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Short Papers

Effect of Reflection on Gyrotron Operation and
Edith Borie P =iuye ) =y P )
whereA is the slowly varying part of the gyrophase. The equation of

Abstract—The effect of wave reflection on the single-mode operation ofa motion for the electrons in the field of BE,.., mode can be reduced to
gyrotron is investigated with the help of Rieke diagrams. For this purpose,

a set of self-consistent equations describing the beam—field interaction is w. ~ constant A3)
solved, taking into account the effect of the electron beam and the reflection iP 1 -
- 8 A i W - N - W~ R
coefficient on the frequency and RF field profile. P <f;_1 + {5) P=_ s Frp frp (%)
dz V.0 5 \ "o v:0 Yo

Index Terms—Gyrotron, reflection. !
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|I. INTRODUCTION

The subject of the influence of reflections on gyrotron operation hitere.f (=) is the normalized field profilet) is the nonrelativistic cy-
been studied both theoretically [1]-[5] and experimentally [6], [7], [g[¢lotron frequency, and the detuning paramétirdefined (withs = 1
[9]. If the thickness of the output window has been matched to the dig¥ the first harmonic) as

erating wavelength, a nonzero reflection of parasitic modes can influ- ‘ Fon
ence the operation of a gyrotron. This has been observed, for example, b=1- ow (5)
in [10]. In long pulse operation, the frequency varies with time. This '
has an effect on the efficiency and also influences the reflection coefilso,
cient. In this paper, we consider some effects of window reflection on . .
. . . 6‘"max Cmmep Ukmp 1
single-mode operation of a gyrotron. For this purpose, a set of self-con- Fryp = > (6)
2me? Ul w (s—1)!

sistent equations describing the beam—field interaction is solved, taking
into account the effect of the electron beam and the reflection coef-related to the similar quantity used by Russian researchers [25], [26]
cient on the frequency and RF field profile. by

The amplitude of the reflection coefficient due to a ceramic window
is easily computed [11]. The phase is affected by long-line effects [1], . <s/ﬁ_ )82

. . . e FG — Fmp
[6] and is generally very poorly known since it is difficult to measure. 2
Even when long-line effects are relatively unimportant, as is the cased
when a built-in quasi-optical convertor is used, the phase of the reflec-
tion coefficient may be important. The influence of the phase of the Tynts(kmpRe)
reflection coefficient on the calculated output power and RF field pro- CrnpGmp == ‘
file is considered in this paper.

In many of the more recent theoretical papers, the time evolution ofThe output power in th&E,.., mode is given by the Poynting vector.
the amplitude was studied, but the longitudinal structure of the RF fie@she can show that [16]
profile was fixed. However, this is not always a good approximation, .
even for a matched load. This note reports on results calculated for the P =V% Re < 1 i df:;p> )
case that the longitudinal structure is not fixed. out = Fmax e

After reviewing the basic equations, we present numerical results
corresponding to experiments performed at the Forschungszentevaluated at the resonator output. Also note that
Karlsruhe (FZK), Eggenstein-Leopoldshafen, Germany, on frequency & 3
step tuning of a gyrotron designed to operate at 140 GHz in the M ~ 2L,

TEs. 6 mode [7], [8], [9]. 242 2

()

8)

JHL(-Tmp) '/T(l‘?np—ﬂlz)

2ifow dz

In a self-consistent formulation, the field profile satisfies
II. BASIC EQUATION . - .
SIC EQUATIONS dZFmpf w? 2 o) g . ; —ickmpiLo s e
The equations describing gyrotron operation at arbitrary harmonics; 2 + @2 mp(2) ) Pop f= = Q% < >
have been well known for a long time [13]-[15]. A derivation for the (10)
conventions used here is given, for example, in [16]-[18]. Define

