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ABSTRACT

We have performed a multimode simulation of the frequency spec-
trun of a quasi-optical 120 GHz gyrotron with a small mirror separa-
tion (d = 5 cm) which, therefore, presents a large separation between
the frequencies of the modes (Aw/w = 2.5%). It appears that under this
condition multimode equilibrium is quite frequent. However, even if
single mode equilibrium is not achieved, the electronic efficiency n
remains high: under all magnetic field profiles its maximum reaches
about 30%, and is equal to or exceeds the maximum single mode

efficiency.



1. INTRODUCTION

The quasi-optical gyrotron is now being developed as an alternate
concept for high power, millimeter wave source. In such devices, the
electron beam interacts with the electromagnetic modes TEMpng of a
quasi-optical resonator. While it is quite easy to select the trans-
verse mode (usually the TEMgoq) by a suitable design of the resona-
tor, the number of longitudinal modes which could be excited remains
quite large due to the small separation between them. The question of
the multimode evolution of a quasi-optical gyrotron has been first
addressed by Bondeson et al. [1983], who showed that single mode equi-
libria could be obtained by a suitable choice of operating para-
meters. More recently [Quasi-Optical Gyrotron Development Group
EPFL/BBC, 1985a and Perrenoud et al., 1986], we have developed a new
resonator configuration which is frequency selective, and ensures a
single mode operation even under conditions where it was reported not

be attainable [Bondeson et al. 1983].

The previously published studies [Bondeson et al. 1983, Quasi-
Optical Gyrotron Development Group EPFL/BBC, 1985a and Perrenoud et
al. 1986] are pertinent to a quasi-optical gyrotron with a large
mirror separation: the separation Aw between two neighbouring modes is
much less then the operating frequency w (typically Aw/w = 310~3) and
the number of modes which can be excited is large (typically around
15-20). On the other hand, proof of principle experiments (Hargreaves
et al. 1984, Quasi-Optical Gyrotron Development Group 1985b) of the
quasi-optical gyrotron are usually performed with small resonators to

avoid the mode competition problem. For a gyrotron operating at



120 GHz and having a mirror separation d of 5 cm, two neighbouring
modes are separated by 3 GHz and only 3 of them can be excited. There—
fore, the mode competition has been considered not to be important and
has not been studied previously. We wish to report here on numerical
simulations on the multimode evolution for the small resonator of our
quasi-optical gyrotron [Quasi-Optical Gyrotron Development Group
1985b]. It is found that depending on the magnetic field value and
profile, either single mode or two mode equilibria could be obtained.
In all cases, an efficiency equal or even higher than the optimum

single mode one is obtained.

The paper is organized as follows: In Section 2, a brief descrip-
tion of the relevant parameters of our 120 GHz gyrotron will be pre-
sented. The results of the numerical simulation will be presented in

Section 3 and will be discussed in the last one.

2. THE QUASI-OPTICAL GYROTRON PARAMETERS

The quasi-optical gyrotron which is under development at the
Centre de Recherches en Physique des Plasmas [Quasi-Optical Gyrotron
Development Group 1985b] is designed to operate at 120 GHz at a power
level of 200 kW and with a pulse length up to 100 ms. In the first
experiments, the pulse length will be limited to less than 1 ms. Such
an operation is compatible with the use of a small resonator formed by
two confocal mirrors separated by a distance d of 5 cm. The power
transmission T is equal to 2%, which corresponds to a quality factor

of 12570. The spot size ry = (Ad/2%)1/? is 0.45 cm.



The electron beam is generated by a magnetron injection gun. Its
parameters in the focal spot of the resonator are given in Table I.
Its annular geometry renders the problem of its position with respect
to the centre of the resonator important as far as the optimization of
the efficiency is concerned. In the linear regime the annular beam
efficiency (ng) is related [Bondeson et al. 1983] to the pencil beam

efficiency ('ﬂp) by :
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where J, is the Bessel function of order 0, k = 2 /A is the wave-
number and rp the mean beam radius: the sign - corresponds to a beam
centred at a field node and + at a maximum (Fig. 1). Due to techno-
logical constraints on the electron gun cathode, we have chosen the
second minimum of J, (krp = 5.087). The ratio na/mp 1is 0.625

when the beam is centred at a node and 0.375 in the other situation.

