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Abstract

The operating characteristics of a low Q (Qcav=225), 8 GHz gyrotron
oscillator operating in TE®p;; mode and submitted to various mismatched
loads are reported. Under matched conditions, output power up to 310 kW
(m=35%) and maximum efficiency up to 43% have been measured. In
general, power reflection from loads with different phase and amplitude
leads to an output power decrease. Too high reflections cause mode
switching (TE®g11 to TECg12) or even arcing inside the tube. The effect of
power reflection is seen to increase rapidly with current and output
power. Nevertheless, we have observed that, as predicted by the
calculations, the maximum output power is not reached under matched
conditions but with a specific value of the complex reflection coefficient.



I. INTRODUCTION

High power CW gyrotrons are presently under development in the
frequency range from 8 to 280 GHz [1,2]. Heating and current drive of
thermonuclear plasmas require tube each with power in the megawatt
range. In order to reach this power requirement, while keeping the ohmic
losses in the cavity at a manageable level (€3 kW/cm2), emphasis is put on
the design and test of overmoded cavities operating close to the minimum
quality factor value Q [3]. As a consequence of such an approach, effects of
load mismatch could become important as power variations and frequency
pulling occur as in any oscillator. Moreover, because the gyrotron open
cavity, the transmission line and the load are overmoded and form a
whole, reflection can induce oscillations in other longitudinal modes
(TEmpgq, 9=2,3,...) or even in other transverse modes (TEm'p'q'). This
phenomena is related to the fact that when the Q of the desired oscillating
mode approaches its minimum value, neighbouring resonant modes have a
comparable Q value and consequently can be easily excited in the presence
of reflections. These spurious modes must satisfy the usual requirements
for onset of the oscillation : the oscillating frequency is given by
0=Qc./ytk;v;, and the operating beam current must exceed the starting
current for the corresponding mode. In our TE®p11,8 GHz gyrotron
oscillator experiment, we have observed the TE®gi7 longitudinal mode at
8.1 GHz. Depending on the load characteristics, oscillations at 7.1 and 9.3
GHz were also observed. These two frequencies satisfy the above
conditions for the TE®37; travelling mode. Similar observations were made
on the Thomson CSF TE®s51; 8 GHz gyrotron [4].

In this paper we shall concentrate on the pulling and long
transmission line effects on the TE®p1; mode of our 8 GHz gyrotron [5].
Numerical Rieke diagrams for this gyrotron are presented in Chapter II.
Chapter III is devoted to experimental techniques and results. Our
measurements confirm the fact that reflections usually lead to a decrease
in output power, but for some specific values of the phase and amplitude
of the load impedance the output power can exceed the value obtained
under matched conditions. We shall discuss the experimental results in
Chapter IV.



II. RIEKE DIAGRAM
A. Rieke Diagram for the Van der Pol QOscillator

Van der Pol [6] described the simplest oscillator allowing for
nonlinearity. The oscillator admittance can be written as a function of
angular oscillation frequency ® and circuit voltage amplitude squared IVI2
as :

Y(io,lV12) = - Go + GyIVI? + iBg Ao )

where Aw=w-wy, and oy is the angular oscillation frequency when the
circuit is connected to a matched load. By applying Kirchhoff's second law
to the oscillator connected to a load of admittance YL=Gp+iB we have

Y(io, V%) + YL =0 (2)

The effect of a mismatched load on the oscillator is to change both its
frequency (frequency pulling Aw) and output power (proportional to |V|2)

Pout = Gr, IVI? (3)
with respect to the matched condition values.

The Rieke diagram, a plot of equi-frequency and equi-power lines in
the complex plane of reflection coefficient (p), is a convenient way of
representing such effects. Figure 1 shows the Rieke diagram corresponding
to the ideal Van der Pol oscillator described by (1) [7].