Here,
4 =~7/c 1) )
I~ _ 6)’ZOIZJ Ompkmmep ? 1
T 2me? (s —1)! U0
Manuscript received May 25, 2000; revised November 2, 2000. where I is the beam currentZ, = \/IT/GO and k., (z) =
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TABLE | TABLE 11l
BEAM PARAMETERS CALCULATED WITH BFCRAY EFFECT OFPHASE OF REFLECTION COEFFICIENT ONGYROTRON OUTPUT,
WITH POWER REFLECTION OF 1.5%, BEAM ENERGY 78.9 keV,
accelerating voltage (kV) 81.2 83.4 84.0 I =46.6 A, B = 6.03 T, BEAM RADIUS 7.9 mm,AND TWO VALUES OF
coil currents (A) 90.5/34.9 98.4/37.2 100.5/35.8 AVERAGE VELOCITY RATIO. RESULTS FOR THECASE OF A MATCHED
Bies (T) 5.50 6.02 6.09 LoAD ARE ALSO GIVEN
beam energy (keV) 76.5 78.4 78.9
beam current (A) 46.6 46.6 476 ¢(deg) [F(GHz) [Q [P (kW) [F(GHz) [Q [P (kW)
beam radius (mm) 8.2-84 8.1-8.3 7.9-8.1 TE2 7 a=1.36 a=1.11
< B> 0.378 0.371 0.402 30 | 150.913 | 1950 942 | 150.893 | 1820 942
<a> 1.20 1.11 1.36 90 | 150.924 2050 932 | 150.906 1840 969
150 | 150.937 1750 1045 | 150.915 1660 1933
210 | 150.943 1415 1080 | 150.901 1290 817
TABLE I 270 | 150.924 {1330 1025 | 150.873 | 1255 809
FREQUENCY AéFUNCTlON O;]g/lAGNETIC r';lELD AN’a BEAM RADIUS FOR 330 | 150.908 1520 1025 | 150.881 1550 915
OROTATING 25,6 AND 22,7 MODES |R|=0 | 150.924 1550 1020 | 150.898 1550 890
TE22 7+ a=1.36 a=1.11
TE,, B (T =7. =8. e =8. :
mode TBmp B (T) R.=7.9mm FR.=80mm R, =81mm 307 150.963 | 2780 514 | 150.920 | 2027 701
22,7 6.03 150.924 150.898 n.s.
90 | 150.971 | 2940 512 | 150.938 | 2172 782
6.05 150.946 150.915 150.875
6.07 150.961 150.930 150.895 150 | 150.983 | 2560 579 | 150.951 1904 852
’ : ’ ’ 210 | 150.997 | 1875 733 | 150.960 | 1572 887
6.09 150.976 150.946 150.909
270 | 151.004 1560 765 | 150.945 1389 896
25,6 6.03 151.181 151.189 151.196
330 | 150.981 1920 628 | 150.928 1585 885
6.05 151.195 151.205 151.211
6.07 151.210 151.920 151.215 |R|=0 [ 150.982 1970 667 | 150.943 1660 887
6.09  151.235 151.235 151.240 T Ezs.6- o =136 a=111
30 | 151.195 | 1970 860 | 151.171 1820 995
90 | 151.202 2120 860 | 151.182 1870 1015
The reflection coefficient is given by 150 | 151.216 | 1900 930 | 151.195 | 1690 | 1030
210 | 151.230 1570 990 | 151.195 1410 1000
Afonp/d + ik fon 270 | 151.224 | 1375 1005 | 151.170 | 1295 980
=7 o/ TR (11) 330 | 151.200 | 1715 | 868 | 151163 | 1510 | 1020
fmp/dz = ik finp [R=0 | 151.212 | 1690 925 | 151.181 | 1550 1015
wherek. = y/w?/c? —k2,,. Since the load is not always ideally

matched, the applicable boundary condition at the cavity outfiss | the power balance equation for two interacting modes, the quality
R, foragivenR,. As mentioned in the introduction, the phasefaf  ¢acior plays an important role [23]. We now demonstrate for the modes
is difficult to determine, even when the amplitude is known. A diagragy interest that the quality factor depends sensitively on the (unknown)
giving the real and imaginary parts ffalong contours of constant fre- haqe of the reflection coefficient and, hence, that mode competition
guency and/or output power is known as a Rieke diagram [12]. will also be influenced.
Table Ill shows the frequency, quality factor, and output power cal-
lIl. NUMERICAL RESULTS culated self-consistently for th€Es, 7 —, TEa2. 7+, and TEas, 6 —

