bunch formation process takes place along
longitudinal coordinate (fig.7, 8).

= _ 0,35
o 14 &3
>= — ﬁ 0,30
= z/L=0.52 y
T 1.2 s 0,254
1o
X 0,20
1,04 =
0.15. |b 0.6kA
0,84 0,10 T T T TS -
7 2 =~ o .
0,054 /
0’6- % T T T T T T T T
-— 10 15 20 25 30 35 40 45
16 12 -8 -4 0 4 8
T
b4

Fig.8. Dependence normalized cnergy of the particles beam  Fig.9. Dependence time averaged efficiency 7] on

7,-1/7,-1 on helical (total) phase ‘¥ for z/L=0.52. . ) . L
relativistic factor ¥}, (curve 1 is for profiling guiding

magnetic field (3), curve 2 is for homogenous one

under HZ (2) = HZ)).
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As result phase portrait of bunched beam along longitudinal coordinate is more compact in comparison with
homogenous guiding magnetic field. An effective formation of bunched beam in energy-losing phase leads to most
electrons can be confined in the losing energy phase even after completion a compact bunching process (fig.8).

We obtained enhancing of gyro-BWO’s efficiency for given injection beam energy W, =511keV (¥, =2) as
indicated above. Then we investigated dependence 77 on injection energy W, under condition H%,/y, =const.
Dependence time averaged efficiency 77 on relativistic factor }; under injection beam ,=0.6kA is shown in fig.9.

Let’s consider more detailed energy range close to 7] peak in Fig.9 for profiling field.

Table 4
Dependence efficiency on injection energy
W, keV 102 153 307 613 | 715
2 1.2 1.3 1.6 22 |24
HE ke 35 139 4.8 6.7 7.4
n 025 (033 033 |03 0.29

High efficiency value 77 = (.3 takes place not only for injection Yy = 2, but for sufficiently wide range energy
%, =(1.2+2.4) too (see Table 4).

0351 Finally, under fixed parameters of guiding field ¢, m and j
n 0.30. (3) we considered dependence of time averaged efficiency 77 on
0’25 injection beam current /, under new injection beam energy
W, =153keV =1.3). For given injection energy ¥, =1.3

0‘20_ 0 7/0 g J g 0
0.15] efficiency 77 2 0.25 is for 1.4kA>1, >0.5kA (see Fig.10).
0104 ~ Maximal efficiency 77 = 0.3 is close to injection beam current

104, y i}

0,054 I, = 0.6kA the same as for injection energy ¥, = 2. Increasing
0,00 , , , , , , , of starting current takes place under profiling guiding magnetic

00 02 04 06 08 10 12 14 field takes place from [, =3.74 (homogenous magnetic field)

tol, =174 for profiling one undery,=2. Oscillations of
Fig.10. Dependence time averaged efficiency 7] from  competition mode TE, f=4 GHz under given resonance
injection beam current I, (curve 1 is for profiling conditions (1) and (2) are unlikely event. The TE, mode is
guiding magnetic field (3 ), curve 2 is for homogenous  separated far enough from the operating TE, mode under the
one H¥(z)=H%)) given conditions. Resonant frequency of the TE,, mode is f =
4GHz, the frequency of the TE,, mode is {=7.7GHz in our case.

CONCLUSIONS

In our paper we obtained enhancement of gyro-BWQO’s efficiency from 11% (homogenous distribution of guiding
magnetic field) up to 32% (non-homogenous one) through profiling of magnetic field (3). Oscillation frequency has
fixed value under satisfying equations (1), (2). As a result of effective process of bunch formation under special
conditions most electrons can be confined in the energy-losing phase. Results of our investigations haven’t static
character for other gyro-BWO’s parameters or other gyro-devices. In every case parameter values of profiling guiding
magnetic field (maximum field coordinate, amplitude and width of like-bell guiding field distribution) are subject of
investigations.

The obtained efficiency is closely to gyrotron’s efficiency (without single stage depressed collector (SDC) for
energy recovery). The current mechanism can also be applied to interpret the efficiency enhancement in other gyrotron
oscillators (for example, cyclotron autoresonance maser in Ref. [16]) with profiling guiding magnetic field.
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