The main features of this diagram are :

1°) equi-power and equi-frequency lines are circles corresponding to
contours of constant resistance and reactance of the Smith chart and thus
the diagram is symmetric with respect to the zero admittance line,

2°) the circle of maximum output power passes through the point of
zero reflection (Ipl=0).

3°) there is a region where frequency lines converge ("sink") but
where no oscillation is possible. Because of overloading the r-f voltage falls
to zero.



B. Rieke Diagram for the Gyrotron QOscillator

The single mode behaviour of the gyrotron oscillator can be described
by the following set of fully relativistic self-consistent equations for vy, the
electron relativistic factor, ‘I’=(0)t—d>—(m-1)9g)t, the slow time scale phase
(where ®=(Q¢/y)(t-tg) is the particle gyro-phase and Bg the initial phase),
Pz, the longitudinal momentum normalised to mgc, and F=(e/2moc2)(E/k),
the normalised electric field amplitude :

9—‘,1\ = -liJm-l(kle)p—lRe{Fe-i‘P} (4)
dz k Pz
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where Z=(w/c)z=kz is the normalised length, Q¢=(eB/mg) is the cyclotron
frequency, &=(2/0po,0)!/? is the skin depth (with o the copper
conductivity), Cmp=2n(v2mp-m2)J2y(vmp) is a normalisation constant for
TEOmp mode at the first harmonic, with J,;,(vmp)=0, Rg is the beam guiding
center radius, R(%) is the cavity radius, Z, is the vacuum impedance and Iy
is the beam current. In eq. (7) the phase average of a quantity f is taken
as :

) 2n
<f>=— | f d¥
7 d Fd¥%o (8)

dE For given initial conditions (yq, Pzo, ¥o) for the particles and (E,,
dz Z=0=—iszo, o) for the wave, equations (4) to (7) can be integrated from
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the input (z=0) to the output (z=Z) of the cavity. In our model the cavity is
followed by an uptaper section of one vacuum wavelength (Ayacyum) and a
straight section of the same length. This does not correspond to the
experimental conditions where the output waveguide diameter and length
are much larger (cf. Chapter IV). The output power :

n 2mc2Y (@ 1dF
Pout=‘2"Z'_o(V2mp'm2) sz(\’mp)( - JZ(Q—C Im{i;: d_é‘} - (9)
and the complex wave impedance (-Eg/H; for a circular TE mode) :
. 1 d Fy!
Zwave=1Zok(‘F‘ Eg‘) (10)

are numerically obtained, and Pyy; and @ are interpreted as the response
of the oscillator when submitted to a load of complex reflection coefficient
given by

p= gzygavg'zwaveguide)

(ZwavetZwaveguide)

(11)

z=7Z.

where Zyaveguide i8 the impedance of the corresponding output waveguide
mode (Zwaveguide=(k/k|)Zy). The full diagram is obtained by properly
scanning the (w, Ey) domain. Figures 2(a) & (b) show typical diagrams for
the Qcav=225, TEO(pi1 gyrotron [cf.§III.A] at beam currents of 4 and 8 A.
The general shape is similar to Fig. 1 but :

1°) the diagram is asymmetric,

2°) the locus of the maximum output power is a single point and is not
at Ipl=0 i.e. the maximum output power is achieved only under unmatched
conditions,

3°) there is a region where equi-frequency lines converge and where
two or more frequencies can be present together, for the same load
characteristics, with corresponding powers which can be very different.
This region of the diagram will be called the "unstable" region.