22,

Input to any code dealing with the beam—field interaction in a gyodes. The beam energy was 78.9 keV, current was 46.6 A, magnetic
rotron cavity requires a knowledge of the beam properties (total currefgld was 6.03 T, and beam radius was 7.9 mm. Average values of
beam energy, velocity ratio) and the magnetic field in the resonatéft) = 1.11 and1.36 were considered. The amplitude|df| was fixed
Table | shows beam properties calculated with the BFCRAY Comput@rcorrespond to power reflection of 1.5%, and the phase was varied.
code [22] for typical values of the experimental parameters. For comparison, results calculated for a matched I0&¢l & 0) are

Frequency pulling can have an effect on the reflection coefficierd!SO given. It is obvious that the frequency shift, output power, and
especially if the load is not well matched. Table Il shows approxﬂua“ty factor of a single mode depends sensitively on the phase of the
mate values of the frequency calculated self-consistently (assumlf§lection coefficient. For some values, the quality factor of one of the
|R| = 0) for the corotatinglE,s. ¢ andTE,.. - modes as a function thret_a competing modes is so much enhar_u_:ed with respect to the other
of the applied magnetic field for three-beam radii, assuming a currdh@t it might be favored. However, the stability of a working mode does
of 46.6 A and beam energy of 78.9 keV. For fRE,s, s mode, the av- not seem to be dete_rmlned .only by the quality factor [_21], [23].
erage value ofa) was 1.11, and for th&E,. ; mode itwas increased ~ Fi9- 1 shows RF-field profiles for tHEE2, -+ mode witha = 1.11
to 1.37. The beam coupling factorfortlﬁ@gg,s mode was nearly con- and all other parameters, as in the table. The three curves show the
stant, and, as expected, the frequency pulling does not depend mucfHsiormalized) field profiles.... - f for the following three cases:
the beam radius, in contrast to the case offti&., - mode. 1) matched load;

In single-mode approximation, tiBEs5 ¢ andTE22, - modes can  2) 1.5% power reflection and = 90°;
both oscillate at the given beam parameters. In fact, both rotation di-3) 1.5% power reflection and = 270°.
rections are possible in the case of thE,, ; mode. The stability of It is obvious that the RF field profile depends sensitively on the phase
an oscillating mode against perturbation by a parasitic mode was @f-the reflection coefficient, even when this has a rather small absolute
vestigated using the cold-cavity fixed-field approximation for the fielgalue (here|R| = 0.1225).
profiles [19], [20]. For a beam radius of 8.1 mm, th&.. »— mode The results of calculations are qualitatively similar wh&his dou-
was unstable against competition by both THé»», -+ andTEz5,s—  bled (6% power reflection) and are summarized in Table IV and Fig. 2
moded, for magnetic fields between 6.03—6.09 T. At a beam radiusfof the case of th&'E.5 s— mode, with a beam radius of 8.1 mm,
7.9 mm or less, it was stable. However, either of the other modes couitd= 6.03 T, and velocity ratio of 1.11. The quality factor varies by a
oscillate if it started first. (These calculations were performed assumifagtor more than two, depending on the phase of the reflection coeffi-
no reflections.) cient.
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Fig. 1. RF field profilesVaax - f for the TE... -+ mode for: matched load 3
(solid curve), 1.5% power reflection angl = 90° (long dashes), and 1.5% Re (R)
power reflection an@d = 270° (short dashes).