The frequencies of TEM;;q modes in an open confocal resonator

are given by :
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We choose d such that the resonant frequency of the TEMy,,, iS
120 GHz. At the centre of the resonator the rf electric field has a
node for even q modes, and a maximum for odd q mode. Thus the TEMgg3g,
TEMgoyo and TEMggyp will have a better coupling and a larger
efficiency than the ones with odd values of g (q = 39, 41). The start-

ing current for the various modes is presented in Fig. 2. In this cal-



culation the fact that the resonator transmission depends slightly on

the mode number is taken into account.

3. NUMERICAL SIMULATION

A numerical study of the frequency spectrum of the output of the
gyrotron has been performed using the multimode code developed by
Bondeson et al. [1983]. The code has now been optimized for efficient
execution in the Cray 1-S computer recently installed at the Ecole
Polytechnique Fédérale de Lausanne. It allows to follow the time
evolution of the non-linearly coupled TEM, 0og modes of a
quasi-optical gyrotron, for a given magnetic field value and profile,
output transmission factor T and beam current I. In this simulation,
five TEMOQq modes were considered (q = 37, 38, 39, 40, 41). The
frequency separation Aw/w between two neighbour modes was set to
2.5%. The centre of the electron beam was placed at the centre of the
cavity so that modes TEMjg3s TEMpg,o with even g have a better
coupling with the beam as in the planned experiment. In all calcula-
tions T was fixed to 2% while two values of I were considered 4.5 A

and 9 A,

Three cases of magnetic field profiles were considered: a flat
one, a linearly down-tapered one (AB/B = -6% across 4 ro) and a
linearly up-tapered one (AB/B = +6% over 4 o). All through the

paper, the magnetic field gradient AB/B will be defined as:

AB :B(i.-dro) -3(?:-2"0)
B B(z:0)
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and thus gives the variation of the B-field across 4 ro.

Note that in our experiment, the field gradient is limited to
AB/B = 1% per centimetre for an operation of the gyrotron at 120 GHz
[ Spoorenberg et al., 1985] and only the flat field profile could be
realized experimentally at 120 GHz. In the three cases, the magnetic
field By at the centre of the resonator has been varied and its
influence over the output frequency spectrum studied. It usually takes
between 100 to 300 time steps, i.e. between 600 ns and 1900 ns, to
reach an equilibrium. The normalized time % is related to the physical

time t by (cf. the footnote)
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At time t = 0, the electron beam with the ratio %/p" = 1.5 is

switched on.

The definition of the normalized time t in page 330 of the paper of

Bondeson et al. [1983] should be corrected as follows:

where d is the mirror spacing and I the beam current. Therefore for a

5 cm cavity and a 10 A-beam, one time step t corresponds to 5.6 ns.
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The initial normalised amplitude E of the five modes were equal
to 5 « 10~* and their relative phases were random. The normalisation

of the electric field is given by

>
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where E is the peak value of the electric field at the centre of the
n
interaction region. For our parameters E = 0.1 corresponds to an

electric field of 6.43 MV/m.

The sensitivity of the simulations to the initital condition has

A A
been checked by changing the initial value of E (E = 10'“) or the
initial phases. No significant changes in the frequency spectrum or

the electric efficiency were obtained.

3.1 Flat Magnetic Profile

The simulation was run for a beam current of 9 A and the ratio
Q/w of the non-relativistic cyclotron frequency at the centre of the
interaction region to the resonant frequency of the TEMg gy Was varied
between 1.045 and 1.090. Figure 3 shows that, except for Q/w equal to
1.045 and 1.090, the final equilibrium after 300 time steps (or in
real time 1900 ns after switching on the electron beam) consists of
two modes, the TEMjg35 and TEMyg39 for Q/w less than 1.070 and the
TEMgg39 and TEMpgyo for Q/w larger than 1.070. The details of the
frequency spectrum are shown in Fig. 4 together with the efficiency,

at different magnetic fields. When the gyrotron oscillation stabilizes



to one mode (Q/w = 1.090 for the TEMyg,, mode), the efficiency n is
25% and the amplitude of the electric field E is 0.45. These two
values correspond to the one corresponding to the optimum operating

point obtained from single mode calculation.