III. EXPERIMENT

A. Gyrotron characteristics

The design characteristics are given in TABLE 1. Figure 3 shows a
good agreement between the experimental results and the numerical
values obtained from the non self-consistent computation (using the cold
cavity rf profile instead of the self-consistent solution from eq. (7)) for the
operating conditions on a matched load. The values of a=p,/p; derived
from the optimum experimental magnetic field profiles have been used for
the calculations. The maximum output power (Pmatcheq) and efficiency
under matched conditions are 310 kW (n=35%, Ip=11 A, ©=5 ms) and 43%
(Ip=5 A, Pmatched=172 kW). The k-spectrum (Fig. 4) shows a very high
mode purity (>99% of TECg;; at 8.018 GHz, Ip=6 A). Note that the k-
spectrometer coupling factors for all the modes having a ratio k,/k|| greater
than that of the TECp;; are at least 4 dB larger than that of the TE®g11. The
measured frequency pulling is of the order of 20 MHz for currents
between 1 and 11 A and B-fields between 3.1 and 3.25 kGauss.

B. Experimental Technigue

The unmatched load consists of a phenolic resin window inserted in
the C18 output waveguide and of alcohol which absorbs the transmitted
microwave power. Figure 5 shows that this kind of load reflects most of
the power in the incident TE®g; mode. The amplitude of the reflection
coefficient is changed by varying the window thickness and the phase of
the reflected wave by varying the output line length (i.e. the distance
between the gyrotron cavity and the load) by a length L (A¢=2kL). The
output power, the amplitude of the reflection coefficients and the spatial
mode content of the reflected signal are measured with a k-spectrometer
[8]. In principle, combining the forward and backward signals from the k-
spectrometer in an interferometric arrangement would yield the phase of
the reflected signal with respect to the incident one. We found that severe
cross-talk between the two arms of the k-spectrometer render such a
measurement impossible. The pulse frequency stability and content are
checked via a frequency discriminator and the precise frequency value is
measured with a spectrum analyser. At each beam current, the magnetic
field is set to optimise the output power delivered to a matched "cone
calorimeter” (VSWR=1.4:1, lppowerl=3%).



Under these matched conditions, the output power (Pmatched) was 130
kW at 8.015 GHz and Ip=4 A. Figures 6(a) through (d) show the output
power and frequency pulling versus A¢ at Ip=4 A for power reflection
coefficients (Ippowerl) from 9.5% up to 40% (VSWR=1.89:1 to 4.51:1). TABLE
2 gives a comparison between the experiment and the numerical
predictions for the output power variations, and frequency pulling over a
2n phase rotation for four VSWR values. With the VSWR=4.51:1, two
pulses out of three were cut by the H.V. modulator due to internal tube
arcing. However, after such an arc, the gyrotron did not need to be
reconditioned and could immediately withstand the full beam voltage and
current when again used with a matched load.

The same experiment was repeated at Ip=6 A (Pmatched=180 kW at
8.018 GHz). A VSWR=1.89:1 already led to arcing and to mode switching to
the TECp12 at 8.108 GHz. At higher currents, operation was possible only
with the calorimeter, i.e. under a VSWR of 1.4:1.



IV. DISCUSSION

When increasing the reflection coefficient at a beam current of 4 A,
the average output power decreases for all the 8 values of kL.
Nevertheless, Figures 6(a) & (b) show that power reflection can lead to an
output power up to 15% greater than under matched conditions, as
predicted by the numerical Rieke diagram. Figures 6 are periodic with a
period of 2k L=2xn. Except for jumps from the minimum to the maximum of
the frequency pulling, only a monotonic frequency decrease was observed
when moving the load away from the gyrotron cavity. Maximum output
power always occurs for values of 2k, L close to the one corresponding to
the frequency jump. This jump together with the corresponding power
variation were observed when going from one such value of line length to
the other or even sometimes during a single pulse. Rieke diagrams (Fig.
2(a)a& (b) indicate that this behaviour should occur when approaching the
"unstable" region. This region is characterized by a high sensitivity of the
output power and oscillation frequency to the load characteristics.