Fig. 3. Rieke diagram for thé['E;5 s— mode with beam energy of
TABLE IV 78.9 keV,I = 46.6 A, B = 6.03 T, beam radius of 8.1 mm, and average
EFFECT OFPHASE OF REFLECTION COEFFICIENT ONGYROTRONOUTPUT For  VelOCity ratioa = 1.11. The equifrequency lines cover the frequency range
THE COROTATING TE, 5. ¢ MODE, WITH POWER REFLECTION OF6%, BEAM 151.10-151.20 GHz in steps of 10 MHz.
ENERGY OF78.9 keV,I = 46.6 A, B = 6.03 T, BEAM RADIUS OF 8.1 mm
AND AVERAGE VELOCITY RATIO OF o = 1.11. RESULTS FOR THECASE

OF A MATCHED LOAD ARE ALSO GIVEN IV. CONCLUSIONS
¢ (deg) | F (GHz) | Q P (kW) The effect of reflection on the behavior of a 1-MW 140-GHz gy-
0| 151.167 | 2029 881 rotron has been investigated for some experimentally relevant param-
90 | 151.189 | 2602 820 eters. The effect of the electron beam and reflection coefficient on the
;,?8 ig}g;i ggg lggg frequency and RF field profile has been taken into account. The use of
[RI=0 | 151.196 | 1582 977 Rieke diagrams has been useful for this purpose. A quantitative fit to

the data has not been performed. One may make the following qualita-

tive conclusions.
TE25,6- B=6.03 T, R=8.1 mm; a=1.11 . . .
250 , . . T T : . , » Power reflection back into the gyrotron cavity frequently has a

significant effect on the RF field profile. Calculations using a
fixed Gaussian field profile may not be as accurate as one might
wish.
The (poorly known) phase of the reflection coefficient is impor-
tant, even in single-mode approximation. The field profile, output
power, and quality factor depend sensitively on it, even for small
values of|R|.
Frequency pulling depends on the magnetic field, beam radius,
velocity ratio, and reflection coefficient. Its magnitude varies
from about 50 to 100 MHz, which is significantly less than the
separation of thél'Es5 s and TE»» - modes in cold-cavity
approximation (260 MHz).
Long line effects basically change the phase and spread out the
2 (mm) Rieke diagram.

. * Mode competition calculations including the dependence on the

Fig. 2. RF field profilesV .. - f for the TE,; — mode for: matched load phase of the reflection coefficient (which will be different for

(solid curve), 6% power reflection and = 0° (long dashes), 6% power . : S A
reflection andy = 180° (short dashes), 6% power reflection apnd= 90° each mode), will be computationally very expensive; however,

(dots), and 6% power reflection arid= 270° (dashed—dotted). by not including it, it is unlikely to be sufficiently accurate.
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Fig. 3 shows a Rieke diagram for th&.5 s— mode corresponding

to the parameters used in Table IV and Fig. 2. As also observed by
other authors [6], there is a region where equifrequency lines converg@he author would like to thank P.-K. Liu, Institute fur Hochleis-
and where two or more frequencies can be present simultaneously tforgsimpuls-und Mikrowellentechnik, Forschungszentrum Karlsruhe,
the same load characteristics. This “unstable region” occur$Rbr Eggenstein-Leopoldshafen, Germany, J. Anderer, Institute fir
slightly less than 0.4 and phasex 240°. In most cases investigated Hochleistungsimpuls-und ~ Mikrowellentechnik, =~ Forschungszen-
numerically, this occurred for a phase of the reflection coefficient trum Karlsruhe, Eggenstein-Leopoldshafen, Germany, and M.
slightly less than 270 This may explain why the field profile is so Thumm, Institute fiir Hochleistungsimpuls-und Mikrowellentechnik,
strongly distorted in this region. For other cases, the Rieke diagraarschungszentrum Karlsruhe, Eggenstein-Leopoldshafen, Ger-
provides other information [1]. many, for a critical reading of this paper’s manuscript and useful
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