However, the maximum efficiency is not reached under these cir-

cumstances but rather when a two-mode equilibrium is set up

(2/w 1.070 and 1.075): the maximum value of n is as high as 30%. For
Q/w = 1.075, the amplitude of the TEMgg39 and TEMyg,, are 0.24 and
0.43. It is worth noting that the efficiency in this case is larger
than under the optimum condition for a single mode equilibrium
(/w = 1.090), although in both cases the amplitude of the TEMggyuo 1S

comparable. This indicates that the presence of TEMj ;39 enhances the

efficiency.

A typical time evolution of the wvarious modes is shown on
Figs. 5 and 6. In Figure 5, the ratio Q/w is equal to 1.095 so that a
single mode equilibrium is obtained. At small time (?. < 5), both the
TEMgg39 and TEMgg,o grow to roughly the same amplitude. The increase
of the amplitude of the TEMyg,q is then much faster: at 't\: = 20 it has
practically reached its equilibrium wvalue of fE:\ = 0.45, while the
amplitude E of the TEMgg39 1s barely 0.074. The evolution towards a
single mode equilibirum is then much slower: at £ - 300, the electric
field £ of the TEMgg39 and TEMygyug is respectively 0.006 and 0.45.
Changing now the ratio Q/w from 1.095 to 1.075 alters drastically the
behaviour of the two modes (Fig. 6). Since the cyclotron frequency @
is lower, the TEMjg39 interacts better with the beam than the

TEMggyo. However, one must not forget that this beneficial effect is



compensated by the averaging of the interaction along the annular
electron (cf. § 2) which favours even modes. The combination of these
two effects leads to a complex mode competition between the TEM)js3q
and TEMgoyg. In the first phase (t < 30), TEMgg39 grows faster than
the TEMgoyo and then decreases while the second mode keeps
increasing. The process is relatively fast (t < 100) compared to the

time required to reach a true single mode equilibrium (t = 300) .

3.2 Down-tapered Magnetic Field Profile (AB/B = -6%)

A down-tapered magnetic field profile is usually imposed in order
to keep the particles in resonance with the wave as they loose energy.
As for the case of a flat profile and with a beam current of 9 A, two
mode equilibria are obtained in the majority of the runs (Fig. 7). A
maximum efficiency n of 28% is reached for a magnetic field at the
centre of the resonator corresponding to Q/w = 1.065 (Fig. 8).
Optimization performed with a single mode model vields an efficiency |
of 26% and Q/w of 1.071: both values are close to the one obtained

from the multimode calculations.

Reducing the electron beam current to 4.5 A decreases the range
where two modes equilibria are obtained (Fig. 9). The maximum effi-
ciency is now reached when only the TEMyoyo mode exists: n is 26% for
Q/w = 1.085 and at a field amplitude of E = 0.33. The value of n is
not strongly degraded when both the TEMpouo and TEMyg39 are present:
for example at Q/w is 1.075, n is 25% when the respective amplitude of

the TEMpou0 and TEMgo39 are 0.3 and 0.1.



- 10 -

3.3 Up-tapered Magnetic Field Profile (AB/B = +6%)

The advantage of an up-tapered magnetic field profile is that it
allows prebunching the electrons in the first region of the inter-
action region. According to the single mode optimisation, the single
mode efficiency can be as high as 31% compared to 23% in the case of

no-tapering and 26% for (AB/B = -6%).