The maximum measured frequency pulling is 7 MHz (c¢f. TABLE 2)
although the calculated value is larger (+21 MHz). An explanation of this
discrepancy can be provided by considering the actual transmission line
which follows the gyrotron cavity and which is formed by the collector,
the k-spectrometer and the load. These components have their own
reflection coefficient and thus form an external cavity with its own mode
structure and quality factor Qex¢. Calculations (Rieke diagrams Fig. 2.(a) &
(b) only take into account a line length L=2Ayacuum. Using the actual value
of the total 4 meters (L=100Ayacuum) C18 line one finds that the resonant
frequencies of the longitudinal line modes are separated by Af

Af = - = 37.5 MH 12
5L 3 z (12)

and an estimation of the quality factor is given by [9,10]

okL
= 13
Qext 1n|Pamp1.| k||c ( )




which leads to Q values between 600 and 1500 for amplitude reflection
coefficient Ipampl.| from 0.33 to 0.63 (VSWR 1.89:1 to 4.51:1) and
correspond to FWHM of 13 to 5§ MHz.

As observed in other experiments [11,12] this external cavity imposes
its own passband stopband structure on the gyrotron. The calculations
presented in paragraph II.B apply to the case where the external Q is
much smaller than the cavity Q (Qext~L=2Avacuum<<Qcav). Under such short
line condition, the frequency pulling (21 MHz for VSWRax=4.51:1) is an
intrinsic property of the gyrotron cavity rather than a property of the
system formed by the cavity plus the transmission line. Since in the
experiment Qext>>Qcav the measured frequency pulling is determined by
the line which follows the cavity. Mode hopping by Af=37.5 MHz did not
occur since Af is comparable to the maximum frequency pulling under
short line conditions. The oscillation is locked into one external mode and
we do not observe the band structure [11,12]. This explains the
discrepancy between the calculated and measured frequency pulling
values in TABLE 2, and also the fact that the "unstable" region is not seen,
as it should occur at frequencies which are out of the fmaichedx7 MHz
passband. When the phase of the reflection reaches the passband limit, the
oscillation characteristics jump from one band limit to the other.

In our low order TE®p;; mode cavity, competition can occur with
parasitic longitudinal modes (TE®1q, q=2,3,...). When going to low Q, their
quality factors become closer and closer (Qcayv=Q(TE©%g11)=225 at 8.005 GHz,
Q(TE©®(12)=180 at 8.095 GHz for this cavity). At Ip=6 A, a 9.5% power
reflection (VSWR=1.89:1) was sufficient to favour the TE®pj2 mode. It is
possible, in principle, to operate on the right mode by tuning the magnetic
field (Qc/m=y), even in the presence of reflections.

We were not able to locate where arcing occurs as a result of too high
a reflection. Calculations show that very high electric field values are
reached inside the cavity (a maximum of 4 MV/m with VSWR=4.51:1), but
these values are still well below the conservative Kilpatrick limit [13]
(75 MV/m at 8 GHz). If the load converts some fraction of the incident
power from TE9p; to TE®j1, this mode could then reach the drift region
between the gun and the cavity which is not at cut-off for the TE®11 mode.
Beam disturbance in this region where the beam is close to the wall could
cause beam interception and pulse switching-off by the H.V. modulator.



V. CONCLUSION

We have demonstrated stable operation under matched condition of a
8 GHz low Q (225) gyrotron up to a power of 310 kW with an efficiency of
35% and a 5 ms pulse length. We have investigated the effect of power
reflections on the tube behaviour. At low power (Ip=4 A, Pmatched=130
kW) the oscillator could stand reflections up to Ippower/=40% , resulting
mainly in power reduction, and finally in internal arcing. Nevertheless, we
found some reflection coefficient values (phase and amplitude) leading to
powers up to 150 kW. The sensitivity to reflections dramatically increases
with output power and beam current, and at full power (310 kW)
operation is only possible on a load with a VSWR <1.4:1. The measured
frequency pulling is smaller than the computed one. We attribute this to
the influence of the long transmission line which imposes its own mode
spectrum to gyrotron.
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Cold cavity characteristics
Mode
Diffractive Q (Qcav)
Resonant frequency (GHz)
Mode
Diffractive Q
Resonant frequency (GHz)

Beam parameters
Cathode voltage (kV)
Beam current (A)
a=p1/pz
Magnetic field (kGauss)
Average beam radius (cm)
Beam thickness (cm)

Cathode
Current density (A/cm?2)

TE11
225
8.005
TE®12
180
8.095

80
10
1.89
3.20
1.15
0.4

1.5

TABLE 1 : Gyrotron design parameters.
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Power variations| Freq. pulling Minimum

VSWR (kW) (MHz) Power
(kW)
calc. exp. calc. exp. exp.

1.89:1 10 29 14 +6 106
2.65:1 30 24 +16 +7 104
3.21:1 50 63 +18 +7 86
4.51:1 70 37 +21 +7 89

TABLE 2: Comparison between the calculations and the

experiment for the output power variation
(maximum  amplitude) and
frequency pulling over a 2kjL=27n phase
rotation for the four VSWR values. The last
column gives the minimum power measured
over a 2x phase variation.

maximum
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Figure captions

Fig. 1:

Rieke diagram for an ideal van der Pol oscillator described
by the output admittance given by (1). Equi-power and equi-
frequency lines are circles corresponding to contours of
constant resistance and reactance of the Smith chart and the
diagram is symmetric. There is a region where all frequency
lines converge ("sink" region) where no oscillation is possible
due to voltage overload. The circle of maximum output
power passes through the point of zero reflection (Ipl=0). The
output power (P) is normalised to its maximum value and
the frequency pulling (Ao=w-w,) is defined with respect to
the oscillation frequency under matched condition (wg).

Rieke diagrams for a gyrotron having a cavity cold Q of 225

(TE®011). The cathode voltage is 80 kV.

a. For this figure the parameters are: Ip=4 A, B-field=3.20
kGauss, a=pi1/pz=1.75 (experimental value). The
characteristics under matched conditions are:
f=8.003 GHz (the frequency curves are labelled with
respect to this value) and Ppatched=160 kW. The
unstable region is very close to the Ipl=0 point because
the chosen B-field value is very close to the starting
current.

b. For this figure the parameters are: Ip=8 A, B-field=3.21
kGauss, a=1.40 (experimental value). The characteristics
under matched conditions are: f=8.018 GHz (the
frequency curves are labelled with respect to this value)
and Ppatched=235 kW.

Comparison between the measured optimised output power
(*) and the non self-consistent calculation (A). The value of o
(a) found through the experimental B-field profile is shown
and is used for the calculations.

K-spectrum at Ip=6 A, B-field=3.143 kGauss and f=8.018 GHz
with the cone calorimeter as load (i.e. matched condition
VSWR=1.4:1). This spectrum shows a very high TE®y11 mode
purity. The TEO®(; signal appears at an angle of 23° with the
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E.L¥ polarisation (the E uf) showed no signal and is not
plotted). Note that the computed coupling coefficients for the
TE®p1 mode is at least 4 dB lower than for other TE®yp modes
having a greater ratio k,/k.

K-spectrum at Ip=4 A, B-field=3.12 kGauss and f=8.011 GHz
for the VSWR=3.21:1 load. This spectrum shows that most of
the power is reflected in the incident TE®p; mode (the line
corresponds to the E.X polarisation, the E I ¥ showed no
signal and is not plotted)

Output power and frequency pulling vs. 2k;L at Ip=4 A,
B-field=3.12 kGauss for four values of power reflection:

a. lIppowerl= 9.5% (VSWR=1.89:1)

b.  lppowerl=20.5% (VSWR=2.65:1)

c. lppowerl=28.0% (VSWR=3.21:1)

d. lppowerl=40.0% (VSWR=4.51:1)

The optimum output power under matched condition was
130 kW (indicated by the straight line) at 8.015 GHz. Figures
(a) & (c) show that power reflection from the load can lead to
output power greater than under matched conditions.
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