The result of our calculations are summarized in Figs. 10 and
11. The electron beam current is set to 9 A. The same qualitative
behaviour as for the two other field profiles is observed: two modes
coexist for nearly all the magnetic fields (Fig. 10). The maximum
efficiency (n = 31%) occurs in presence of the two modes TEMyg39 and
TEMygyo for Q/w = 1.075 (Fig. 11). Decreasing the beam current to
4.5 A decreases the occurence of multimode equilibria, as have been

observed for a down-taper magnetic field profile.

4.  DISCUSSION

The multimode simulation of a quasi-optical gyrotron having a
small resonator (Aw/w = 2.5%) shows that equilibria with two longi-
tudinal modes occur for a wide variety of conditions. However, no de-
gradation of the efficiency was found. In one case, the flat magnetic
field profile, even the efficiency is higher than the one computed for
single mode. Such a beneficial effect of having a two-mode equilibrium

has already been noticed and discussed by Bondeson et al. [1983]:
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in this paper two large amplitude modes separated by Aw/w of about

2.5% yield an efficiency of 26% while the single-mode calculation only

gives one of 14%.

A second point of interest is the relation between such numerical
simulations and an experiment. No attempt has been made to incorporate
in the code a realistic time evolution of the electron beam
parameters. In an actual magnetron injection gun, neither the beam
current nor the ratio p /p; are switched on instantaneously as it is
assumed in the numerical simulations. Therefore, we do not claim here
to predict the result of an actual experiment. We have rather studied
the sensitivity of the final state of a complicated non-linear system
to external conditions such as the magnetic field and the beam
current. The time scale which can be inferred from the simulation
should be considered only as indicative since the dynamics of the
switching on of the electron beam may modify the excitation and

evolution of the modes.

Albeit those remarks, it is interesting to compare qualitatively
the predictions of the numerical simulations with the available ex-
perimental data obtained by Hargreaves et al. [1984] at the Naval
Research Laboratory (NRL). No evidence of the simultaneous existence
of two modes was ever found. A few numerical simulations were perform-
ed with the parameters of the experiment: Aw/w = 3.3%, rg = 1.2 cm,
resonator quality factor Q = 12500, beam current I = 10 A, AB/B = +5%
[Read, Private Communication]. The results are in agreement with the

experimental findings: no multimode equilibria was found. It is
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important to point out that the parameters of the NRL experiments
differ strongly from ours. The frequency separation Aw/w is larger
(3.3% compared to 2.5%) and the interaction length 2 ro is also
longer (2.4 om compared to 0.9 can). Single-mode calculations have
shown that due to the larger interaction length the efficiency n is
more sensitive to the frequency detuning as measured by the dimension-
less parameters o = w)/vz. Since the NRL experiment has both
Yo and Aw larger than ours, it will be more difficult to excite two
modes simultaneously. This qualitative argument explains the different
behaviour between the NRL experimental result (and the corresponding

simulations) and the numerical results performed for our experiment.
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Electron beam parameters

Voltage V 70 kv

Max. current I 10 A

gl/ P“ 1.5

Mean radius rb 2.02 mm

krb = 2ﬁrb/x 5.087
Table I

Electron beam parameters of the CRPP gyrotron
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Figures Captions

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Schematic of the position of the annular electron beam
cross-section with respect to the electric field standing
wave pattern in the resonator. Case (a) corresponds to a
beam centred at a node of the electric field and case (b) at

a maximum.

Variation of the starting current of the various TEMgoq
modes as a function of the magnetic field. The output

transmission of the TEMyg,, is 2%.

Index g of the TEMyoq modes which are simultaneously
excited when the magnetic field is varied. The field profile
is flat (AB/B = 0). At this high value of the electron beam
current (I = 9 A), the equilibrium consists of two modes for

nearly all values of Q/w.

a) Amplitudes of the normalized field of different TEMy o q
modes as function of the magnetic field (I = 9 A,
AB/B = 0).

b) Variation of the efficiency n as a function of Q/w. n as
high as 29% is achieved in the presence of two modes and
it exceeds the optimum efficiency obtained with only one

mode.
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Figures Captions (cont'd)

Fig. 5:

Fig. 6:

Fig. 7:

Fig. 8:

Time evolution of the amplitude of the electric field of the
TEMgg39 and TEMggyg for Q/w = 1.09 and AB/B = 0. The decay
of the amplitude of the TEMyo39 is very gentle and requires
up to 300 time steps to reach a negligible wvalue
(E < 10~2). The electric field of the TEMyq,o remains at a

constant high value for t > 50.

Time evolution of the amplitude of the electric field of the
TEM0039 and TEMOO‘-}O for Q/w = 1.075 and AB/B = (0. The

amplitude of both modes remains constant at larger times.

Index g of the TEMyoq modes which are simultaneously
excited in function of the magnetic field Q. The field pro-
file is down-tapered (AB/B = -6%) . The cyclotron frequency @
corresponds to the magnetic field at the centre of the
resonator and w the resonance frequency of the TEMggyg. The

electron beam current I is 9 A.

a) Amplitudes of the normalized electric Ffield of
different TEMyog modes as function of the magnetic
field (AB/B = —6%, I = 9 A).

b) Efficiency n as function of the magnetic field. Note
that the highest efficiency is obtained when a two-mode

equilibrium exists.
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Figures Captions (cont'd)

Fig. 9:

Fig. 10:

Fig. 11:

Index g of the TEM, oq modes which are simultaneously ex-
Cited in function of the magnetic field
(AB/B = -6%). The electron beam current I is 4.5 A. Compared
to Fig. 7, the number of cases where a single mode

equilibrium is reached, has greatly increased.

Index q of the TEM, 0g Modes which are simultaneously ex-
cited in function of the magnetic field. The field profile
is up-tapered (AB/B= +6%) and the electron beam current I is

9 A. The definition of Q/w is identical with that in Fig. 7.

a) Amplitudes of the normalized electric field of diffe-
rent TEMp,q mdoes as function of the magnetic field

(AB/B= +6%, I = 9 A).

b) Efficiency n as function of the magnetic field. For
Q/w = 1.07, only the TEMy;39 is excited. However, since
the electron beam is centred at a maximum of the stand-
ing wave pattern (cf. Fig. 1a), the efficiency is
reduced. High efficiency is obtained when two modes are

excited.



Fia,

(p)



Z "bta

[D1s8]] P13ty d14auboy
00G 06% 08% OL% 09% 0S% O%% O0€% 0Z%
| 1 1 | 1 1 1 Oo.o

4 0%
Wi g€

b€ -00°
e o 00¢

/ 00

| 009

-00'8

V] 4uadund buiydogs

-0001

e

-007¢L

0071



q

40 - AR

39 - AR EEEREX

38 - eo0 00

-
-
o

1\
\

1035 1055 1075 1095

Q/w

Fig. 3



0.4 1

0.2+

0. 4-

0.2-

0.4

0.2 4

Fig. 4a

O - 1 L
1035 1055 1075 1.095

Fig. 4b-

1035 1055 1075 1095
§§/1u



0.4-

0.3

0
1l

40

Fig.

5




0.4 1
0.3
0.24

0.1 -

q:39

S
)
GRS G QU WD CIND SETD Game @

Fig. 6




40 - oo 000

39 - coe oo o000

38 + AR EX

1\
A\

-
P

b
-

1035 1055 1075 1095

0/

Fig. 7



0.

0.

0

40 4

™ (%)

20-

0

4

2 -

1.035

q=39

q:38

1055 1075 1095

2/

1.035

1055 1075 1.095

§y4u

Fig.8a

Fig.8b



q
40- coee
39 - coces
384 oeo0 e o0
1 i

1035 1055 1075 1095

Q/w

Fig.9



40 -

39 -

38-

-
-

-
-

1\

11)

1.035

1055 1075 1.095

Q/du

Fig.10



0.4 -

a

0.2

0
0.4 1

£

0.2-

0 —
0.44

£

0.2 4

0 —

Al
re
.-

1035 1.055 1075 1.095

Q w
40 -
%) Tt
204 ° ® . 00"
0

1035 1055 1075 1095

Q/@

Fig.1lla

Fig.1llb



